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Preface

It is very hard, if not impossible, to determine who first discovered mitochondria in the
second half of the nineteenth century. Carl Benda, a German anatomist and pathologist,
was the first, in 1898, to use the name mitochondrion (after Greek meitos, a thread, and
chondros, a grain) to describe peculiar threads of granules he observed in the cytoplasm of
cells after staining with crystal violet. For over a century, mitochondria have fascinated gen-
erations of scientists who were spellbound by the beauty of their structure or one of their
many biochemical activities. And there seems to be no end to this inspiration. On the con-
trary, the interest in mitochondria seems to be steadily growing, as judged by the yearly
number of mitochondria-related publications.

The classical view of mitochondria as an isolated powerhouse has gradually shifted to the
one of an organelle that is deeply and dynamically integrated in the physiology of the cell. It
has been almost ten years since the first edition of Mitochondria: Practical Protocols was pub-
lished in the Methods in Moleculnr Biology series. During this time, progress in many areas,
above all in proteomics, genomics, and bioinformatics, has resulted in an almost complete
list of mitochondrial proteins in several species. With this in hand, the major challenge is now
to understand their molecular function, both under normal conditions and in a number of
human monogenic diseases caused by mutations in mitochondrial proteins. It is also becom-
ing increasingly clear that many cellular processes, traditionally considered to be extramito-
chondrial, have a mitochondrial angle to it. Likewise, mitochondrial dystunctions have been
associated with common human disorders including cancer, diabetes, Parkinson’s, and
Alzheimer’s diseases. Therefore, mitochondria are today analyzed by an increasing number
of specialists, ranging from biochemists and cell and molecular biologists, over structural
biologists, biophysicists, and bioinformaticians, to pharmacologists and medical doctors.
When preparing this second edition, our intention was to reflect this multidisciplinary
approach needed to study mitochondria. We attempted to compile a broad range of step-by-
step protocols, complementary to the ones published in the first edition of this book, to
study various aspects of mitochondrial structure and function in different model organisms,
both in vitro and in vivo. Therefore, we hope that this second edition of the book will be
useful for beginners as well as for experienced researchers in the field.

In the end, we would like to express our gratitude to the series editor, John Walker, for
his constant support during the preparation of this book. But above all, we would like to
thank all the authors for their contributions—without you, there would not be this book!
Thank you for the time you took to share your knowledge and experience. We have learned
a lot while reading the chapters and hope that you, dear readers, will do the same.

Martinsvied, Gevmany Dejana Mokranjoc
Munich, Germany Fabiana Pevocchi
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Chapter 1

A Guide to Computational Methods for Predicting
Mitochondrial Localization

Su Sun and Bianca H. Habermann

Abstract

Predicting mitochondrial localization of proteins remains challenging for two main reasons: (1) Not only
one but several mitochondrial localization signals exist, which primarily dictate the final destination of a
protein in this organelle. However, most localization prediction algorithms rely on the presence of a so-
called presequence (or N-terminal mitochondrial targeting peptide, mTP), which occurs in only ~70% of
mitochondrial proteins. (2) The presequence is highly divergent on sequence level and therefore difficult
to identify on the computer.

In this chapter, we review a number of protein localization prediction programs and propose a strat-
egy to predict mitochondrial localization. Finally, we give some helpful suggestions for bench scientists
when working with mitochondrial protein candidates in silico.

Key words Mitochondrial targeting peptide, Mitochondrial protein localization, In silico, Prediction
methods, Protein localization algorithms

1 Introduction

Mitochondria are essential organelles of most eukaryotic cells.
They are necessary for the survival under aerobic conditions and
fulfill a multitude of functions including the production of energy,
calcium homeostasis, heme and steroid synthesis, hormonal signal-
ing, regulation of membrane potential and cellular metabolism,
and apoptosis [ 1]. Most mitochondrial proteins are encoded in the
nucleus and need to be actively imported into mitochondria.
Consequently, the proper localization of mitochondrial proteins is
anecessary prerequisite for mitochondrial function; strikingly, mis-
localization or loss of function of mitochondrial proteins is caus-
ative for more than 100 human diseases [2, 3] (see also http://
neuromuscular.wustl.edu/mitosyn.html).

Accurately predicting mitochondrial proteins is an essential
step for elucidating their functions, as well as for understanding
why their loss of function can trigger diseases. However, separating

Dejana Mokranjac and Fabiana Perocchi (eds.), Mitochondria: Practical Protocols, Methods in Molecular Biology, vol. 1567,
DOI 10.1007/978-1-4939-6824-4_1, © Springer Science+Business Media LLC 2017
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and defining the mitochondrial proteome is challenging due to the
size and content differences of the mitochondrial inventory in dit-
ferent tissues, cell types, and developmental stages [4]. High-
throughput analysis and computational prediction can however
assist in the proper recognition of mitochondrial proteins.
Neither a common transport signal nor a similar peptide shared
by all mitochondrial proteins has been discovered. The final local-
ization and consequently the import route of a protein into the
mitochondrion rather seem to determine which signal is required
(Fig. 1): (1) the presequence (also called N-terminal mitochon-
drial targeting peptide or signal (mTP)) is the only known motif
targeting proteins to the mitochondrial matrix. The presequence is
cleaved off by the mitochondrial processing peptidase (MPP),
resulting in the mature peptide within the mitochondrial matrix
[5]; (2) a presequence in combination with an additional non-
cleavable hydrophobic anchor and a presequence-like internal sig-
nal or multiple internal signals as found in metabolite carrier are
targeted to the inner membrane; (3) targeting to the intermem-
brane space requires cither a bipartite presequence or a cysteine-
containing signal; (4) outer membrane proteins are either of the

Matrix
MPP
® ++ 4+ l P (1)
(N-terminal mitochondrial targeting peptide)
Inner membrane
MPP
Lt P + | d sorling signal
0 { jr++ P fike internal signal (2)
|:| |:| DD DD Multiple internal signals
(metabolite carrier)
Intermembrane space
MPE  MPP
+4++ l F qf + cleaved sorting signal
L — (bipartite presequence)
® Cys Cys Cys Cys (3)
— Eme gmEm——— Cys-containing internal signal
Outer membrane
_ Signal-anchor sequence
( - internal signal (4)

_ C tail anchor
* f signal

Fig. 1 Overview of mitochondrial localization signals. There are four different localizations in mitochondria: (1)
the matrix, (2) the inner membrane, (3) the intermembrane space, and (4) the outer membrane. Depending on
its mitochondrial targeting signal, the protein will be localized to a different part of the mitochondrion
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type B-barrel with a C-terminal pB-signal or a-helical, with a signal-
anchor sequence, an internal signal, or a C-tail signal.

Given the high diversity of mitochondrial targeting signals,
nearly all computational prediction methods employ machine-
learning algorithms trained to detect certain sequence features in
proteins, e.g., their amino acid composition. In the last two
decades, dozens of programs for predicting mitochondrial protein
localization were developed. A comprehensive review in 2009 by
Daniel Gaston and colleagues [6] reviewed 13 methods in detail
and divided them into four broad classes (Table 1): (a) homology-
based methods detecting orthologs of well-characterized mito-
chondrial proteomes, such as CBOrg [6], (b) methods predicting
N-terminal targeting peptides, such as Predotar [7], MitoProt [8],
TargetP [9], and PProwler [10]; (¢) a method predicting sequence
features of full-length sequences, called CELLO [11]; and (d)
“mixed” methods, which unite both feature-based classifiers and
N-terminal targeting peptide predictors, such as WoLF PSORT
[12], iPSORT [13] and PSORT II [14], PA-SUB [15], and
SherLoc [16]. The meta-analysis program YimLOC [17] finally
combines results of several localization predictors, providing a con-
sensus for a query sequence. Meanwhile, the webservers of several
of the abovementioned tools are no longer supported and have
new releases or updated webserver addresses.

Based on the review by Gaston in 2009 [6], we here briefly
describe a number of web-based prediction methods with respect
to their usability; we provide the up-to-date version and webserver
addresses of useable mitochondrial localization prediction tools;
we review several new methods developed after 2009. Finally, we
give advice on optimizing prediction strategies for mitochondrial
protein localization for bench scientists.

2 Materials

2.1 Data Formats

2.1.1

FASTA Format

Almost all subcellular localization prediction methods require the
query in FASTA format.

The FASTA format consists of at least two lines: the first line
starts with the symbol “>” and contains information on the
sequence, typically including an accession number, the database, as

well as a name or description of the sequence.
An example for a FASTA-formatted file:

>ref.|[NP 001291415.1| Tim9 isoform a [Homo
sapiens].
MAAQIPESDQIKQFKEFLGTYNKLTETCFLDCVKDEFTTREV
KPEETTCSEHCLOQKYLKMTQRISMREQEY .
HIQONEALAAKAGLLGQPR.
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Table 1

List of available prediction methods for subcellular localization

N-terminal Cleavage

Only signal site
Program Prediction category  Class Algorithm mTP detection prediction Tested
CBorg Homology based a BLAST
Predator Presequence b Neural v 4
network
MitoProt/ Presequence b PCA*and Vv v 4 v
MitoProt II LDF®
TargetP Presequence b Feed- v 4 4
forward
neural
network
PProwler Presequence b Recurrent v v
neural
network
PredAlgo Presequence b Neural v v 4
network
CELLO Specific mitochondrial ¢ Support %4
features vector
machine
PSORT/ Presequence + feature d K-nearest
PSORT II/ based neighbors
WoLF PSORT
iPSORT Presequence + feature d Decision list v 4
based
PA-SUB Presequence + feature d Naive Bayes
based classifier
SherLOC/ Presequence + feature d Support
SherLoc2 based vector
machine
TPpred2 Presequence + feature d GRHCRF* v v v (4
based
MitoFates Presequence + feature d Support v v v 4
based vector
machine
YimLOC Presequence + feature Meta Decision
based tree

*Principal component analysis
Linear discriminant function
‘Grammatical-restrained hidden conditional random fields
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2.1.2 GenBank

Some tools such as Predotar also accept the GenBank format as an
input. This format stores the sequence plus some associated infor-
mation, including a numbering of the sequence. A GenBank file
must start with the term LOCUS, containing information such as
the accession number, has numbered sequence lines split into
blocks of ten and stops with two slashes.

An example for a GenBank file:

LCCUS NP 001291415 89 aa
linear PRI 13-MAY-2015
CRIGIN

1 maagipesdqg ikgfkeflgt ynkltetcil

31 dcvkdfttre vkpeettcse hclgkylkmt

61 grismrfgey higgnealaa kagllggpr
//

3 Methods

3.1 Prediction
Methods Specific
for Targeting Peptide
Recognition

3.1.1  MitoProt Il

3.1.2 TargetP

Prediction methods for mitochondrial localization can generally be
separated in two groups: (1) Predictors trained to recognize tar-
geting peptide-containing proteins. These programs try to find
and discriminate the three types of presequences of mitochondria,
chloroplasts, and the secretory pathway; some are exclusive for
predicting mitochondrial proteins. (2) General localization predic-
tion methods, which aim to predict the localization of proteins for
all compartments, including mitochondria.

MitoProt [8] predicts mitochondrial localization based on the
presence or absence of an mTP and attempts to predict the cleav-
age site. MitoProt uses discriminant analysis with 47 parameters to
distinguish mTPs in proteins. The algorithm was trained on a set
of mitochondrial proteins annotated in SwissProt, which possess a
targeting peptide, are encoded in the nuclear genome, and are not
localized to the chloroplast. Meanwhile, MitoProt II has been
released and is available at https://ihg.helmholtz-muenchen.de/
ihg/mitoprot.html. Only one query sequence is accepted at a time
in text format (not FASTA, the protein sequence must start with a
methionine). MitoProt II can be downloaded as a stand-alone ver-
sion from the following website ftp://ftp.biologie.ens.fr/pub/
molbio.

TargetP [9] searches for an N-terminal targeting peptide and pre-
dicts four potential destinations for proteins: mitochondria (mTP),
chloroplasts (cTP), the secretory pathway (SP), and other (O).
TargetP is neural network based and trained to also predict the
cleavage site. Proteins with annotated localizations from the
SwissProt database were taken for training the network. Cleavage


https://ihg.helmholtz-muenchen.de/ihg/mitoprot.html
https://ihg.helmholtz-muenchen.de/ihg/mitoprot.html
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3.1.3  Predotar

3.1.4  PProwler

site prediction was trained with sequences annotated to have an
arginine at position —2, —3, or —10 relative to the experimentally
determined cleavage site. Only the first 100 amino acids are con-
sidered for presequence prediction. The developers of TargetP
claimed superiority in discriminating between mitochondrial and
chloroplast localization of query proteins to previously published
methods (MitoProt and PSORT) [9].

TargetP offers a webserver (http://www.cbs.dtu.dk/services/
TargetP /), where users can submit at most 2000 FASTA-formatted
sequences with a maximum ot 200,000 amino acids. Single FASTA-
formatted sequences can also be submitted. Cleavage site predic-
tion is optional and has to be actively selected. The user has to
choose between plant and non-plant sequences for optimizing pre-
diction of localization and can choose different cutoft settings to
tailor the search for a specific purpose. Besides location of cleavage
site and presequence length, TargetP returns a score in the form of
a reliability class (RC) level. This score ranges from 1 to 5, with
lower values having higher confidence. A local version of TargetP
is available for download at the following site: http://www.cbs.
dtu.dk/cgi-bin/nph-sw_requesttargetp.

Similar to TargetP, Predotar [7] is a neural network-based method
predicting protein N-terminal targeting peptides for cellular desti-
nations (mitochondria, plastids, the ER targeting peptide, or no
targeting peptide). Predotar was however optimized for large-scale
predictions of entire proteomes, reducing the number of false-
positive predictions. Compared to TargetP, it was trained on a
much larger dataset; instead of chloroplast, Predotar took into
account all plastid proteins, which were annotated to possess a tar-
geting peptide. The server does not predict the cleavage site.
Predotar offers a web interface (https://urgi.versailles.inra.fr/
Tools/Predotar) with no theoretical limitation to the number of
input queries. The input format should be FASTA or GenBank.
Sequences lacking the starting methionine are not accepted. As a
result, the probability for a query containing a mitochondrial, plas-
tid or ER targeting peptide, or no targeting peptide is returned.

PProwler [10] introduced the recurrent network model to target-
ing peptide prediction, taking into account the states of neighbor-
ing amino acids when calculating the state of a residue as being
part of a presequence or not. The same dataset was used as with
TargetP, and likewise, it detects the occurrence of SP, mTP, and
cTP or returns “Other” when no N-terminal targeting peptide is
found. By making use of recurrent networks, PPwrowler increased
the accuracy by 6 and 5% for non-plant and plant proteins,
respectively.


http://www.cbs.dtu.dk/services/TargetP/
http://www.cbs.dtu.dk/services/TargetP/
http://www.cbs.dtu.dk/cgi-bin/nph-sw_request?targetp
http://www.cbs.dtu.dk/cgi-bin/nph-sw_request?targetp
https://urgi.versailles.inra.fr/Tools/Predotar
https://urgi.versailles.inra.fr/Tools/Predotar
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PProwler is available for online analysis at http: //bioinf.scmb.
uq.edu.au:8080/pprowler_webapp_1-2/index.jsp. A maximum
of 100 FASTA-formatted sequences is accepted per request.

iPSORT [13] is a predictor specific for detecting presequences. It
predicts the occurrence of a signal peptide, a chloroplast transit
peptide, or a mitochondrial targeting peptide. iPSORT makes a set
of decisions based on simple rules such as the amino acid index and
an alphabet indexing + approximate pattern. The aim of the method
was to simplify the algorithm for predicting presequences, while
achieving a similarly high accuracy as TargetP. The model was
trained on the TargetP dataset. A putative cleavage site is predicted,
and the program outputs the type of presequence, as well as the
position of the cleavage site.

iPSORT can be accessed via its webserver http://ipsort.hgc.
jp/index.html. Any text string can be submitted, and characters
that are not recognized as amino acids will be automatically
removed. The user needs to specity, if the query is a plant or non-
plant protein. A command-line version of iPSORT can be found
here http://ipsort.hgc.jp/caml-iPSORT /.

iPSORT is part of the PSORT family, which can generally be
used to predict the subcellular localization of a protein sequence.
PSORT [14], PSORT II, and WoLF PSORT [12] can recognize
signal sequences, transmembrane segments, nuclear proteins,
mitochondrial proteins, and others. Depending on the input
organism, three to ten subcellular localizations can be classified.
According to the PSORT server, PSORT II is recommended for
animal or yeast proteins. PSORT-B [18] is specific for bacterial
proteins and is the newest member of the PSORT family.

TPpred [19] and its improved version TPpred2 [20] were designed
to identify mitochondrial and plastid targeting signals using
Grammatical-Restrained Hidden Conditional Random Fields. It
labels the queried protein with “t” (targeting signal detected) or
“n” (no targeting signal detected). It predicts the position of the
cleavage site; TPpred was trained on 202 proteins from mitochon-
dria and 95 from plastids, whose cleavage sites were experimentally
determined. TPpred claimed to have higher specificity as compared
to other tools. Though, as the algorithm has been trained using
both mTPs and c¢TDs, it will most likely be less suitable to distin-
guish mitochondrial from plastid proteins.

The TPpred2 web interface is available at http: //tppred2.bio-
comp.unibo.it/. Only a single FASTA-formatted sequence is
accepted by the webserver. Prediction results can be retrieved
within 30 days using the individual job identifiers. For searching
multiple sequences, a stand-alone version is available at http://
tppred2.biocomp.unibo.it/tppred2 /default/software. As  the
server is often unresponsive, the local installation of the software is


http://bioinf.scmb.uq.edu.au:8080/pprowler_webapp_1-2/index.jsp
http://bioinf.scmb.uq.edu.au:8080/pprowler_webapp_1-2/index.jsp
http://ipsort.hgc.jp/index.html
http://ipsort.hgc.jp/index.html
http://ipsort.hgc.jp/caml-iPSORT/
http://tppred2.biocomp.unibo.it/
http://tppred2.biocomp.unibo.it/
http://tppred2.biocomp.unibo.it/tppred2/default/software
http://tppred2.biocomp.unibo.it/tppred2/default/software
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3.1.7 MitoFates

3.1.8 PredAlgo

recommended. Recently, a new version of TPpred, TPpred 3.0,
was released (http://tppred3.biocomp.unibo.it/tppred3).

MitoFates [21] is a software for specifically predicting mitochon-
drial targeting peptides and their cleavage sites. MitoFates uses a
support vector machine. Next to standard features, specific features
for mitochondrial presequences, like positively charged amphiphi-
licity, presequence motifs, as well as available evolutionary informa-
tion on cleavage sites, are implemented. The model was trained on
classical eukaryotic proteins possessing mitochondrial presequences
(as used in TargetP and Predotar), as well as on presequences iden-
tified in large-scale studies of the proteomes of S. cerevisine [22], A.
thaliana, and O. sativa [23]. With three separate learning models
(yeast, plant, metazoan), four physicochemical features, and a sim-
ple MPP-cleavage site set (with arginine at position —2), MitoFates
claims to achieve more accurate predictions of presequences, as well
as cleavage sites. Cleavage sites of the mitochondrial peptidases
Octl and Icp55 are also returned as a result, based on a local
sequence model (position weight matrix) centered on the amino
acid sequence surrounding the cleavage site.

MitoFates can be accessed through its webserver at http://
mitf.cbrc.jp/MitoFates/cgi-bin/top.cgi. The user can paste or
upload a single FASTA sequence or a file containing multiple
FASTA-formatted sequences. A maximum of 2000 sequences can
be submitted at a time. As the classifier has been trained separately
for yeast, metazoans, and plants, the user has to specify the species
model. MitoFates returns the probability of the query containing a
presequence, the positions of MPP, Octl and Icp55 cleavage sites,
as well as predicted presequence motifs. A standalone version is
available at http: //mitf.cbrc.jp/MitoFates /program.html.

PredAlgo [24] was developed to assign proteins from algae to three
intracellular compartments: mitochondria, chloroplasts, and the
secretory pathway. PredAlgo was trained on a carefully assembled
set of N-terminal signals of proteins from Chlamydomonas rein-
hardtii. Next to returning the localization of the query, the proba-
ble cleavage site is also predicted. PredAlgo was shown to have
higher accuracy for proteins from C. reinbardtii and related green
algae species, including Chlorophyceae and Trebouxiophyceae.

PredAlgo is available as a web service at https://giavap-
genomes.ibpc.fr/cgi-bin/predalgodb.perl?page=main; for a set of
less than 100 queries, the user can directly retrieve prediction
results. For a larger dataset, one can receive the results by submit-
ting a user-defined email address. PredAlgo predicts proteins as
being M, C, SP, or O which refer to mitochondrion, chloroplast,
secretory pathway, and others, respectively. Furthermore, the
cleavage sites are suggested with mTPlength, cTPlength, and
spTPlength.


http://tppred3.biocomp.unibo.it/tppred3
http://mitf.cbrc.jp/MitoFates/cgi-bin/top.cgi
http://mitf.cbrc.jp/MitoFates/cgi-bin/top.cgi
http://mitf.cbrc.jp/MitoFates/program.html
https://giavap-genomes.ibpc.fr/cgi-bin/predalgodb.perl?page=main
https://giavap-genomes.ibpc.fr/cgi-bin/predalgodb.perl?page=main
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3.2 General
Prediction Methods
of Protein Localization

3.2.1 PA-SUB

3.2.2 SherLoc
and SherLoc2

3.2.3 CELLO

PA-SUB [15] is a subcellular localization predictor developed as
part of the proteome analyst web service (latest server version:
PA3). It was constructed with five classifiers for localization of pro-
teins from animal, plants, fungi, gram-negative bacteria, and gram-
positive bacteria to a broad range of compartments. The prediction
is based on searching homologous sequences in the SwissProt
database. Hence, a prediction is only possible, if the query has
homologs in this database. Neither mitochondrial targeting pep-
tides nor cleavage sites are predicted.

The webserver of PA-SUB has been replaced by the “Proteome
Processor” in the latest version of the Proteome Analyst server at
http://pa.wishartlab.com/pa/pa/user/tools/proteomeProces-
sor.html. A user needs to create an account (free for academics)
and log-in for running predictions; a classifier has to be chosen
from the five available models. Only a FASTA-formatted sequence
is accepted; multiple FASTA sequences can be submitted at once.
Note that the queuing time for one submission might be extremely
long.

SherLoc [16] and SherLoc2 [25] are support vector machine
(SVM)-based classifiers and integrate a number of sequence-based
as well as text-based features to predict all major subcellular local-
izations for proteins in eukaryotic cells. N-terminal targeting pep-
tides are used to generate the classifiers SVMTarget and
SVMSA. SherLoc2 is an advancement of SherLoc in that it uses
different feature sources and was shown to have significantly
improved performance over SherLoc. The webserver of SherLoc2
isavailable at http: / /abi.inf.uni-tuebingen.de /Services /SherLoc2,
where a maximum of 20 FASTA-formatted sequences can be sub-
mitted at once. The high frequency of error message during the
prediction is in need of improvement. A standalone version of
SherLoc2 is available at http: / /abi.inf.uni-tuebingen.de /Services/
SherLoc2 /sherloc2_download.

CELLO [11] is a two-level SVM, combining sequence-based fea-
ture vectors (first level) with a jury machine calculating a probabil-
ity distribution of decisions for possible localizations (second level).
It was designed to predict subcellular localizations in bacteria, as
well as eukaryotes, covering a broad range of destinations.
Mitochondrial cleavage sites are not predicted.

CELLO is available as a web service http://cello life.nctu.edu.
tw/; no stand-alone version exists. The user can paste or upload a
single or multiple sequences in FASTA format. A version of
CELLO is CELLO2GO (http://cello.life.nctu.edu.tw/cel-
lo2go/), a webserver for protein classification based on the
CELLO server, as well as BLAST homology searching [26].


http://pa.wishartlab.com/pa/pa/user/tools/proteomeProcessor.html
http://pa.wishartlab.com/pa/pa/user/tools/proteomeProcessor.html
http://abi.inf.uni-tuebingen.de/Services/SherLoc2
http://abi.inf.uni-tuebingen.de/Services/SherLoc2/sherloc2_download
http://abi.inf.uni-tuebingen.de/Services/SherLoc2/sherloc2_download
http://cello.life.nctu.edu.tw/
http://cello.life.nctu.edu.tw/
http://cello.life.nctu.edu.tw/cello2go/
http://cello.life.nctu.edu.tw/cello2go/
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3.3 Overall
Evaluation

of Mitochondrial
Prediction Methods

3.4 A Strategy
to Mitochondrial
Localization Prediction

We systematically tested nine of the described localization predic-
tion methods (see Table 1; Sun and Habermann, unpublished).
None of the selected localization predictors returned error-free pre-
dictions for mitochondrial proteins. Most methods had the least
problems with presequence-containing proteins, as well as non-
mitochondrial proteins. Most of them, however, performed poorly
with mitochondrial targeting signals other than the presequence
(see Notes 1 and 3). Opposing to this, CELLO worked reasonably
well for other mitochondrial targeting signals, however performed
poorly for presequence-containing mitochondrial proteins.

Predicting the cleavage site accurately is a difficult challenge
for all methods; it appears to be rather by chance that the correct
site is identified (see Note 2). Given the high variance of the cleav-
age site, this is not an unexpected finding. This however implies
that a user should not rely on cleavage site prediction by any of the
tested programs.

Ranking the programs according to their performance in iden-
tifying mitochondrial proteins is challenging, given the mixed per-
formance of most of them. For mTP containing proteins, all except
for CELLO and PredAlgo can be used. More than one algorithm
should generally be used to find a potential mTP. CELLO, on the
other hand, can be used for mitochondrial proteins with other
types of mitochondrial targeting signals: if a first screen for
presequence-like signals fails, use CELLO to identify potential
other mitochondrial targeting domains (see Note 3). It can be
stated that the community is in desperate need of more methods
taking into account all mitochondrial targeting signals.

How can one proceed in predicting mitochondrial localization of a
query protein? We have depicted a potential workflow in Fig. 2.

We advise on relying foremost on any experimental evidence
available for a query protein: has it been described to localize to mito-
chondria? Experimentally determined mitochondrial localization of
an ortholog of the query is also a good indicator that the query itself
is in fact a mitochondrial protein (Fig. 2, section A). Make sure, how-
ever, that a true ortholog of the query protein has confirmed mito-
chondrial localization (see Note 2). Sources for orthology information
are, for instance, HomoloGene [27], OrthoMCL [28], Berkeley
PHOG [29], Inparanoid [30], PhylomeDB [31], TreeFam [32], or
EnsembleCompara [33]. Orthology based on reciprocal best hits can
also be established using reciprocal BLAST searches [34]. For large-
scale prediction of mitochondrial localization based on orthology,
CBOrg [6] can be installed and used locally.

If mitochondrial localization of the query has been predicted
by orthology, we recommend verifying it experimentally (see Notes
4 and 9); though unlikely, it cannot be excluded entirely that an
ortholog of a mitochondrial protein in a more distantly related
species has a function that is not related to mitochondria (see Note
5). To determine the type of localization signal, one can then
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input query
A B
experiment & direct localization
orthology prediction
experimental  yeg >
evidence
no identify
l localization signal
experimental )
evidence for yes —» Verify
ortholog? in experiment
no
Y
C TargetP
IVIl_toProt Il 2 predictors
MitoFates
PSORT identifying | yes
Predotar [Presequence] N\
PProwler no
verify mitochondrial
localization
in experiment
predictor /1
CELLO identifying | o
other mito-
signals

no
mitochondrial localization signal protein not mitochondrial
too diverged for recognition

Fig. 2 A strategy to predict mitochondrial localization of a protein query. (a) Rely
on available experimental information and orthology to predict mitochondrial
localization of a protein sequence. (b) Directly perform in silico prediction of
mitochondrial localization (as detailed in C). (¢) In silico strategy for predicting
mitochondrial localization of a protein sequence. For a detailed description, see
main text

proceed to predicting the targeting signal using a combination of
localization predictors (Fig. 2¢).

If no experimental information on the protein query or its
orthologs is available, the query should be directly submitted to a
localization prediction program (Fig. 2b). One can also chose this
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path directly. We recommend a two-step strategy (Fig. 2¢): first,
use a prediction method that identifies N-terminal mitochondrial
targeting peptides (see Notes 6-8). Ideally, two algorithms should
be chosen, which rely on a different algorithm and have been
trained with a different dataset. This could, for instance, be TargetP
(feed-forward neural network) together with MitoFates (support
vector machine) or MitoProt II (PCA and LDF based). If two
programs predict mitochondrial localization of the query, as well as
the presence of a presequence, one can directly continue to verify
this hypothesis experimentally. If, however, no presequence is
detected, we recommend to use a method like CELLO to identify
potential other localization signals. A positive prediction of mito-
chondrial localization should again be verified experimentally.

If none of the methods predict mitochondrial localization—
and no experimental evidence for mitochondrial localization of the
query or its orthologs exists—the protein in question might simply
not be a mitochondrial protein. However, please note also that
some proteins may not be correctly recognized as mitochondrial
proteins by any of the programs (see Note 9).

4 Notes

1. Identification of N-terminal, mitochondrial targeting peptides
is not trivial. The programs will perform differently for difter-
ent protein families. Use at least two prediction engines, if in

doubt.

2. Cleavage sites are not reliably predicted by any of the methods.
Therefore, do not rely on predicted cleavage sites.

3. Not all mitochondrial proteins possess an mTP, but only
around 70%. If a localization predictor is based on detecting an
mTP; it will produce a false-negative result for those proteins
that lack this classical presequence. Suggestion: use a method
like CELLO as a second step for localization prediction, if no
presequence is found.

4. A multitude of mitoproteomes is meanwhile published (see
MitoMiner [35], http://mitominer.mrc-mbu.cam.ac.uk/
release-3.1/begin.do). Typically, large-scale proteomics stud-
ies are performed to characterize the mitoproteome of a tissue
or an organism. Though these methods also yield a number of
false-positive and false-negative assignments, such studies are
nevertheless a valuable resource to mine for mitochondrial
localization prediction based on orthology.

5. The presequence shows high divergence even among orthologs.
Consequently, it can happen that localization prediction results
for orthologs are different. One would assume that orthologs of
proteins from such a fundamental cellular compartment as the


http://mitominer.mrc-mbu.cam.ac.uk/release-3.1/begin.do
http://mitominer.mrc-mbu.cam.ac.uk/release-3.1/begin.do
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mitochondrion would not localize somewhere else in the cell,
even though this cannot be excluded. If the function of a mito-
chondrial protein is well characterized in one species, all its
orthologs most likely also localize to mitochondria. Orthology
detection methods or resources can thus be useful to predict
mitochondrial localization of a protein.

. Carefully read the original manuscript, help pages, as well as pages

on data interpretation of the programs you are using. Predotar,
for instance, offers information on interpreting prediction results
and points out some important facts on the software itself
(https: / /urgi.versailles.inra.fr /predotar /interpretation.html).

. Pay attention to required input formats for the query (like

FASTA). A wrong input format will in most cases trigger an
error message. iPSORT, for instance, requires plain text and
cannot deal with FASTA headers. Letters that do not code for
an amino acid will be removed and prediction starts with part
of the FASTA header. The prediction will therefore return false
results.

. Some tools remove nonstandard letters, which do not code for

an amino acid, some do not. If a program returns an error mes-
sage like “invalid line,” although the format of your submis-
sion is correct, check whether there is a “U” or “X” in the
query protein.

. As a localization prediction is only a prediction and, thus, only

provides a hypothesis, experimental verification of the protein

under study is necessary.
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Chapter 2

Isolation of Functional Mitochondria from Gultured Gells
and Mouse Tissues

Jennifer Wettmarshausen and Fabiana Perocchi

Abstract

Mitochondria serve as the center stage for a number of cellular processes, including energy production,
apoptosis, ion homeostasis, iron and copper processing, steroid metabolism, de novo pyrimidine, and
heme biosynthesis. The study of mitochondrial function often requires the purification of intact and
respiratory-competent organelles. Here, we provide detailed protocols to isolate functional mitochondria
from various types of mammalian cells and mouse tissues, in both crude and pure forms. We introduce the
use of nitrogen cavitation for the disruption of plasma membrane and the reproducible isolation of
mitochondria-enriched fractions of high yield. Mitochondria that are isolated by these procedures are
intact and coupled and can directly be used for several downstream analyses, such as measurements of
oxygen consumption and calcium buffering capacity.

Key words Crude mitochondria, Pure mitochondria, Mitochondrial integrity, Organelle isolation,
Nitrogen cavitation

1 Introduction

Mitochondria are double membrane organelles found in virtually
all of eukaryotic cells. The organelle hosts several cellular processes,
including but not limited to ATP synthesis. Over 200 metabolic
reactions take place inside mitochondria, supporting numerous
anabolic and catabolic pathways such as biosynthesis of iron-sulfur
clusters and phospholipids and degradation of fatty acids and
amino acids [1]. Besides, mitochondria are equipped with macro-
molecular machineries for the import of proteins and the exchange
of inorganic ions and solutes. Given the central role of the organ-
elle in cell biology, its dysfunction underlies a large set of common
and rare human diseases [2].

Numerous mitochondrial processes, for example, the oxidative
phosphorylation [3], the import of proteins [4], and the replica-
tion of mitochondrial DNA [5], have been elucidated at the sub-
cellular level, using mitochondria-enriched fractions as starting
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material. This still remains the method of choice to investigate the
effect of genetic, chemical, or pathological perturbations on
mitochondrial-specific functions. Likewise, isolated mitochondria
are instrumental to establish a direct and causal involvement of the
organelle in a cellular phenotype. Finally, relatively pure prepara-
tions of mitochondria isolated from cells and tissues are often used
for proteomics analyses that aim at studying composition, abun-
dance, and modifications of the mitochondrial proteome under
different conditions.

The most commonly used protocols for the isolation of mito-
chondria from cells and tissues include three main steps: (1) the
selective disruption of plasma membrane to release intracellular
organelles without compromising their integrity, (2) a differential
centrifugation at low speed to remove cellular debris and large
organelles such as nuclei, and (3) a high-speed centrifugation step
of the supernatant to pellet lighter intracellular structures includ-
ing mitochondria. However, available protocols may differ in the
methods used to permeabilize the plasma membrane and in the
speed of the differential centrifugation steps. While the latter
should not compromise the quality and yield of the preparation,
the first step is key to obtain intact mitochondria with high yields.
On the one hand, an incomplete homogenization of the tissue may
substantially decrease yields. On the other hand, the abrupt disrup-
tion of the cell membrane may compromise mitochondrial integ-
rity and functions.

Mechanical homogenization procedures (e.g., mortar-pestle,
bead beater, French press, cold shock) are often employed to gen-
erate cell and tissue lysates. The main drawback is that, by creating
friction during sample tearing and ripping, these approaches gen-
erate extensive heat and shearing stress which can damage the
organelles. Moreover, if performed manually by the user, tissue
grinding can result in highly variable samples. The latter could be
minimized by motorization of pestles.

In contrast, cell disruption by nitrogen cavitation, although less
commonly used, has been shown to be an effective technique to
extract intact and enzymatically active mitochondria from different
sources [6—8]. This is achieved by a rapid decompression of the cell
suspension placed in a cavitation chamber and subjected to high
pressure in presence of nitrogen gas. Nitrogen, initially dissolved in
the cell suspension under high pressure, comes out of solution
when the pressure is released. As a result, bubbles are formed that
will expand and rupture pressure-sensitive cellular structures such
as plasma and nuclear membranes, while keeping smaller organ-
elles intact. Afterwards, mitochondria are enriched by differential
centrifugation. Cell lysis by nitrogen cavitation offers several
advantages: (1) It is more reproducible than conventional homog-
enization methods because it is conducted under controlled and
constant thermodynamic parameters (temperature and pressure).
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(2) It minimizes shearing stress, thus increasing the yield of func-
tionally active mitochondria. (3) It enables the enrichment of
mitochondria from small organs like the cortex, spinal cord, and
other brain regions as it can be easily applied to very small volumes
of cell suspension. Moreover, it can efficiently extract mitochon-
dria from synaptic membranes which form during tissue grinding.

In this chapter, we provide in-depth protocols for isolating
functional crude and pure mitochondria in high yield from cul-
tured cells (e.g., HelLa, HEK293, mouse embryonic fibroblasts
(MEF), human primary fibroblasts, and lung epithelial cells), as
well as from soft (e.g., brain, spinal cord, liver, and kidney) and
hard rodent tissues (skeletal muscle and heart) (Fig. 1). These pro-
tocols will allow the user to purify mitochondria with high yields
that can be used for downstream functional assays such as respira-
tion, swelling and calcium buffering, as well as for proteomics pro-
filing studies. Finally, we also provide a protocol to measure
mitochondrial Ca?* uptake kinetics, as a fast and simple method to
test integrity of isolated mitochondria.

2 Materials

2.1 Equipment

. Cell disruption vessel 45 ml (Parr Instruments).

. Commercial nitrogen cylinder.

. Ultracentrifuge up to 45,000 x g (Beckman Coulter).

. Ultracentrifuge rotor for 3 ml tubes (Beckman Coulter, SW 55 Ti).
. Refrigerated superspeed centrifuge (Sorvall, Evolution RC).

. Centrituge rotor, fixed angle (Sorvall, SS-34).

. Centrifuge tubes 30 ml, glass.

. Rubber adapter sleeves for ultracentrifuge tubes.

O 0 N O Ul R N~

. Dounce tissue grinder, all glass, 2 ml.

p—
=

. Mouse dissection and surgical tools.

—
—

. Tissue grinder, PTFE pestle and glass tube, 45 ml.

—
[\S]

. Tissue grinder stirrer (IKA Eurostar digital).

p—
W

. Cell strainer for falcon tubes, pore size 70 pm.

—
N

. Stericup-GP sterile vacuum filtration system, pore size 0.22 pm.
. Glass rods.

. 96-well fluorescence plate reader suitable for fast kinetic mea-
surements with injection (BMG LABTECH, Clario star).

. 96-well plate, black.

—
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Fig. 1 Experimental approach to isolate crude and pure mitochondrial fractions.
A crude mitochondrial fraction can be isolated by differential centrifugation and
if required it can be loaded on a discontinuous Percoll density gradient to obtain
pure mitochondria
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. 0.1 M ATP: dissolve 551.14 mg of adenosine 5'-triphosphate
disodium salt hydrate (ATP) powder in 8 ml of distilled water.
Adjust pH to 7.4 using KOH. Bring the solution to 10 ml with
water, aliquot in 500 pl samples, and store at —20 °C.

. 0.5 M EDTA-KOH: dissolve 18.61 g of ethylenediaminetet-
raacetic acid (EDTA) disodium salt dihydrate in 80 ml of dis-
tilled water, and adjust pH to 7.4 using KOH (se¢ Note 1).
Bring the solution to 100 ml with water and store at room
temperature.

. 0.5 M EGTA-KOH: dissolve 19.02 g of ethylene glycol-bis(2-
aminoethylether) (EGTA) in 80 ml of distilled water and adjust
pH to 7.4 using KOH (see Note 1). Bring the solution to
100 ml with water and store at room temperature.

. 1 M HEPES-KOH: dissolve 119.15 g of HEPES in 400 ml of
distilled water and adjust pH to 7.4 using KOH. Bring the
solution to 500 ml with water and store at room temperature.

. 1 M KCI: dissolve 37.28 g of KClI in 400 ml of distilled water.
Bring the solution to 500 ml with water and store at room
temperature.

. 1 M Tris—HCI: dissolve 60.57 g of Tris in 400 ml of distilled
water. Adjust the pH to 7.4 using HCI. Bring the solution to
500 ml with water and store at room temperature.

. 1 M MgCl,: dissolve 50.8 g of magnesium chloride hexahy-
drate (MgCl,) in 200 ml of distilled water. Bring the solution
to 250 ml with water and store at room temperature.

. Isolation buffer (IB): 220 mM d-mannitol, 70 mM d-sucrose,
5 mM HEPES-KOH pH 7.4, 1 mM EGTA-KOH pH 7.4.
Dissolve 40.08 g of d-mannitol and 23.96 g of d-sucrose in
900 ml of distilled water. Add 5 ml of 0.5 M HEPES-KOH
and 2 ml of 0.5 M EGTA-KOH. Adjust with KOH pH to 7.4
at 4 °C. Bring the solution to 1 L with water. Sterilize the solu-
tion using sterile vacuum filter units with a pore size of 0.22 pm.
Sterile IB solution can be stored at 4 °C for several months.

. 5x isolation buffer (5x IB): 1.1 M D-mannitol, 350 mM
d-sucrose, 25 mM HEPES-KOH pH 7.4, 5 mM EGTA-KOH
pH 7.4. Dissolve 200.32 g of d-mannitol and 119.84 g of
d-sucrose in 900 ml of distilled water. Add 25 ml of 1 M
HEPES-KOH and 10 ml of 0.5 M EGTA-KOH. Adjust with
KOH pH to 7.4 at 4 °C. Bring the solution to 1 L with water.
Sterilize the solution using sterile vacuum filter units with a
pore size of 0.22 pm. Sterile 5x IB solution can be stored at
4 °C for several months.

Isolation buffer 1 muscle (IB1y): 100 mM KCI, 50 mM Tris—
HCl pH 7.4,2 mM EDTA-KOH pH 7.4. Mix 100 ml of 1 M
KCI, 50 ml of 1 M Tris-HCI pH 7.4, and 4 ml of 0.5 M
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11.

12.

13.

14.

15.

16.

17.

EDTA-KOH with 800 ml of distilled water. Adjust with KOH
pH to 7.4 at 4 °C and bring the solution to 1 L. Sterilize the
solution using sterile vacuum filter units with a pore size of
0.22 pm. Sterile IB1,; solution can be stored at 4 °C for several
months.

5x isolation buffer 1 muscle (5x IBly): 500 mM KCI,
250 mM Tris-HCI pH 7.4, 10 mM EDTA-KOH pH 7.4. Mix
500 ml of 1 M KCI, 250 ml of 1 M Tris—=HCI, and 20 ml of
0.5 M EDTA-KOH. Adjust with KOH pH to 7.4 at 4 °C and
bring the solution to 1 L with distilled water. Sterilize the
solution using sterile vacuum filter units with a pore size of
0.22 pm. Sterile 5x IB1y solution can be stored at 4 °C for
several months.

2x isolation buffer 2 muscle (2x IB2y): 200 mM KCI, 100 mM
Tris-HCI pH 7.4,4 mM EDTA-KOH pH 7.4, 10 mM MgClL,.
Mix 50 ml of 1 M KCI, 25 ml of 1 M TrissHCI, 2 ml of 1 M
EDTA-KOH, and 2.5 ml 1 M MgCI2 with 150 ml of distilled
water. Adjust with KOH pH to 7.4 at 4 °C and bring the solu-
tion to 250 ml. Sterilize the solution using sterile vacuum filter
units with a pore size of 0.22 pm. Sterile IB2y solution can be
stored at 4 °C for several months.

0.5 M succinate: dissolve 2.95 g of succinic acid in 40 ml of
distilled water. Adjust pH with KOH to 7.4 at RT and bring
the solution to 50 ml with water. Aliquot the solution in 0.5 ml
aliquots and store at —20 °C. Do not freeze and thaw.

0.5 M malate: dissolve 3.35 g of L-(—)-malic acid in 40 ml of
distilled water. Adjust pH with KOH to 7.4 at RT and bring
the solution to 50 ml with water. Aliquot the solution in 0.5 ml
aliquots and store at =20 °C. Do not freeze and thaw.

0.5 M glutamate: dissolve 3.68 g of I-glutamic acid in 40 ml of
distilled water. Adjust pH with KOH to 7.4 at RT and bring
the solution to 50 ml with water. Aliquot the solution in 0.5 ml
aliquots and store at —20 °C. Do not freeze and thaw.

1 M KH,PO,: dissolve 6.80 g of KH,PO, in 40 ml distilled
water and adjust pH with KOH to 7.4 at RT and bring the
solution to 50 ml with water. Sterilize the solution using filter
with a pore size of 0.22 um pore size. Sterile solution is stable
for several months.

2x respiration buffer (2x RB): 274 mM KCl, 20 mM HEPES-
KOH pH 7.4, 5 mM MgCl,, 6 mM KH,PO,-KOH pH 7.4,
50 uM EDTA. Combine 68.5 ml of 1 M KCI, 5 ml of 1 M
HEPES-KOH, 1.25 ml of 1 M MgCl2, 1.5 ml KH,PO,-KOH,
and 25 pl of 0.5 M EDTA-KOH with 150 ml distilled water,
and adjust pH to 7.4 at RT using KOH. Bring solution to
250 ml, and sterilize the solution using sterile vacuum filter
units with a pore size of 22 pM. Sterile 2x RB solution can be
stored at RT for several months.
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Bicinchoninic acid assay (BCA) kit.

100% Percoll solution (pH 8.5-9.5).

420 pM Calcium Green-5 N Stock solution: Dissolve 0.5 mg
Calcium Green-5 N powder with 1 ml distilled water. Aliquot

solution to 15 pl aliquots and store at —20 °C protected from
light. Do not freeze and thaw.

1 mM Ru360 stock solution: dissolve 0.5 mg Ru360 with
909 pl distilled water to obtain 1 mM Ru360 stock solution.
Aliquot solution to 15 pl aliquots and store at —20 °C.

1x PBS (phosphate-buffered saline), commercially available.
Fatty acid-free bovine serum albumin (BSA).

EDTA-free protease inhibitor cocktail tablets for 50 ml
medium.

Heparin.

Working solutions should be prepared fresh on the day of the
experiment and should be kept on ice the whole time, unless indi-
cated otherwise.

1.

IB(++) buffer: add 500 mg of fatty acid-free BSA (0.5%) (see
Note 2) and two tablets of protease inhibitor cocktail to
100 ml of IB. 100 ml of IB(++) are sufficient for the isolation
of mitochondria from one mouse liver (~2 g tissue).

. IB1y(+) buffer: add 500 mg of fatty acid-free BSA to 100 ml

of IBly. 80 ml of IB1y(+) are sufficient for the isolation of
mitochondria from ~2 g of skeletal muscle tissue.

. IB1y(++) buffer: add 500 mg of fatty acid-free BSA and two

tablets of EDTA-free protease inhibitor cocktail to 100 ml of
IB1y. 80 ml of IB1y(++) are sufficient for the isolation of
mitochondria from ~2 g of hind limp muscle tissue.

. IB2y(++) buffer: mix 25 ml of 2x 1B2y; with 500 pl 100 mM

ATP and 122.85 U of protease from Bacillus licheniformis and
fill up to 50 ml with distilled water. If necessary, adjust the pH
to 7.4 with KOH at 4 °C. 30 ml of IB2y(++) are sufficient for
the isolation of mitochondria from ~2 g of hind limp muscle
tissue.

. Heparin/PBS solution: Prepare 20 U heparin/ml PBS solu-

tion using heparin sodium salt from porcine intestinal mucosa
(=150 U/mg, dry basis). Depending on the perfusion system
used, between 10 and 50 ml of heparin/PBS solution are
required for the perfusion of a whole mouse.

. 80% Percoll solution: mix 4 ml of 5x IB buffer with 16 ml of

100% Percoll solution.

. 52% Percoll solution: mix 6.5 ml of 80% Percoll solution with

3.5 ml of 1x IB(++) buffer.
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8.

10.

26% Percoll solution: mix 3.25 ml of 80% Percoll solution with
6.75 ml of IB(++) buftfer.

. Respiration buffer (RB++): For 50 ml RB++, add 0.5 ml of

cach 0.5 M succinate, 0.5 M glutamate, and 0.5 M malate to
25 ml 2x RB. Add 11.9 pl of 420 pM Calcium Green-5 N and
fill up to 50 ml with distilled water. Keep the solution at RT
protected from light.

Ca?* injection solution: add 8 pl of 0.5 M CaCl, stock solution
to 10 ml of RB++. Keep the solution at RT and protected from
light until use.

3 Methods

3.1 |Isolation
of Crude Mitochondria
from Cultured Cells

The isolation of crude mitochondria from cells by nitrogen cavita-
tion requires approximately 40 min. Working solutions as well as
tissue grinder and cell disruption vessel should be kept ice-cold
during the whole procedure.

1.

Seed cells 2—-3 days before the experiment. The number of cells
that is required to isolate more than 1 mg of crude mitochon-
dria may vary between cell types, and it usually reflects cell size
and mitochondrial content. The typical yields for commonly
used cell types are listed in Table 1 (se¢ Note 3).

. Remove the medium from the cells and wash once with

5-10 ml of room temperature PBS.

. Remove PBS and detach the cells using a cell scraper. Collect

the cells in a pre-weighted falcon tube. If needed, use few ml
PBS to collect the remaining cells from the plate. Keep the
sample on ice at all time.

4. Centrifuge cells at 600 x g for 5 min at 4 °C.

. Discard the supernatant and weight out the cell pellet (see

Note 4).

. Resuspend the cells using 1 ml IB(++) per 10 mg of cells.

Table 1
Yield of mitochondria isolated from commonly used cell line

Cell line Culture surface (cm?)  Mitochondrial yield (mg)
HEK-293 450 ~1.5

Hela 450 ~2.25

MEF 450 ~1.8

Human fibroblast 450 ~0.4
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Fig. 2 Isolation of intact mitochondria from mouse liver. The enrichment of intact
mitochondria from cell lysate is confirmed by immunoblot analysis of whole cell
(WC) lysate, cytosolic (Cyto), nuclear, and crude mitochondrial (Mito) fractions,
using antibodies against actin (actin, cytosolic marker), laminin A/C (nuclear
marker), and VDAC (mitochondrial marker)

7. Transfer the solution into a prechilled cell disruption vessel,

10.
11.

12.

13.
14.

15.

add the magnetic stirrer bar into the vessel, and place it on a
magnetic stirrer in a cold room. Close the vessel and attach the
filling connection to a commercial nitrogen cylinder as in
the instructions manual. To pressurize the vessel, open first
the nitrogen cylinder to release nitrogen into the flexible nylon
pressure hose. Then open carefully the valve on the head of the
cylinder and adjust the pressure to 800 psz (see Note 5). Leave
the sample in the vessel at 800 psi for 10 min.

. Hold a 50 ml falcon tube at the lower valve of the vessel while

depressurizing to collect the sample (see Note 6).

. If the quality of mitochondria isolation is to be tested, save

~100 pl of sample for quality analysis (Fig. 2). This represents
the whole cell (WC) fraction (see Note 7).

Centrifuge the whole cell sample at 600 x g for 10 min at 4 °C.

Careftully transfer the supernatant to a prechilled glass centri-
fuge tube without touching the pellet.

If the quality of mitochondria isolation is to be tested, save the
pellet for quality analysis (Fig. 2). This represents the nuclei
fraction (see Note 7).

Centrifuge the supernatant at 8000 x g for 10 min at 4 °C.

If the quality of mitochondria isolation is to be tested, save
after centrifugation 500 pl for quality analysis. This represents
the cytosolic (Cyto) fraction (see Note 7), while the pellet con-
tains the mitochondrial fraction.

Discard the supernatant, and remove any loose or light-colored
material surrounding the pellet, preferably by aspiration with a
glass micropipette (see Note 8).
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3.2 Isolation

of Crude Mitochondria
from Soft Mouse
Tissues

16.

Carefully dislodge the pellet using a glass rod.

17. Resuspend the pellet in a small volume of IB(++) by slowly

18.

pipetting up and down first with a cut 200 pl pipette tip to
minimize shearing forces and afterwards with an intact 200 pl
pipette tip to obtain a homogeneous sample. The volume for
resuspension depends on the pellet size and should be as small
as possible (50-100 pl for mitochondria isolated from cells).
Avoid the formation of bubbles during resuspension.

Quantify the concentration of crude mitochondria by BCA
method (see Note 9).

Timing for the isolation of crude mitochondria from soft mouse
tissues depends on the number of processed tissues and animals.
Approximately 1.5 h are necessary to isolate crude mitochondria
from one mouse liver. The typical yields for several soft tissues are
listed in Table 2 and refer to one mouse per tissue.

Working solutions as well as tissue grinder and cell disruption

vessel should be kept ice-cold during the whole procedure.

1.

Sacrifice the mouse by cervical dislocation and rapidly explant
the organs of interest (see Note 10).

2. Weight out the organ and place it in a beaker on ice.

. Add 1 ml IB(++)/0.1 g of tissue (se¢ Note 11).

. Mince the tissue in small pieces (2—4 mm) using scissors and

wash several times with IB(++) to remove any contaminating
blood (see Note 12).

. Transfer the tissue pieces to a prechilled tissue grinder and

homogenize with one stroke at 300 rpm (se¢ Notes 13-15).

Table 2
Yield of mitochondria isolated from mouse tissues

Tissue Weight (mg) Mitochondrial yield (mg)
Liver ~1500 ~15

Kidney ~350 ~1.9

Spinal cord ~60 ~0.4

Cerebellum ~75 ~2.7

Cortex ~125 ~4

Ventral midbrain ~40 ~0.5

Striatum ~40 ~0.5

Skeletal muscle ~1800 ~25

Heart ~160 ~2
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6. Transfer the homogenate into a prechilled cell disruption ves-
sel, add the magnetic stirrer bar into the vessel, and place it on
a magnetic stirrer in a cold room (see Notes 14 and 15). Close
the vessel and attach the filling connection to a commercial
nitrogen cylinder as in the instructions manual. To pressurize
the vessel, open first the nitrogen cylinder to release nitrogen
into the flexible nylon pressure hose. Then open carefully the
valve on the head of the cylinder and adjust the pressure to
800 psi (see Note 5). Leave the sample in the vessel at 800 psi
for 10 min.

7. Hold a 50 ml falcon tube at the lower valve of the vessel while
depressurizing to collect the sample (see Note 6).

8. If the quality of mitochondria isolation is to be tested, save a
100 pl of sample for quality analysis. This represents the whole
cell (WQ) fraction (see Note 7).

9. Centrifuge at 600 x g for 10 min at 4 °C.

10. Transfer the supernatant to a prechilled glass centrifuge tube.
Be careful to prevent contaminations from the cell pellet. If the
quality of mitochondria isolation is to be tested, keep the pellet
tor quality analysis (see Note 7). This represents the nuclei
fraction (Nu).

11. Centrifuge the supernatant at “centrifuge speed 1” as in Table
3 for 10 min at 4 °C (se¢ Note 16).

12. If the quality of mitochondria isolation is to be tested, save
after centrifugation 500 pl for quality analysis. This represents
the cytosolic (Cyto) fraction (see Note 7), while the pellet con-
tains the mitochondrial fraction.

13. Discard the supernatant and carefully dislodge the pellet using
a glass rod.

14. Resuspend the pellet with a pipette in the initial volume of
IB(++), (see step 3). Avoid the formation of bubbles during
resuspension.

Table 3
Centrifugation speeds for isolation of mitochondria from mouse tissues

Tissue Centrifugation speed 1 Centrifugation speed 2

Kidney 10 min 8000 x » 2 min 2000 x g followed
by 8 min 4000 x g

Liver 10 min 8000 x g 2 min 2000 x g followed
by 8 min 4000 x g

Spinal cord 10 min 12,000 x 4 10 min 12,000 x g4
Brain 10 min 12,000 x 4 10 min 12,000 x »4
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3.3 Isolation

of Crude Mitochondria
from Mouse Skeletal
Muscle and Heart

15. Centrifuge the sample at “centrifugation speed 2” as in Table
3 for 10 min at 4 °C (se¢ Note 16).

16. Discard the supernatant and resuspend the pellet with a small
volume of IB(++) by slowly pipetting up and down first with a
cut 200 pl pipette tip to minimize shearing forces and afterward
with an intact 200 pl pipette tip to obtain a homogeneous sample.
The volume for resuspension depends on the pellet size and
should be as small as possible (e.g., 100-200 pl for the liver
and ~50 pl for the brain tissues or spinal cord). Avoid the for-
mation of bubbles during resuspension.

17. Quantify the concentration of the crude mitochondrial frac-
tion by BCA method (see Note 9).

Timing for the isolation of crude mitochondria from skeletal mus-
cle or heart depends on the number of processed tissues and ani-
mals. Approximately 2 h are necessary to isolate crude mitochondria
from one mouse heart. Working solutions as well as tissue grinder
and cell disruption vessel should be kept ice-cold during the whole
procedure. Skeletal muscle and heart are fibrous tissues, which can-
not be easily homogenized without previous enzymatic digestion.
To avoid that an uneven homogenization of the tissue clogs the
cavitation vessel, we employ for mitochondrial isolation from mus-
cle and heart tissue the following protocol:

1. Sacrifice the mouse by cervical dislocation and rapidly explant
the organs of interest (see Note 10).

2. Weight out the organ and place it in a beaker on ice (see Note 11).

3. Mince the tissue in small pieces (2—4 mm) using scissors and
wash it several times with IB1(+) to remove any contaminat-
ing blood.

4. Decant any IBly(+) and add 1 ml IB2y(++)/0.1 g of tissue.
5. Incubate for 3 min while stirring on ice.

6. Transfer the tissue pieces to a prechilled tissue grinder and
homogenize with three strokes at 500 rpm. Use motorized
system to ensure efficient homogenization and minimize varia-
tions between samples.

7. Transfer the homogenate into a falcon tube, and centrifuge at
600 x g for 10 min at 4 °C to remove plasma membrane and
nuclei and not homogenized tissue.

8. Collect the supernatant which contains mitochondria, and fil-
ter it through a cell strainer of 70 pm pore size that is placed
on a prechilled glass centrifuge tube.

9. Immediately centrifuge the sample at 10,400 x g for 10 min
at 4 °C.



3.4 Isolation of Pure
Mitochondria

by Discontinuous
Percoll Gradient
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10. Discard the supernatant and dislodge the pellet using a glass
rod. Resuspend the pellet with 300-500 pl volume of IB1 y(++)
by slowly pipetting up and down first with a cut 200 pl pipette
tip to minimize shearing forces and afterward with an intact
200 pl pipette tip to obtain a homogeneous sample. Avoid the
formation of bubbles during resuspension.

11. Dilute the sample with IBly(++) at 1 ml/0.1 g of tissue.

12. Repeat steps 9-11 once to thoroughly wash out the remaining
proteinases.

13. Centrifuge at 4000 x g for 10 min at 4 °C.

14. Discard the supernatant and dislodge the pellet using a glass rod.
Resuspend the pellet with ~100 pl volume of IB1y(++) by slowly
pipetting up and down first with a cut 200 pl pipette tip to mini-
mize shearing forces and afterward with an intact 200 pl pipette
tip to obtain a homogeneous sample. The volume for resuspen-
sion depends on the pellet size and should be as small as possible.
Avoid the formation of bubbles during resuspension.

15. Quantify the concentration of crude mitochondria by BCA
method (see Note 9).

Preparations of crude mitochondrial fractions usually contain other
cellular structures as well. Lysosomes and endoplasmic reticulum
are common contaminants which either co-sediment with mito-
chondria during differential centrifugation or are physically associ-
ated with them. To increase mitochondrial purity, the differential
centrifugation step can be combined with a discontinuous Percoll
density gradient. The advantage of a discontinuous gradient, over
a continuous one, is that mitochondria concentrate as a sharp band
at the interface between two Percoll steps, which facilitates their
collection. Here, we provide a fast protocol which can be per-
formed after obtaining a crude mitochondrial fraction. As an
example, we apply this protocol to purify intact organelles from
crude skeletal muscle mitochondria.

1. Transter 1 ml of 80% Percoll solution into the ultracentrifuge
tube. Mark the level of the solution (se¢ Note 17).

2. Add 1.5 ml of 52% Percoll solution drop wise on top of the
80% Percoll solution. Hold the tube in a 45° angle to prevent
mixing of the two solutions. Mark the level of the second
solution.

3. Add 500 pl of 26% Percoll solution drop wise on top of the
52% Percoll solution. Hold the tube in a 45° angle to prevent
mixing of solutions.

4. Dilute the freshly isolated, crude mitochondrial fraction with
500 pl of the corresponding IB solution supplemented with
fatty acid-free BSA and protease inhibitors (IB(++) or IB1y
(++) depending on the tissue of origin).



28 Jennifer Wettmarshausen and Fabiana Perocchi

3.5 Measuring
Mitochondrial Calcium
(Ca?*) Buffering
Gapacity

5. Place the diluted sample on top of the Percoll gradient. Balance
the rotor carefully. In case of unequal sample number, use a
balance tube (tube with the same weight as the sample tube).

6. Centrifuge at 44,000 x g for 45 min at 4 °C.

7. Collect pure mitochondria at the interface between 26% and
52% Percoll gradient (Fig. 1) (sec Note 18).

8. Dilute the sample at least tenfold with the corresponding IB solu-
tion (IB(++) or IB1ly), and transfer it to a glass centrifuge tube.

9. Centrifuge at 8000 x g for 10 min at 4 °C.
10. Decanted the supernatant. The pellet contains pure mitochondria.

11. Dislodge the pellet using a small glass rod. Resuspend the pel-
let with a small volume of IB solution (IB(++) or IBly) by
slowly pipetting up and down first with a cut 200 pl pipette tip
to minimize shearing forces and afterward with a 200 pl pipette
tip to obtain a homogeneous sample. Avoid formation of bub-
bles during resuspension.

12. Measure the concentration of the pure mitochondrial fraction
by BCA method (see Note 9).

Measuring mitochondrial Ca** buffering capacity is a fast and effi-
cient method to assess the integrity of isolated mitochondria. The
organelle takes up Ca?* via an inner membrane channel called the
mitochondrial calcium uniporter (MCU) [9-11]. Ca?* uptake is
driven by the mitochondrial membrane potential, which is gener-
ated by the oxidative phosphorylation system through pumping of
protons across the inner mitochondrial membrane. Therefore, the
integrity and coupling ofisolated mitochondria will be reflected by
their ability to buffer exogenously added Ca?* to the respiration
medium.

First, mitochondria are diluted in a buffer containing a non-
permeable Ca?* indicator such as Calcium Green-5 N (K of 14 pM
in the absence of magnesium). If the indicator binds Ca?, it
exhibits an increase in fluorescence emission intensity with little
shift in wavelength. By taking up Ca?*, mitochondria compete with
the dye, and as a result the intensity of the emitted light decreases.

1. Use a fluorescence microplate reader with the following set-
tings: Ex/Em of 503 /536 nm, kinetic reading mode and short
time interval (e.g., reading of 24 wells with a 2 s interval).

2. Prime the injector with 400 pM Ca?* injection solution.

3. Dilute an appropriate amount of freshly isolated crude or pure
mitochondria in RB++ to 1 mg/ml. This amount should be
sufficient to test all of the conditions of interest in at least tech-
nical triplicates (sec Note 19).

4. Pipette 90 pl of the mitochondria-containing solution per well
into a black 96-well plate. As a positive control for mitochon-
drial Ca** uptake, include 10 pM Ru360, a known MCU
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Fig. 3 Ca** uptake kinetics in purified mitochondria from different mouse tissues.
Intact and coupled mitochondria are isolated from mouse organs using nitrogen
cavitation. MCU-dependent Ca?* uptake kinetics are measured in 96-well plates
with Calcium Green-5N following consecutive injections of 40 uM Ca?* (red traces).
Ca®* uptake can be inhibited by the addition of 10 pM Ru360 (black traces)
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inhibitor. If possible, use a multichannel pipette to minimize
pipetting error.

. Mix well and incubate for 5 min at RT.
6. Place the plate inside the plate reader.

. Start the assay and monitor basal fluorescence, followed by a

repetitive injection of 10 pl from the 400 pM Ca** solution.
Figure 3 shows typical Ca?* uptake kinetics of crude mitochon-
dria isolated from different mouse tissues.

4 Notes

. EDTA and EGTA solutions are very acidic and dissolve poorly

in water. Add KOH tablets till reaching a pH of ~7, and then
continue adjusting the pH with a 5 M KOH solution.

. BSA binds fatty acids. Those are released from the cells during

the permeabilization process and can disrupt the integrity of
mitochondrial membranes. Therefore, the addition of fatty
acid-free BSA is critical for preserving mitochondrial integrity.
It is recommended to wash out the BSA for proteomics.

. The metabolic state of cells is influenced by the number of

culturing passages and cell density. In order to minimize varia-
tion between samples, all cell lines to be processed should be
cultured in parallel and have a similar passage number and a
cell density corresponding to approximately 80% of the culture
dish surface.

4. To weight out the cell pellet, balance the empty Falcon before use.

. A pressure of 800 psi selectively permeabilizes the plasma

membrane but not the mitochondrial membranes. Large
sample volumes can absorb significant amounts of nitrogen
leading to a drop of the pressure after several seconds. If neces-
sary, readjust the pressure.

. The permeabilization by nitrogen cavitation occurs at the

decompression step. It is recommended to become completely
familiar with the sample collection step before performing the
experiment.

. The enrichment of mitochondria from whole cells can be tested

by Western blot analyses of whole cell (WC), nuclear (Nu),
cytosolic (Cyto), and mitochondrial (Mito) fractions (Fig. 2).
This step is particularly useful when testing an isolation proto-
col or the isolation from a specific tissue for the first time.
Equal protein amounts of those fractions are decorated
with antibodies that recognize bona fide cytosolic (e.g., actin),
nuclear (e.g., lamine A/C), and mitochondrial proteins (e.g.,
OXPHOS subunits and porin). The integrity of the mitochon-
drial fraction can also be tested by protein immunoblot. To
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this goal, loss of soluble matrix and intermembrane space pro-
teins, such as cyclophilin D and cytochrome ¢, respectively,
should be quantified.

. Removing of loose or lighter-colored material surrounding the

pellet can increase purity of the mitochondrial fraction but can
also increase variation between samples. We recommend to
skip this step if the sample is used in sensitive analysis such as
mass spectrometry. In this case, the whole pellet should be
carefully resuspended in the same volume of IB (without BSA
and protease inhibitors). The sample should be centrifuged
again at 8000 x g for 10 min at 4 °C, and the resulting pellet
should be resuspended in a small volume of IB (50-100 pl).

. Other protein quantification methods can also be used (e.g.,

Bradford protein assay). It is recommended to test several dilu-
tion factors (25x, 50x and 100x) to obtain an accurate sample
concentration. For reproducible results, ensure to use the same
quantification method for all samples and the same standard
for the calibration curve.

During the isolation procedure, blood cells are ruptured and
release hemoglobin which sediments with the mitochondrial
pellet and can compromise the functionality of mitochondria.
When isolating mitochondria from organs that are well sup-
plied by blood, such as the liver, it is reccommended to eutha-
nize the mice with CO, and to perform a whole body perfusion
with heparin/PBS [12].

If necessary, organs can be kept for up to 2 h in ice-cold PBS
before proceeding with the isolation protocol.

When isolating mitochondria from larger and compact tissue
like the liver or kidney, a motorized homogenizer improves
dislodging and minimizes variation between samples. When
isolating mitochondria from small organs such as spinal cord or
brain regions, it is not necessary to mince the tissue. Instead,
use a small, prechilled glass tissue grinder with a loose pestle to
dislodge the tissue and transfer the sample directly to the nitro-
gen cavitation vessel.

This step is performed with the aim of dislodging the tissue
and not of permeabilizing the cells. The latter occurs during
nitrogen cavitation.

Remove any large tissue pieces that remain after homogeniza-
tion as they can clog the valve of the nitrogen cavitation vessel.

When working with small volumes of homogenate (less than
3 ml) place the sample in a test tube or a small beaker that can
be placed inside the vessel cylinder. As a general rule, the test
tube should be twice the size of the sample volume.

Sedimentation speed varies for mitochondria of different
tissues.
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17. During the centrifugation, mitochondria will sediment at the
interface between 26 and 54% Percoll density. Demarking the
interface will facilitate the identification of the right density

band.
18.

To collect mitochondria either aspirate with a long glass micro-

pipette or remove layer by layer till reaching the mitochondria-

containing band.
Mitochondria isolation buffer contains EDTA or EGTA which

19.

influence the calcium kinetics. Therefore, it is beneficial to
work with highly concentrated mitochondria (25-50 mg,/ml).

References

1.

Smith AC, Robinson AJ (2011) A metabolic
model of the mitochondrion and its use in
modelling diseases of the tricarboxylic acid
cycle. BMCSystBiol5:102.d0i:10.1186 /1752-
0509-5-102

Labbe K, Murley A, Nunnari J (2014)
Determinants and functions of mitochondrial
behavior. Annu Rev Cell Dev Biol 30:357-
391. doi:10.1146/annurev-cellbio-101011-
155756

Mitchell P, Moyle ] (1967) Chemiosmotic
hypothesis of oxidative phosphorylation.
Nature 213(5072):137-139

Hallermayer G, Zimmermann R, Neupert W
(1977) Kinetic studies on the transport of
cytoplasmically synthesized proteins into the
mitochondria in intact cells of Neurospora
crassa. Eur J Biochem 81(3):523-532

. Schatz G, Haslbrunner E, Tuppy H (1964)

Deoxyribonucleic acid associated with yeast
mitochondria. Biochem Biophys Res Commun
15(2):127-132

Hunter MJ, Commerford SL (1961) Pressure
homogenization of mammalian tissues.
Biochim Biophys Acta 47:580-586

Krippner A, Matsuno-Yagi A, Gottliecb RA,
Babior BM (1996) Loss of function of cyto-
chrome ¢ in jurkat cells undergoing fas-

10.

11.

12.

mediated  apoptosis. ] Biol = Chem
271(35):21629-21636

Gottlieb RA, Adachi S (2000) Nitrogen cavita-
tion for cell disruption to obtain mitochondria
from cultured cells. Methods Enzymol
322:213-221

Perocchi F, Gohil VM, Girgis HS, Bao XR,
McCombs JE, Palmer AE, Mootha VK (2010)
MICUI encodes a mitochondrial EF hand pro-
tein required for Ca(2+) uptake. Nature 467
(7313):291-296. doi:10.1038 /naturec09358
Baughman JM, Perocchi F, Girgis HS, Plovanich
M, Belcher-Timme CA, Sancak Y, Bao XR,
Strittmatter L, Goldberger O, Bogorad RL,
Koteliansky V, Mootha VK (2011) Integrative
genomics identifies MCU as an essential compo-
nent of the mitochondrial calcium uniporter.
Nature 476 (7360):341-345. doi:http://www.
nature.com/nature /journal /v476,/n7360/abs/
nature10234.html#supplementary-information
De Stefani D, Raffacllo A, Teardo E, Szabo I,
Rizzuto R (2011) A forty-kilodalton protein of
the inner membrane is the mitochondrial cal-
cium uniporter. Nature 476 (7360):336-340.
doi:10.1038 /nature10230

Gage GJ, Kipke DR, Shain W (2012) Whole
animal perfusion fixation for rodents. J Vis Exp
65. doi:10.3791 /3564


http://dx.doi.org/10.1186/1752-0509-5-102
http://dx.doi.org/10.1186/1752-0509-5-102
http://dx.doi.org/10.1146/annurev-cellbio-101011-155756
http://dx.doi.org/10.1146/annurev-cellbio-101011-155756
http://dx.doi.org/10.3791/3564

Chapter 3

Isolation of Mitochondria from Saccharomyces cerevisiae

Toshiaki Izawa and Ann-Katrin Unger

Abstract

The budding yeast Saccharomyces cerevisine is an important model organism to study cellular structure and
function. Due to its excellent accessibility to genetics and biochemical and microscopic analyses, studies
with yeast have provided fundamental insights into mitochondrial biology. Yeast offers additional advan-
tages because it can grow under fermenting conditions when oxidative phosphorylation is not obligatory
and because the majority of mitochondrial structure and function are largely conserved during evolution.
Isolation of mitochondria is an important technique for mitochondrial studies. This chapter focuses on
procedures for the isolation and purification of intact yeast mitochondria that can be used for numerous
functional assays as well as for analyses of mitochondrial ultrastructure.

Key words Yeast culture media, Spheroplasts, Homogenization, Cellular fractionation, Isolation and
purification of mitochondria

1 Introduction

Mitochondria are essential organelles of eukaryotic cells. They
exert a multitude of important metabolic functions including
energy transduction by the citrate cycle and oxidative phosphoryla-
tion, metabolism of amino acids and fatty acids, and synthesis of
FeS clusters, heme, quinones, and phospholipids. They are involved
in apoptosis and developmental processes such as aging and play an
important role in many important human disorders, including dia-
betes, cancer, and neurodegenerative disorders, such as the
Alzheimer, Parkinson, and Huntington diseases.

The budding yeast Saccharomyces cerevisine is a powerful model
organism to study mitochondrial function and architecture. Since
protein composition, function, and architecture of mitochondria
are highly conserved among eukaryotes, studies of yeast mitochon-
dria are instructive for understanding the molecular biology of
mitochondria also of mammalian cells. In addition, since
Saccharomyces cerevisine can satisfy its energy requirement by fer-
mentation, a number of viable knockout mutants for the genes
required for respiration can be constructed. This makes it much
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easier to analyze the function of mitochondrial proteins essential
for respiration. Furthermore, Saccharomyces cevevisine offers excel-
lent accessibility to genetic manipulation and biochemical and
macroscopic analyses. Indeed, a large number of conserved pro-
teins and complexes required for mitochondrial function and
architecture were first discovered using yeast cells.

Saccharomyces cerevisine can utilize both fermentable and non-
fermentable carbon sources. Depending on carbon source avail-
ability, the cells regulate the quantity and architecture of
mitochondria [1-3]. Glucose is a routinely used fermentable car-
bon source. On glucose-containing medium, most of ATP is pro-
duced in the cytosol by fermentation. Under these conditions the
expression of a number of mitochondrial proteins including
enzymes of the citrate cycle and oxidative phosphorylation are
strongly repressed, as well as is the formation of a highly branched
mitochondrial network. Galactose is another fermentable carbon
source; however, it does not repress induction of mitochondrial
proteins. In contrast, on nonfermentable carbon source such as
glycerol or lactate, the cells produce ATP for growth exclusively in
the mitochondria by oxidative phosphorylation. Under these con-
ditions, expression of mitochondrial proteins is highly induced,
and mitochondria form an extensive, highly branched network.

Isolation of mitochondria is a fundamental and important
technique for mitochondrial research. Isolated mitochondria can
be used for many purposes, e.g., isolation and characterization of
mitochondrial proteins, analysis of the topology and modification
of mitochondrial proteins, and in vitro protein import [4-7].
Ciritical steps during the isolation process are the homogenization
of cells and their separation from other organelles by cell fraction-
ation [8]. The following quality criteria must be taken into consid-
eration: yield, purity, and intactness of mitochondria. Many
downstream procedures require substantial amounts of mitochon-
dria. In our laboratory, mitochondria are typically isolated from
the cells grown in 500-2000 ml of liquid medium when ODyy, is
around 1. The choice of carbon source is also important. Higher
yields of mitochondria can be obtained when the cells are grown
on nonfermentable carbon sources such as glycerol or lactate. The
purity of the isolated mitochondria is particularly important when
clear separation of mitochondria from other organellar membranes
is required. This further step is usually performed by density gradi-
ent centrifugation [9]. Several measures to maintain the functional
intactness of yeast mitochondria are described.

2 Materials

2.1 Growth Media

1. YP medium: Dissolve 10 g Bacto yeast extract and 20 g Bacto
Peptone in 800 ml of water. Adjust pH to 5.5 with potassium
hydroxide and fill up to 900 ml. Sterilize by autoclaving.
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. Synthetic minimum (§) medium: Dissolve 6.7 g of yeast nitro-

gen base without amino acids in 800 ml water. Adjust pH to
5.5 with potassium hydroxide and fill up to 900 ml. Sterilize by
autoclaving.

. Dropout mix: Mix the following: alanine, arginine, asparagine,

aspartic acid, cysteine, glutamine, glutamic acid, glycine, methio-
nine, isoleucine, phenylalanine, proline, serine, threonine, tyrosine,
valine, myoinositol (2 g each), and p-aminobenzoic acid (0.2 g).
For storage, homogenize the mixture using a mortar and pestle.

. Synthetic complete (SC) medium: Dissolve 6.7 g of yeast

nitrogen base without amino acids and 1.3 g of dropout mix in
800 ml water. Adjust pH to 5.5 with potassium hydroxide and
fill up to 900 ml. Sterilize by autoclaving.

. 50x auxotrophic markers: Dissolve 112 mg of uracil, 1095 mg

ofleucine, 410 mg of tryptophan, 314 mg of histidine, 203 mg
of'adenine, and 900 mg of lysine in 90 ml of water, and fill up
to 100 ml (see Note 1). Sterilize by filtration. Omit the auxo-
trophic marker(s) used for selection of transformants.

. 10x carbon sources: Glucose, galactose, glycerol, or lactate can

be used as a carbon source. To make 20% (w/v) glucose, dis-
solve 20 g of glucose in 80 ml of water and fill up to 100 ml.
To make 30% (w/v) galactose, dissolve 30 g of galactose in
70 ml of water and fill up to 100 ml. To make 30% (v/v) glyc-
erol, fill up 30 ml of glycerol to 100 ml with water. To make
20% (v/v) lactate, dilute 20 ml of lactic acid with 30 ml of
water, adjust pH to 5.5 with potassium hydroxide, and fill up
to 100 ml. Sterilize all solutions by autoclaving.

. Growth media: Mix 900 ml of YP, S, or SC medium and

100 ml of 10x carbon source. For S and SC media, add 20 ml
of 50x auxotrophic markers.

. Alkaline solution: 100 mM Tris-SO, pH 9.4, 10 mM DTT (see

Note 2).

. Spheroplast buffer: 20 mM Tris—HCI pH 7.4, 1 mM EDTA,

1.2 M sorbitol.

. 20 x zymolyase buffer: 20 mg/ml of zymolyase 20 T, 20 mM

Tris-HCI pH 7.4, 1 mM EDTA, 1.2 M sorbitol (sec Note 3).

. Lysis buffer: 20 mM MOPS-KOH pH 7.2, 1 mM EDTA,

0.6 M sorbitol, 0.2% (w/v) BSA, 1 mM PMSF (see Note 4).

. SEM bufter: 20 mM MOPS-KOH pH 7.2, 1 mM EDTA,

0.6 M sorbitol.

. SEM buftfer: 20 mM MOPS-KOH pH 7.2, 1 mM EDTA,

0.6 M sorbitol.

. 60% sucrose buffer: 60% sucrose (w/v), 20 mM MOPS-KOH

pH 7.2, 1 mM EDTA.
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3. 32% sucrose buffer: 32% sucrose (w/v), 20 mM MOPS-KOH
pH 7.2, 1 mM EDTA.

4. 23% sucrose buffer: 23% sucrose (w/v), 20 mM MOPS-KOH
pH 7.2, 1 mM EDTA.

5. 15% sucrose bufter: 15% sucrose (w/v), 20 mM MOPS-KOH
pH 7.2, 1 mM EDTA.

3 Methods

3.1 Growth
of Yeast Cells

3.2 Isolation
of Crude Mitochondria

YP is a rich medium, routinely used for yeast growth. S and SC
media are used for selection of yeast transformants for auxotrophic
markers. S medium is the synthetic minimum medium composed
of salts, trace elements, vitamins, and nitrogen source. Addition of
dropout mix (mixture of amino acids) to S medium can improve
yeast growth [10]. For selection of yeast transtormants, uracil, leu-
cine, tryptophan, histidine, adenine, and lysine are typically used as
auxotrophic markers. In this protocol, these amino acids are omit-
ted from dropout mix. Depending on auxotrophic marker used for
transformant selection, appropriate amino acids should be added.

Budding yeast can utilize a variety of carbon sources. Glucose
and galactose are fermentable carbon sources, and glycerol and
lactate are nonfermentable carbon sources. Glucose, but not other
carbon sources, represses the expression of a number of mitochon-
drial proteins as well as the formation of a highly branched mito-
chondrial network [1-3]. Selection of the suitable carbon source
depends on the scientific question asked. In this section, the regu-
lar procedure for cultivation of wild-type yeast cells in 500 ml of
YP glycerol medium is described.

1. Inoculate yeast colony with the size of 2-3 mm in diameter
from an agarose plate medium in 20 ml of YP glycerol medium
and cultivate for 2—-3 days at 30 °C with shaking. The cells are
in the stationary phase when ODyyy reaches around 6-7 (see
Notes 5 and 6).

2. Dilute yeast pre-culture in 500 ml of YP glycerol medium and
cultivate cells at 30 °C with shaking until ODg reaches 1 (see
Notes 7 and 8).

3. Harvest cells by centrifugation at 2000 x g for 5 min at room
temperature for isolation of mitochondria (see Note 9).

The procedure consists of three steps: (1) preparation of spheroplasts,
(2) homogenization of spheroplasts, and (3) isolation of mitochon-
dria by differential centrifugation. Two different procedures for
homogenization of spheroplasts are described. In the classical
method, the spheroplasts are homogenized using a Dounce homog-
enizer [8]. In the alternative method, instead, the spheroplasts are
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homogenized by repeated pipetting without using homogenizer
[11]. This alternative method may reduce the yield of mitochondria
but significantly improves intactness of mitochondria, which is crucial
for analysis of mitochondrial ultrastructure.

Yeast cells have cell walls mainly composed of p-1,3-d-glucan,
B-1,6-d-glucan, chitin, and mannoproteins [12]. For efficient
homogenization, yeast cells need to be converted into spheroplasts
by digestion of cell walls. To this end, zymolyase is typically used.
Zymolyase is produced from Arthrobacter lutens and contains an
essential enzyme, f-1,3-glucan laminaripentaohydrolase, for lysis
of yeast cell walls [13, 14]. Because cell wall lysis can lead to the
break of plasma membranes that is triggered by the high internal
turgor pressure, the buffer contains sorbitol to protect cells from
osmotic stress.

1. Resuspend the harvested cells with 20 ml water.

2. Harvest the cells by centrifugation at 2000 x g for 5 min at
room temperature.

Measure the wet weight (g) of the cells (see Note 10).
. Resuspend the cells in 10 ml alkaline solution (se¢ Note 11).

. Incubate the cells at 30 °C for 10 min with gentle shaking.

. Harvest the cells by centrifugation at 2000 x g for 5 min at
room temperature.

7. Resuspend the cells with 10 ml spheroplast buffer per gram
wet weight of cells.

8. Add 500 pl 20x zymolyase buffer per gram wet weight of cells.

9. Incubate cells at 30 °C for 20—40 min with gentle shaking (see
Note 12).

10. Harvest the spheroplasts by centrifugation at 2000 x g for
5 min at 4 °C. All further steps should be done at 4 °C.

11. Wash the spheroplasts briefly with 30 ml ice-cold lysis buffer. It
is not necessary to pipet to homogeneity. Just invert the centri-
fuge bottle several times.

12. Harvest the spheroplasts by centrifugation at 2000 x g4 for
5 min.

13. Repeat steps 11 and 12.

14. Go to Subheading 3.2.2. for the classical homogenization
method using Dounce homogenizer or go to Subheading
3.2.3. for the gentle homogenization method by pipetting.

All steps should be performed at 4 °C using precooled buffers and
glassware and plastic ware. It is also important to precool all rotors
and centrifuges used.
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3.2.3 Homogenization
of the Spheroplasts
by Pipetting

1.

Resuspend the pellet of spheroplasts in 20 ml ice-cold lysis
buffer and transfer it to a 50-ml Dounce homogenizer.

2. Homogenize the spheroplasts with 15 strokes.

. Centrifuge the homogenate at 2000 x 4 for 5 min and transfer

the supernatant to a new tube.

4. Repeat steps 1-3 with the pellet from the step 3.

9.
10.

. Combine the supernatants to a tube and centrifuge at

12,000 x g for 10 min. Remove the supernatant.

. Resuspend the pellet containing mitochondria in 1 ml ice-cold

SEM butffer by gentle pipetting using a P1000 tip with 1 cm
cutoft, and fill up to 30 ml with ice-cold SEM butffer.

. Centrifuge again at 12,000 x g for 10 min. Remove the

supernatant.

. Resuspend the pellet in 500 pl ice-cold SEM buffer by gentle

pipetting using a P1000 tip with 1 cm cutoft.
Take an aliquot to determine protein concentration.

Make single-use aliquots (typically 30-50 pl) and freeze them
in liquid nitrogen. Store at —80 °C (see Note 14).

All steps should be performed at 4 °C using precooled buffers and
glassware and plastic ware. It is also important to precool all rotors
and centrifuges used.

1.
2.

Add 10 ml ice-cold lysis buffer to the harvested spheroplasts.

Resuspend the spheroplasts by repeated pipetting using a
P5000 tip with 1 cm cutoff. Pipet gently 40 times.

. Centrifuge at 2000 x g for 5 min and collect the supernatant

to a new tube.

. Add 10 ml ice-cold lysis buffer to the pellet.
. Repeat steps 2 and 3.

6. Combine the supernatants to a tube, and centrifuge at 2000 x g4

11.

for 5 min to remove remaining cell debris. Collect the super-
natant to a new tube.

. Centrifuge the supernatant at 12,000 x g4 for 5 min. Remove

the supernatant.

. Wash the pellet containing mitochondria in 20 ml ice-cold

SEM butffer by gentle pipetting using a P5000 tip with 1 cm
cutoft.

. Centrifuge at 12,000 x g for 5 min. Remove the supernatant.
10.

Resuspend the mitochondrial pellet in 500 pl ice-cold SEM
bufter by gentle pipetting using a P1000 tip with 1 cm cutoff.

Take an aliquot to determine protein concentration (see Note

13).
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Fig. 1 Electron microscopic analysis of isolated mitochondria of S. cerevisiae (YPH499). (a) Overview (magni-
fication 7000-fold). (b and ¢) Ultrastructure of single mitochondria. Scale bars: 0.2 um

12. Make single-use aliquots (typically 30-50 pl) and freeze them
in liquid nitrogen. Store at —80 °C (see Note 14).

Electron microscopy images of the mitochondria isolated by
homogenization of spheroplasts by pipetting are shown in Fig. 1.

3.3 Purification All steps should be performed at 4 °C using precooled buffers and
of Mitochondria glassware and plastic ware. It is also important to precool all rotors
by Sucrose Gradient and centrifuges used.

Centrifugation Isolation of crude mitochondria as described above can pro-

vide sufficient quality of mitochondria, e.g., for the topological
analysis of mitochondrial proteins and in vitro protein import anal-
ysis. However, the crude mitochondria contain significant amounts
of non-mitochondrial membranes such as ER and vacuolar mem-
branes. Several applications may need the separation of mitochon-
dria from ER and vacuolar membranes. In the following, a method,
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based on a previously published procedure [9], for the purification
of mitochondria using sucrose density gradient is described.

1.

Homogenize the crude mitochondrial fraction (5 mg/ml in
SEM) by 10 strokes in a glass-Teflon potter.

. Prepare a four-step sucrose gradient in a SW41 rotor tube. For

this, pipet 1.5 ml 60% sucrose buffer to a tube, caretully over-
lay it with 4 ml 32%, then 1.5 ml 23%, and finally 1.5 ml 15%
sucrose buffer.

3. Load the crude mitochondrial fraction onto the sucrose
gradient.

4. Centrifuge at 134,000 x g in a Beckman SW41 Ti rotor for 1 h
at 4 °C.

5. Collect the purified mitochondrial fraction from the 60,/32%
interface.

6. Dilute the recovered mitochondrial fraction with 2 volumes of
SEM and centrifuge at 10,000 x g4 for 15 min at 4 °C.

7. Resuspend the pellet in ice-cold SEM buffer by gentle pipet-
ting using a P1000 tip with 1 cm cutoft.

8. Take an aliquot to determine protein concentration.

9. Make aliquots of 30-50 pl and freeze them in liquid nitrogen.
Store at =80 °C.

4 Notes

1. The amino acids can be dissolved in water at 50 °C.

2. DTT should be added in the buffer just before use. 1 M DTT
stock solution can be stored at =20 °C.

3. Zymolyase 20 T should be dissolved in the bufter just before use.

4. PMSF and BSA should be added in the buffer just before use.

Prepare a stock of 100 mM PMSF in isopropanol and store it at
—20 °C. PMSF is not soluble in water at high concentration.

. Wild-type cells can be stored on YP glucose, galactose, or glyc-

erol agarose plate at least for 1 month at 4 °C.

. High mitochondria yields can be obtained by cultivating yeast

cells in YP medium with glycerol, lactate, or galactose.
Cultivation of yeast cells in YP medium with glucose represses
mitochondrial gene expression and therefore reduces mito-
chondrial yield. If the mutant strain is defective in respiratory
function or lacking mitochondrial DNA but is viable in fer-
mentable carbon sources, galactose or glucose medium can be
used as a carbon source. If the mutant strain shows temperature-

sensitive phenotype, the cells can be cultivated at 23 °C instead
of 30 °C.
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. The growth rate of the cells is different dependent on the yeast

strain used. To estimate when ODygg will reach 1, a preliminary
experiment for the growth rate is reccommended.

. In our laboratory, the pre-culture in the stationary phase is

diluted with fresh medium to ODy less than 0.2 to allow cells
to grow more than two generations.

. For isolation of mitochondria, freshly harvested cells should be

used.

Approximately 0.5 g of the cells is obtained from 500 ml cul-
ture. The easiest way to determine the wet weight of cells is to
weigh an empty centrifuge tube, use it to harvest the cells, and
then determine the weight of the same tube with cell pellet
after centrifugation. The wet weight of the cells represents the
difference between two measurements.

The cells are resuspended in 10 ml of alkaline solution irre-
spective of the wet weight of the cells.

To control spheroplast formation, add 10 pl of the resuspended
cells in 1 ml of water before and after zymolyase treatment.
When the cells are converted into spheroplasts sufficiently,
ODy is decreased to approximately 5-10% of that before the
addition of zymolyase. Do not increase the incubation time
with zymolyase to longer than 1 h.

Usually the concentration of crude mitochondria is 5-10 pg/
pl. The concentration of mitochondria can be adjusted by add-
ing SEM butfter.

Frozen mitochondria can be used for many applications such
as in vitro protein import assay. However, some applications
require freshly isolated mitochondria. Sub-fractionation of the
mitochondria is one such example [4].
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Chapter 4

Isolation of Gontact Sites Between Inner and Outer
Mitochondrial Membranes

Max Harner

Abstract

Mitochondria are essential organelles of all eukaryotic cells. They perform a plethora of important meta-
bolic functions and have a highly complex architecture that differs drastically between different cells and
tissues. Mitochondria are delimited from the cytosol by the mitochondrial envelope that consists of the
outer membrane and the inner membrane. The inner membrane is subdivided into the inner boundary
membrane that runs parallel to the outer membrane and the crista membrane. Both sections of the inner
membrane are linked by crista junctions. A further important architectural element of mitochondria are
the contact sites between outer membrane and inner membrane. These sites were observed a long time ago
by classical electron microscopy, but their molecular structure was identified only recently when it was
recognized that proteins of crista junctions and proteins of the outer membrane are responsible for these
strong contacts. Mitochondrial function is severely affected when contact sites are disturbed. This under-
lines the notion that mitochondrial architecture and function are intimately connected. In the following a
method is described to generate and to isolate membrane vesicles from isolated yeast mitochondria that
contain these contact sites.

Key words Contact sites, Membrane vesicles, Protein purification, Mitochondria, MICOS,
Mitochondrial subfractionation, Sonication

1 Introduction

Mitochondria perform a multitude of important functions such as
energy transduction to generate a proton gradient and ATP, syn-
thesis of iron sulfur clusters, as well as protein and lipid synthesis.
They are involved in processes such as programmed cell death and
mitophagy. Additionally they play intricate roles in numerous
inherited and acquired diseases. Mitochondria are conspicuous
because of their highly complex architecture. They are made up by
two membranes — the outer membrane (OM) and the inner mem-
brane (IM). The IM consists of the inner boundary membrane
(IBM) that runs in close proximity to the OM and the crista mem-
brane (CM). Cristae are invaginations of the IM into the interior,
the matrix of mitochondria. IBM and CM are linked by crista

Dejana Mokranjac and Fabiana Perocchi (eds.), Mitochondria: Practical Protocols, Methods in Molecular Biology, vol. 1567,
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junctions (CJ). OM and IBM are connected by proteinaceous con-
tact sites. The existence of such structural elements has been known
for a long time [1-4], but their molecular nature remained largely
unknown.

Difterent kinds of contact sites have been described, both per-
manent and transient ones. The apparently most stable and best
characterized ones are mediated by the MICOS complex. MICOS
is an essential building element of the CJ. It interacts physically
with the TOB/SAM complex and the Fzol/mitotusin-Ugol
complex of the OM [5-10]. Other contacts between OM and IBM
are likely transient, such as those between the protein import com-
plexes of OM and IM and the TOM and TIM complexes.
Furthermore, contacts have been reported that facilitate export
and import of solutes such as ATP/ADP [11-19].

To isolate contact sites between the inner and the outer mito-
chondrial membrane, one can make use of the different physical
properties of these membranes. The two membranes differ strongly
in their protein-to-lipid ratio. The IM has a much higher protein
content as compared to the OM and therefore has a higher specific
density [20-23]. Submitochondrial membrane vesicles can be gen-
erated by sonication of mitochondria after subjecting them to
hyperosmotic shrinking. Vesicles formed in this way consist of OM
and IM fragments [24-26]. From sites where IBM and OM are
connected, vesicles are formed that are comprised of both kinds of
membranes [27]. Such vesicles exhibit a density that is between
those of OM and IM vesicles and therefore can be separated by
sucrose buoyant density gradient centrifugation. The light OM
vesicles move to the top of the gradient; the protein rich IM vesi-
cles stay at the bottom. The contact sites containing vesicles are
enriched in fractions in the middle of the gradient (Fig. 1).

For the confirmation of a successful fractionation and a precise
localization of contact site containing vesicles in the gradient, a
marker is indispensable. A protein that accumulates at contact sites
can serve as a proteinaceous marker of contact sites. For this pur-
pose, I made use of a fusion protein consisting of green fluorescent
protein (GFP) fused to the N-terminus of Tim23. Tim23 is inte-
grated into the IBM with its C-terminal part that contains four
transmembrane helices. Interestingly, this essential core compo-
nent of the TIM23 translocase exposes its N-terminus to the cyto-
sol in an import activity-dependent manner [28, 29]. Therefore,
Tim?23 transiently spans both mitochondrial membranes. Since the
GEP part folds in the cytosol betore crossing the pore of the TOM
complex in the OM, this double membrane-spanning topology can
be stabilized [30]. Upon osmotic treatment of isolated mitochon-
dria, the matrix space condenses, and the IBM detaches from the
OM. At contact sites this is prevented. Due to the osmotic retrac-
tion of the IBM, contact sites forming proteins will accumulate by
lateral movement. Thus, GFP-Tim23 becomes a marker for
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Fig. 1 Rationale for the generation and analysis of contact sites containing vesicles. Left panels: mitochondria
and submitochondrial vesicles derived from wild-type cells expressing Tim23. Right panels: mitochondria and
submitochondrial vesicles derived from cells expressing GFP-Tim23. Upper panels: distribution of mitochon-
drial membrane proteins including Tim23 or GFP-Tim23 and putative contact site proteins of mitochondria in
the “orthodox state”. Midale panels: distribution of mitochondrial membrane proteins including Tim23 or GFP-
Tim23 and putative contact site proteins of mitochondria in the “condensed”, hyperosmotically shrunken state.
Lower panels: generated vesicles and their protein composition. Red bars putative contact site proteins, blue
circles inner membrane proteins, green squares Tim23, green dumbbells GFP-Tim23, gray triangles OM
proteins (taken from Harner et al., 2011 with permission [5])

contact sites. Importantly, this fusion protein is fully functional like
the wild-type form of Tim23 [30]. Though GFP-Tim23 was origi-
nally used as a marker for isolation of contact sites, subsequent
proteomic analysis of contact sites containing vesicles revealed the
existence of an endogenous protein complex, the MICOS complex,
that behaves exactly like GPF-Tim23 (Fig. 2) [5]. Therefore, one
of the MICOS subunits, now called Micl0, Micl2, Micl9, Mic26,
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Fig. 2 Separation of submitochondrial vesicles of mitochondria generated from wild-type Tim23 and GFP-
Tim23 expressing cells. Submitochondrial vesicles were generated by swelling, shrinking, and sonication. The
vesicles were separated by a floatation equilibrium density gradient centrifugation. Proteins in the various
fractions were subjected to TCA precipitation and were analyzed by SDS-PAGE and immunoblotting using the
indicated antibodies. L load fraction, fop and bottom indicate first and last fraction of the gradient (taken from
Harner et al., 2011 with permission [5]). Marker proteins for the OM: Por1, Tom70, Tom40, Tom22. Marker
proteins for the IM: Cox2, Cor2, Tim17, Tim23. Marker for contact sites: GFP-Tim23

Mic27,and Mic60 [31], can be used as a marker protein for contact
sites in wild-type mitochondria obviating the use of GFP-Tim23.

2 Materials

1. 10 mg of freshly isolated yeast mitochondria. Adjust protein
concentration to 5 mg/ml with ice-cold isotonic buffer like
SM butfer (see Note 1).

2. SM buffer: 20 mM MOPS-KOH, pH 7.4, 0.6 M sorbitol.
Store at —20 °C.

3. Swelling buffer: 20 mM MOPS-KOH, pH 7.4, 0.5 mM
EDTA. Store at 4 °C. Shortly before use, add 1 mM PMSF and
1x Roche protease inhibitor cocktail.

4. PMSE: 0.2 M solution of phenylmethylsulfonyl fluoride in
ethanol. Store at =20 °C.

92}
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. Refractometer.

. Sucrose: 2.5 M solution in water. Store at room temperature
(see Note 2).

. Sonifier with a tapered microtip (tip diameter, 3 mm) (se¢ Note 3).
. Rosette cell for sonication. Size %25 ml (see Note 4).

. 2 ml potter homogenizer of Teflon/glass type (sec Note 5).
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Sucrose gradient buffer 1: 20 mM MOPS-KOH, pH 7.4,
0.5 mM EDTA, 0.8 M sucrose. Store at —20 °C.

Sucrose gradient buffer 2: 20 mM MOPS-KOH, pH 7.4,
0.5 mM EDTA, 1.25 M sucrose. Store at —20 °C.

120 mm needle.

Ultracentrifuge and swinging bucket rotor fitting ca. 15 ml
tubes (comparable to SW41 rotor from Beckman Coulter).

TCA solution: 72% (w/v) solution in water. Store at 4 °C.

3 Methods

3.1 Generation
of Submitochondrial
Membrane Vesicles

. Add dropwise 20 ml of swelling buffer to 2 ml of mitochon-

drial suspension (5 mg/ml, 10 mg in total) under continuous
stirring on ice (see Note 6).

. Leave the suspension for 30 min on ice. During this step, the

mitochondrial outer membrane is disrupted by exposure to a
hypotonic solution (this process is referred to as swelling of
mitochondria).

. Add dropwise 5 ml of 2.5 M sucrose to adjust the sucrose con-

centration to 0.5 M and incubate for 15 min on ice under con-
tinuous stirring. During this step, mitochondria are shrunken,
and the IBM retracts from the OM. The two membranes
remain in a close proximity only at the contact sites.

. Transfer the suspension to a precooled rosette cell and sonicate

three times for 30 s with 30 s breaks in between. In this step
the different kinds of vesicles are formed, consisting of pure
OM, of pure IM, or, at contact sites, of both OM and IM.

Use the following settings on the sonifier: output con-
trol = 0 and duty cycle = 60%.

Ensure efficient cooling of the suspension during sonica-
tion by putting the rosette cell in a beaker containing a water-
ice mixture (se¢ Note 7).

. Remove intact mitochondria by centrifugation for 20 min at

20,000 x gand 4 °C.

. Transfer the supernatant to an ultracentrifugation tube and

then layer 0.3 ml of 2.5 M sucrose under it. Therefore, you
should use a syringe with a 120 mm needle (see Note 8).

. Harvest the generated membrane vesicles by centrifugation for

100 min at 118,000 x gand 4 °C. Use a swinging bucket rotor
fitting ca. 15 ml tubes.

. Discard the supernatant and resuspend the vesicles in the

2.5 M sucrose cushion by pipetting.
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3.2 Separation
of Submitochondrial
Membrane Vesicles

10.

. Transfer the vesicles to a precooled Potter homogenizer, and

homogenize the vesicles by ten strokes with the Teflon pestle
to achieve complete resuspension of the vesicle (see Note 9).

Measure the sucrose concentration with a refractometer and
adjust it to 1.3 M (see Note 10).

. Prepare a continuous 13 ml sucrose gradient (0.8-1.25 M

sucrose) (see Note 11).

. Load the vesicle suspension under the sucrose gradient using a

2 ml syringe with a 120 mm needle. You should be able to load
1 ml of vesicle suspension with a concentration of ca. 1 mg,/ml
under the gradient.

. Float the membrane vesicles by centrifugation for 24 h at

200,000 x g and 4 °C. During this step, vesicles are separated
from each other based on different densities (see Note 12).

. Harvest the gradient by fractionation into 0.6 ml fractions (see

Note 13).

. Analyze the fractions by SDS-PAGE and immunodecoration

or quantitative mass spectrometry. Two examples of such
experiments are shown in Fig. 2 (see Note 14).

4 Notes

. For this method, the culture conditions of the yeast cells used

for isolation of mitochondria have to be kept constant, espe-
cially in terms of growth temperature and medium. Changes in
growth conditions can lead to changes in the lipid composition
and therefore altered behavior of mitochondria and their
membranes.

Iroutinely used SM buffer to dilute mitochondria. However,
addition of EDTA or use of other buffers like HEPES should
be possible as well.

. It is not absolutely necessary to autoclave the solution because

of the high sucrose concentration. Though, fungal contamina-
tion cannot be completely excluded.

. In this case a Branson Sonifier 250 was used, but, since even

for the different sonifiers of the same model, conditions of
sonication have to be experimentally determined so other soni-
fiers can be used as well.

. I recommend to use a rosette cell for sonication. This is elevat-

ing the efficiency of sonication.

. For resuspension of the membrane vesicles, I recommend

using a Teflon-/glass-type homogenizer to avoid sticking of
vesicles to the surface.
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. The mitochondria used for generation of submitochondrial

vesicles should be freshly isolated. Freezing of mitochondria
harms the integrity of mitochondrial membranes and therefore
disturbs the entire procedure. For the same reason, the isola-
tion of mitochondria should be as gentle as possible. A gradi-
ent purification of mitochondria is not recommended in order
to keep the mechanical stress as low as possible. The easiest
way to add the buffer dropwise is using a glass pipette. For
continuous stirring use a magnetic stirrer. To keep the mito-
chondrial suspension cool, perform the mixing and stirring in
an Erlenmeyer flask. This should be put in a small Styrofoam
box filled with ice.

. The conditions of sonication have to be determined for each

individual sonifier. When the desired conditions are found, it is
advisable not to remove or change the tip, otherwise the con-
ditions will likely have to be optimized again. Ideally use the
sonifier only for the purpose of generating vesicles.

To define the exact sonication conditions, use an artificial
double membrane-spanning protein such as GFP-Tim23 as a
marker protein. Alternatively a subunit of the MICOS com-
plex can be used.

The sonication must not be too harsh. This will lead to
massive mixing of OM and IM. You will see this easily after the
Ponceau S staining of your Western blot membrane. Almost
everything will be present in fractions of intermediate density,
but you will not see any protein in top and bottom fractions.

. I reccommend to transfer the supernatant into an ultracentri-

fuge tube and then layer the 2.5 M sucrose cushion under it as
in this way dilution of the sucrose solution is prevented. The
sucrose cushion is necessary as otherwise the vesicles will stick
to the centrifuge tube and it will not be possible to resuspend
the vesicles in the pellet. The volume of the sucrose cushion is
optimized for a Beckman Coulter SW41 tube. If you use a
similar rotor of another company, add as much sucrose to com-
pensate the curvature at the tip of the tube to get a planar tube
ending.

. Thorough homogenization of the vesicle suspension is abso-

lutely necessary. If not thoroughly homogenized, the vesicles
will stick together, and it will not be possible to separate them
by gradient density centrifugation.

The use of refractometer is highly recommended. There are
variations in the amount of discarded supernatant volume.
This makes it almost impossible to calculate the actual sucrose
concentration. However, this has got a not negligible influence
on the gradient.
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In order to obtain reproducible results, the generation of the
gradient should be standardized. A pump system or an auto-
mated gradient mixer should be used to generate gradients.
Depending on the chosen growth conditions, the vesicles gen-
erated can differ in their density. Therefore, it might be neces-
sary to adjust the sucrose concentrations in the gradient.
Determine in the first experiments the sonication conditions to
obtain pure OM and IM vesicles and find out at which sucrose
concentration these vesicles are enriched by using a higher
range of sucrose concentration. You might start with a gradi-
ent ranging from 0.6 M to 1.5 M sucrose. It is important to
obtain empty fraction at the top and the bottom of the gradi-
ent to be sure where these vesicles are actual exactly enriched.
In the next step, keep the sonication conditions constant and
optimize the resolution of the gradient.

Measuring the sucrose concentration is not absolutely neces-
sary but strongly recommended. Changes in the gradient will
have dramatic effects of the resolution of vesicle separation.

Using a floatation gradient prevents artifacts. Soluble and
aggregated proteins will stay at the very bottom and will not
enter the gradient, in contrast to a sedimentation gradient. To
reach the equilibrium, shorter centrifugation times are not
sufficient.

Like the generation of the gradient, the fractionation proce-
dure should be standardized and automated. The use of a
pump system or a gradient fractionater in combination with a
fraction collector is advisable.

For detailed analysis I recommend using SDS-PAGE and immu-
nodecoration. Therefore, you have to subject the proteins to
TCA precipitation. This precipitation has to be done twice. After
the first round, a high amount of the sucrose will be left. Since
these are fractions of a sucrose gradient, this amount will increase
from fraction to fraction. The remaining sucrose would increase
the volume of the samples to different extents.

For immunodecoration you should use marker for the OM
(like proteins of the TOM complex), for the IM (like proteins of
the TIM23 complex or the respiratory chain) and for contact
sites (such as MICOS complex subunits).
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Chapter 5

Isolation of Mitochondria-Associated Membranes (MAM)
from Mouse Brain Tissue

Bernadette Schreiner and Maria Ankarcrona

Abstract

During the last decades, increasing evidence indicated that subcellular organelles do not exist as autarkic
units but instead communicate constantly and extensively with each other in various ways. Some commu-
nication, for example, the exchange of small molecules, requires the marked convergence of two distinct
organelles for a certain period of time. The cross talk between endoplasmic reticulum (ER) and mitochon-
dria, two subcellular organelles of utmost importance for cellular bioenergetics and protein homeostasis,
has been increasingly investigated under the last years. This development was significantly driven by the
establishment of optimized subcellular fractionation techniques. In this chapter, we will describe and criti-
cally discuss the currently used protocol for the isolation of the membrane fraction containing mitochondria-
associated membranes (MAM).

Key words Mitochondria, ER, MAM, Contact sites, Subcellular fractionation, Mouse brain

1 Introduction

Already since the 1960s, electron microscopists have observed a
close juxtaposition of the ER and mitochondria [1, 2]. Advanced
imaging approaches revealed that up to 20% of the mitochondrial
surface is in contact with the ER [3, 4]. However, only upon the
development of improved biochemical methods for the isolation of
subcellular fractions, this interorganellar contact site obtained sub-
stantial attention [5-7]. Initially, Jean E. Vance referred to the
membrane fraction co-sedimenting with mitochondria as “fraction
X” [8]. The subsequently imprinted term “mitochondria-associated
ER membranes” (MAM) for this fraction is a technical term, based
on the currently employed subcellular fractionation process for its
isolation.

It should be noted that the term MAM has to be used with cau-
tion. The close physical interaction between proteins of the ER and
the outer mitochondrial membrane (OMM) at the contact sites
entails that the commonly used subcellular fractionation technique

Dejana Mokranjac and Fabiana Perocchi (eds.), Mitochondria: Practical Protocols, Methods in Molecular Biology, vol. 1567,
DOI 10.1007/978-1-4939-6824-4_5, © Springer Science+Business Media LLC 2017
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for “MAM isolation” yields a fraction containing ER-side and mito-
chondria-side components of the contact site [9-15].

Analysis of enzymatic activities and protein content of this frac-
tion showed many but not all characteristics of the ER [8], and the
lipid composition of MAM is similar to that of lipid rafts [16].
MAM is thus thought to comprise a lipid raft-like subcompartment
of the ER that co-sediments with mitochondria due to its tethering
to the OMM [14, 17]. Enhanced electron microscopy techniques
showed that the distance between ER and mitochondria at these
contact sites is between 9 and 30 nm [18-20]. This distance is in
line with the idea of'a proteinaceous tether bridging the two mem-
branes [21].

In yeast, the proteins forming the ER-mitochondria tethering
complex (ERMES) have been identified and investigated in detail
[22-26].

Mammalian ER-mitochondria contact sites constitute highly
dynamic structures that vary both from tissue to tissue and over
time in composition and extension. An ERMES-like tethering
complex has not been identified, and it proves impossible to deter-
mine universal characteristics, including issues to define bona fide
“MAM-associated marker proteins” [14, 27].

In mammalian cells, the mitochondrial fusion protein, mitofusin
2 (Mfn2), residing in MAM, is thought to form homo- and hetero-
typic tethers with Mfn2 and mitofusinl (Mfnl) in the OMM,
respectively. However, the knockdown of M2 impairs
ER-mitochondrial contacts only by 40%, speaking for the existence
of further structural tethers [28]. In liver tissue, the first tissue used
to isolate the “MAM? fraction and several enzymes of the phospho-
lipid synthesis pathway, such as acyl-CoA /cholesterol acyltransferase
(ACAT1) and diacylglycerol acyltransferase (DGAT), are constantly
detected [29-31]. The ER-resident inositol 1,4,5-trisphosphate
receptors (IP3Rs) and the OMM protein voltage-dependent anion
channel 1 (VDAC1), constituting an ER-to-mitochondria calcium
(Ca?*) bridge, have been found to form a functional tether between
both organelles [10, 18, 32]. Although all of these proteins are
enriched in ER-mitochondria contact sites, they are not exclusively
found in this fraction. IP3 receptors, for example, reside also in non-
MAM areas of the ER membrane, and VDACI is found in OMM
regions exterior of the contact site. This highly variable protein com-
position of ER-mitochondria contact sites in mammalian cells
explains why different approaches to identify their protecome overlap
only in part [33, 34].

Interestingly, a multitude of essential cellular functions are
located at or governed by ER-mitochondria cross talk at the con-
tact sites. Among those crucial functions are the regulation of
intracellular Ca** signaling (reviewed in [35]) including Ca*-
induced apoptosis (reviewed in [36]) and Ca?**-dependent activa-
tion of the mitochondrial energy metabolism (reviewed in [14]),
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phospholipid synthesis and transport, (reviewed in [27, 37]), cho-
lesterol ester synthesis (reviewed in [38]), the regulation of mito-
chondrial dynamics, and, only recently unraveled, the formation of
autophagosomes (reviewed in [27, 39]).

ER and mitochondria represent important sites of subcellular Ca?*
storage [18,40—42], and Ca** transfer between ER and mitochon-
dria is important for the regulation of mitochondrial bioenergetics
according to the cellular state [43—45]. Ca** is released from the
ER by IP3 receptors and taken up into mitochondria by the
VDACI channel of the OMM [10, 18]. IP3 receptors and VDACI1
are physically linked by the OMM heat shock protein Grp75,/mor-
talin, thus forming an ER-mitochondria tether [10]. The close
apposition of ER and mitochondria at contact sites is crucial to
generate a Ca** hot spot providing sufficiently high Ca?* concen-
trations to activate gating of MCU, the Ca?* channel of the inner
mitochondrial membrane (IMM) [46, 47]. In addition, the high
concentration of Ca?*-binding enzymes throughout the cytosol
results in the trapping of Ca** shortly after its release from IP3
receptors. Ca?*-responsive organelles, such as mitochondria, thus
have to be in close proximity to the sites of ER Ca?* release [48].
This is achieved by the adjustment of mitochondrial positioning
according to Ca?* signals. Several enzymes of the mitochondrially
localized TCA cycle and of the electron transport chain are acti-
vated by ER-to-mitochondria Ca** transfer [49-51]. In line with
this, disruption of the contact sites leads to reduced mitochondrial
ATP production [52].

Short-term increased ER-to-mitochondria Ca?* signaling can
arise as a consequence of acute ER stress and leads to an activation
of mitochondrial bioenergetics increasing the production of
ATP. This mechanism aims to boost the ER unfolded protein
response (UPR) [53, 54]. On the other hand, chronically increased
ER-to-mitochondria Ca?* signaling leads to Ca** overload of the
mitochondria. This in turn leads to the opening of the mitochon-
drial permeability transition pore. The release of pro-apoptotic
mitochondrial proteins such as cytochrome ¢ induces the endoge-
nous pathway of apoptosis [18, 32, 36]. The MAM-associated
multifunctional sorting protein PACS2 has been suggested to con-
trol ER-mitochondria communication under pathological condi-
tions and thereby the onset of apoptosis [9]. The increased
ER-mitochondria Ca** communication upon ER stress can be visu-
alized as enhanced fluorescence overlap upon staining with probes
tracking ER and mitochondria [19, 55].

The subcellular site of phospholipid synthesis and trafficking is the
ER, and most of the corresponding enzymes reside in the ER mem-
brane. The generation of phosphatidylserine (PS) is accomplished
by PS synthases 1 and 2 in the ER [56]. Phosphatidylethanolamine
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(PE) synthesis, however, requires trafficking of phospholipids
between ER and mitochondria. At ER-mitochondria contact sites,
PS is shuttled from the ER to the inner mitochondrial membrane
(IMM) by a non-vesicular mechanism [57, 58]. PS is then con-
verted to PE by PS decarboxylase (PSD1) [59-61]. PE either stays
in the IMM or it is shuttled back to the ER [57, 62]. Mainly in liver
cells, PE is further converted to phosphatidylcholine by the MAM-
resident enzyme PE N-methyltransterase (PMET) [63, 64].

The enzymes for cholesterol synthesis are mainly localized in
the ER membrane, whereas further enzymatic conversion of newly
synthetized cholesterol to steroid hormones occurs in the mito-
chondrial matrix. This implies the transport of cholesterol from ER
membranes to mitochondria. ER-mitochondria contact sites
appear to be a valid candidate for the regulation of this process
[27]. Notably, it had been shown that ER stress increases mito-
chondrial cholesterol trafficking at ER-mitochondria contact sites
under neuropathological conditions [65]. A proportion of newly
synthesized cholesterol is converted to cholesterol esters. As men-
tioned above, the responsible enzyme ACAT1 has been shown to
be enriched in the MAM area of the ER and is often used as a
“MAM marker protein” [29].

Likewise, fatty acid CoA ligase 4 (FACL4) that is involved in
triacylglycerol synthesis concentrates in the MAM region of the ER
and is nowadays accepted to be one of the most reliable “MAM
markers” [3, 66].

Only recently, a novel interesting role has been ascribed to
ER-mitochondria contact sites, i.e., in providing a platform for the
formation of autophagosomes. During the last decade, autophagy
gained increasing attention with regards to its role in cell survival
by governing cellular nutrient supply as well as quality control
[67]. During autophagy, terminally damaged proteins or whole
organelles are engulfed by phagosomal membranes and degraded
upon fusion of the autophagosome with lysosomes [68, 69].
However, some basic characteristics of autophagy, such as the
source of autophagic membranes, are still a matter of debate. In
fact, not only the ER [70, 71] but also the plasma membrane [72]
and the mitochondrial outer membrane [73] have been suggested
as source of autophagic membranes.

Interestingly, a recent study of the Yoshimori Laboratory sug-
gested that ER-mitochondria contact sites could serve as a plat-
form for autophagosome formation [74, 75]. In line with this, the
group showed that two autophagosomal marker proteins, ATG5
and ATGI14, re-localize to ER-mitochondria contact sites upon
starvation-induced autophagy [74]. And finally, this hypothesis is
supported by the observation that depletion of Mfn2 impairs the
formation of autophagosomes significantly [73].
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Mitochondria are highly dynamic organelles, changing their shape
according to cellular needs by the processes of fusion and fission.
Mitochondrial membrane fission and fusion are regulated by the
GTPases dynamin-related protein 1 (Drpl), mitochondrial fission
protein (Mft), Mfn2, and Mfnl [76]. Interestingly, all of these
proteins have been detected at ER-mitochondria contact sites.

Mitochondrial fission is not abolished upon knockout of the
two fission proteins Drpl and Mff [77] suggesting that further
promoters of the fission process exist. Interestingly, live cell and
electron microscopy showed that mitochondrial fission events
occurred preferentially at ER-mitochondria contact sites [ 78]. This
observation points toward a role of ER-mitochondria contact sites
in mitochondrial fission, whereas a role of the contact sites in mito-
chondrial fusion remains unknown [25].

During the last decades, the importance of the integrity of
ER-mitochondria contact sites for overall cellular function and sur-
vival has been unraveled. Researchers from diverse basic and clini-
cal scientific areas recognized that disturbances in the structure and
function of ER-mitochondria contact sites underlie the pathogen-
esis of a multitude of human diseases. Such alterations have, for
example, been suggested to be involved in the development of
obesity and diabetes [ 79-81], heart and brain ischemia [82, 83], as
well as cancer [84-86].

Importantly, the integrity of ER-mitochondria contact sites
seems also to hold a central role in the pathogenesis of a variety of
neurodegenerative disorders including Alzheimer’s disease (AD),
Parkinson’s disease (PD), Charcot-Marie-Tooth disease, and dom-
inant optic atrophy [27].

Neuronal cells have large energy requirements which are mainly
served by ATP produced during mitochondrial oxidative phos-
phorylation [25]. As described before, the functional integrity of
mitochondrial bioenergetics is closely connected with the integrity
of ER-mitochondria contact sites. These considerations explain
why alterations in the integrity of ER-mitochondria contact sites
have such profound impact on cells of the central nervous system
(CNS) [14, 27]. Mutations in proteins associated with
ER-mitochondria contact sites have been shown to underlie neuro-
degeneration. For example, alterations in the presenilin 1 and 2
(PS1, PS2) and Drpl have been linked to AD [31, 87, 88], whereas
mutations in synuclein and Mfn2 are causative for PD [89, 90].
Hence, in-depth investigation of ER-mitochondria contact sites
under physiologic and pathologic conditions will prepare the basis
for a broader understanding of the associated diseases and open the
possibility for novel treatment strategies. The initial protocol for the
isolation of MAM from mouse liver tissue was developed by Jean
E. Vance [8]. Until today, the outline of this protocol remained the
same with minor changes. In our lab, the procedure was optimized
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for the usage of fresh mouse brain tissue and is nowadays performed
routinely [91, 92]. In the following section, the isolation of MAM
from mouse brain tissue will be described and discussed in detail.
The preparation of further subcellular fractions containing plasma
membrane (PM), ER, and pure mitochondria is included. In case
divergent tissues or cell lines shall be used as starting material, but-
fer volumes and homogenization steps have to be adjusted.

2 Materials

. Five brains from 3- to 4-month-old female C57BL6/] mice

(corresponding to 2-2.5 g starting material).

2. Teflon pestle homogenizer with motor (1500 rpm: 10rcf).

10.

. Small laboratory utensils: 15 ¢cm glass petri dish, filter paper,

bent blunt forceps, scissors, 15 and 50 ml screw cap centrifuga-
tion tubes, 5 ml tips, Pasteur pipettes, soft painting brush
(approx. size 6, synthetic fibers).

. The described protocol is established for usage of the follow-

ing Beckman Coulter equipment: Avant J-20P centrifuge with
JA-18 rotor, Optima MAX ultracentrifuge with TLA-55 rotor
and 1.5 ml ultracentrifugation tubes #357448, Optima L-90K
ultracentrifuge with SW40 rotor and 14 ml ultracentrifugation
tubes #331374. Equipment with corresponding specifications
of other suppliers can be used.

. Brain fractionation buffer 1 (BFB1): 225 mM mannitol,

75 mM sucrose, 0.5 mM EGTA, 0.5% bovine serum albumin,
30 mM Tris-HCI, pH 7.4. Prepare 1 day before the experi-
ment using bi-distilled water.

. Brain fractionation buffer 2 (BFB2): 225 mM mannitol,

75 mM sucrose, 0.5% (w/v) bovine serum albumin, 30 mM
Tris—HCI, pH 7.4. Prepare 1 day before the experiment using
bi-distilled water.

. Brain fractionation buffer 3 (BFB3): 225 mM mannitol,

75 mM sucrose, 30 mM Tris—-HCI, pH 7.4. Prepare 1 day
before the experiment using bi-distilled water.

. Brain fractionation (BFB4): 250 mM mannitol, 0.5 mM

EGTA, 5 mM HEPES/KOH, pH 7.4. Prepare 1 day before
the experiment using bi-distilled water.

. Percoll dilution buffer: 225 mM mannitol, 1 mM EGTA,

25 mM HEPES/KOH, pH 7.4. Prepare 1 day before the
experiment using bi-distilled water.

Percoll pH 8.5-9.5: the protocol is established for usage of
Sigma-Aldrich product #P1644. Similar Percoll solutions of
other suppliers can be used.
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3 Methods

The subcellular fractionation of mouse brain tissue, outlined in
Fig. 1, is performed by an adjusted and optimized protocol based
on the method by the Pinton Laboratory [93]. A typical separation
that can be achieved using this method is shown in Fig. 2.

1.
2.

10.

11.

12.

13.

14.

15.

Sacrifice five mice by neck dislocation (see Notes 1-4).

Open the skull with scissors, eviscerate the brain, and transfer
into a 50 ml screw cap centrifugation tube containing 20 ml
ice-cold BFBI (see Notes 5 and 6).

. Transfer the brain onto a BFBl-soaked filter paper on an

upside-down 15 cm glass petri dish on ice.

. Cut the brain into small pieces

. Rinse away blood by dropping 15-20 ml ice-cold BFB3 onto

the brain pieces and moving the brain pieces in the buffer.

. Transfer the brain pieces of 2.5 brains to a glass Teflon homog-

enizer with 4 ml ice-cold BFBI.

. Homogenize by 12 slow strokes at 1500 rpm on ice using a

glass Teflon homogenizer (see Notes 7 and 8), and pool the
homogenates.

. Spin down unbroken material by centrifugation at 800 x g for

5 min at 4 °C.

. Transfer the supernatant with a cut 5 ml tip into a fresh tube,

and spin down further unbroken material by centrifugation at
800 x g for 5 min at 4 °C (see Note 9).

Transfer the supernatant with a cut 5 ml tip into a fresh tube,
and centrifuge at 9000 x g for 10 min at 4 °C (see Note 9).

Optional: Collect the supernatant for the separation of the
fraction containing plasma membrane (PM) from that
containing ER. Centrifuge the supernatant at 20,000 x 4 for
20 min at 4 °C. The pellet will contain PM and lysosomes
while the supernatant will contain ER. Transfer the superna-
tant into a fresh tube and pellet the ER fraction by centrifuga-
tion at 100,000 x g for 1 h at 4 °C.

Resuspend the crude mitochondrial pellet from step 9 gently
in 12 ml ice-cold BFB2 using a soft brush (se¢ Note 10).

Spin down the crude mitochondrial suspension by centrituga-
tion at 10,000 x g for 10 min at 4 °C.

Discard the supernatant and resuspend the crude mitochon-
drial pellet in 12 ml ice-cold BFB3 using a soft brush (se¢ Note
10).

Spin down the crude mitochondrial suspension by centrifuga-
tion at 10,000 x g for 10 min at 4 °C.
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sacrifice mouse and eviscerate brain

* density gradient after centrifugation
cut brain into small pieces and wash with BFB3
* MAM
\ o
homogenize brain pieces in BFB1 (12 strokes)
* — * mitochondria
centrifuge 5 min at 800 xg

T——— discard pellet

collect supernatant
v

centrifuge 5 min at 800 xg

T——— discard pellet

collect supernatant
v

centrifuge 10 min at 9000 xg

T collect supernatant

resuspend pellet in BFB2
v *
centrifuge 10 min at 10000 xg centrifuge 20 min at 20000 xg
——— isard s * T————— collect supernatant
. Iscard supernatan
resuspend pellet in BFB3 pellet = PM *
v
centrifuge 60 min at 100000 xg
centrifuge 10 min at 10000 xg ‘
T discard tant
resuspend pellet in BFB4 e bkl pellet = ER

v

load crude mitochondrial fraction on Percoll gradient

v

centrifuge 30 min at 95000 xg (slow break)

T collect pure mitochondria*, wash with BFB4

v ¢

centrifuge 10 min at 6000 xg centrifuge 10 min at 6000 xg

---_____+ discard pellet #

pellet = pure mitochondrial fraction

collect MAM*, wash with BFB4

collect supernatant
v

centrifuge 60 min at 100000 xg

collect MAM

v

centrifuge 35 min at 100000 xg

'

pellet = MAM fraction

Fig. 1. Chronological overview of sequential steps during MAM isolation. The inserted box shows a schematic
view of the density gradient after centrifugation with the approximate location of MAM and mitochondrial
fraction
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Na*/K* ATPase

COX1

TOM70

VDAC1

IP3R3
CNX

Fig. 2 Distribution of proteins in subcellular fractions. The distribution of sodium
potassium ATPase (Na*/K* ATPase), IP3R3 (inositol 1,4,5-trisphosphate receptor
type 3, CNX (calnexin), mitochondrial import receptor subunit TOM70 (TOM70),
voltage-dependent anion-selective channel protein 1 (VDAC1), and cytochrome ¢
oxidase subunit 1 (COX1) in the isolated subcellular fractions was analyzed by
immunoblotting using respective antibodies

16. Meanwhile: prepare 20 ml of 30% Percoll gradient premix by
dilution of 6 ml Percoll colloidal suspension in 14 ml Percoll
dilution butffer.

17. Discard the supernatant and resuspend the crude mitochon-
drial pellet gently in 2 ml ice-cold BFB4 using a soft brush (see
Note 10).

18. Add 9 ml of 30% Percoll gradient premix to a 14 ml ultracen-
trifugation tube (see Note 11).

19. Layer the crude mitochondrial suspension slowly (see Note
12) with a cut tip (see Note 9) onto the Percoll gradient.

20. Layer ca. 1 ml BFB4 slowly (see Note 12) on top of the crude
mitochondrial suspension up to 2 mm below the upper rim of
the tube (see Note 13).

21. Prepare a similar 14 ml ultracentrifugation tube with 30%
Percoll gradient premix and BFB4 as tare weight (see Note
13).

22. Ultracentrifuge the gradient in a swing-out rotor at 95,000 x g
for 30 min at 4 °C and employ the “slow brake” mode.
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23.

24.

25.

26.

27.

28.

29.

After this centrifugation step, the “MAM fraction” is visible as
a white cloudy band in the middle of the gradient. The pure
mitochondrial fraction is visible as a yellow band close to the
bottom of the gradient.

Collect the “MAM fraction” with a thin Pasteur pipette and
transfer to a fresh centrifugation tube.

Optional: Collect pure mitochondria with a thin Pasteur
pipette and transfer to a fresh centrifugation tube. To remove
the remaining Percoll, add ice-cold BFB4 up to 13 ml, mix,
and centrifuge at 6000 x g for 10 min at 4 °C. The pellet rep-
resents the pure mitochondrial fraction.

To remove the remaining Percoll and contaminating non-
MAM membranes, add ice-cold BFB4 up to 13 ml to the col-
lected MAM fraction from step 24 and mix (se¢ Note 13).

Ultracentrifuge in a swing-out rotor at 100,000 x g for 1 h at
4 °C employing “fast break” mode.

The fraction containing “pure MAM?” is visible as a white dif-
fuse band at the bottom of tube.

Collect pure MAM with a thin Pasteur pipette into a 1.5 ml
ultracentrifugation tube and pellet by centrifugation at
100,000 x g for 35 min at 4 °C (optional centrifugation step:
see Note 14).

4 Notes

. Step 1: Approximately 200 pg MAM fraction can be isolated

from five brains from 3- to 4-month-old female C57BL6/]
mice.

. Step 1: To minimize biological variance, mice of same geno-

type, gender, and approximately same age should be taken at
approximately the same time of day.

. In step 1, it is important to use fresh brain. Upon freezing the

separation of MAM from mitochondria is no longer possible.

. Step 1: In order to exclude side effects, mice should not be

anesthetized before sacrifice.

. All steps: Indicated volumes apply to subcellular fractionation

of five mouse brains and have to be adjusted according to the
input amount and type of tissue or cell line.

. All steps: It is important to work swiftly through the complete

protocol in order to minimize the time for unwanted
proteolysis.

. In step 7, it is important to move the glass homogenizer slowly

and smoothly up and down to avoid the generation of air bub-
bles. The pestle has to be thoroughly centered all times in
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order to assure equal distance between the Teflon pestle and
the glass homogenizer along the whole perimeter. Changing
the angle of the pestle will reduce the width of the diameter at
some places which can cause rupture of mitochondria.

8. Step 7: The count of strokes must be adjusted to the respec-
tive tissue/cell type. Successful homogenization should be
monitored microscopically. In our hands, for example, up to
200 strokes are needed for the homogenization of Hel.a or
MEF cells. If applicable, existing cell- /tissue-specific proto-
cols should be followed and, if necessary, optimized (e.g.,
[15,93,94]).

9. Steps 9, 10, and 19: In order to avoid disruption of the OMM
while transferring the crude mitochondrial suspension between
reaction tubes, pipette tips must be clipped off to enlarge the
diameter of the opening.

10. Steps 12, 14, and 17: In order to avoid disruption of the
mitochondrial outer membrane, all resuspension steps of the
crude mitochondrial pellet must be performed by gentle, turn-
ing movements with a soft brush or a polished glass rod but
not with a pipette tip.

11. In step 18, no traces of Percoll premix should remain at the
wall of the ultracentrifuge tube above the gradient.

12. Step 19 and 20: It is critical to layer the crude mitochondrial
suspension and BFB4 very slowly on top of the Percoll gradi-
ent. Loading too fast will lead to damage of the gradient.

13. Step 20 and 21: It must be made sure that the ultracentrifuge
tube is filled up to 2 mm below the upper rim, otherwise the
tube will collapse due to the vacuum.

14. Step 29: Care must be taken that all traces of residual Percoll
gradient are completely removed. A second centrifugation step
may be needed to achieve that.
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Chapter 6

Label-Free Quantitative Analysis of Mitochondrial
Proteomes Using the Multienzyme Digestion-Filter Aided
Sample Preparation (MED-FASP) and “Total Protein
Approach”

Jacek R. Wisniewski

Abstract

Determination of proteome composition and measuring of changes in protein titers provide important
information with a substantial value for studying mitochondria.

This chapter describes a workflow for the quantitative analysis of mitochondrial proteome with a focus
on sample preparation and quantitative analysis of the data. The workflow involves the multienzyme
digestion-filter aided sample preparation (MED-FASP) protocol enabling efficient extraction of proteins
and high rate of protein-to-peptide conversion. Consecutive protein digestion with Lys C and trypsin
enables generation of peptide fractions with minimal overlap, largely increases the number of identified
proteins, and extends their sequence coverage. Abundances of proteins identified by multiple peptides can
be assessed by the “Total Protein Approach.”

Key words Proteomic sample preparation, Multienzyme Digestion-Filter Aided Sample Preparation
(MED-FASP), “Total Protein Approach”, Absolute protein quantitation, WE-assay

1 Introduction

Respectively to cell type, mitochondria constitute from a few to
30% of total cellular protein and therefore they can be considered
abundant organelles [1]. They include about 1000 proteins that
allow covering of the entire mitochondrial proteome in analyses
with uncomplicated protein or peptide fractionation strategies.
Single shot liquid chromatography tandem mass spectrometry
(LC/MS/MS) analyses of purified mitochondria have the poten-
tial to map their entire proteome [2]. Irrespectively of the type of
instrumentation, the quality of LC-MS/MS, and as a consequence,
the whole proteomic analysis depends on the quality of the sample,
which should contain well-digested peptides and be free from
other substances, such as lipids, partially digested proteins, or
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nucleic acids. Generation of samples fulfilling this condition seems
trivial, but in fact, it has been a topic of many publications. The key
difficulty in sample preparation consists of combining different
conditions required for efficient protein extraction and cleavage.
Whereas protein extraction requires the use of strong denaturants,
most of the proteases, including trypsin, are becoming inefficient
in the presence of these reagents. For this reason sample prepara-
tion protocols often compromise between these conditions and
lead to an incomplete protein extraction and low peptide yield.
Confronted with these problems we have developed the filter aided
sample preparation (FASP) method that allows processing of pro-
tein lysates obtained by the aid of sodium dodecyl sulfate (SDS) or
other detergents [2].

In the FASP method centrifugal ultrafiltration concentrators,
commonly used for concentrating protein and nucleic acid solu-
tions, are repurposed to reactor units. In the reactor, the ultrafiltra-
tion membrane allows depletion of detergent and isolation of pure
peptides. In the first step of the procedure the lysate is depleted
from the detergent using concentrated urea (Fig. 1). At high urea
concentrations, denatured proteins are kept in solution whereas
the detergent micelles decrease and dissociate, which is the prereq-
uisite for efficient exclusion of detergents [3]. Once the detergent
is removed cysteine thiols are carboamidomethylated with iodo-
acetamide and after the completion of the reaction, the excess of
the reagent can be removed quickly, before digestion of protein
begins (Fig. 1). Protein cleavage can be performed in the presence
or absence of urea. While using the denaturant attention should be
paid to the fact that many proteases lose enzymatic activity and
specificity under denaturing conditions. Digestion in the absence
of urea abrogates these limitations and allows using of many differ-
ent proteases. However, among several proteases, cleavage with
trypsin, and endoproteinases LysC and ArgC results in the highest
peptide identification rates during the LC-MS /MS analysis [2, 4].

Next, peptides released from protein digestion are collected by
ultrafiltration. This allows retaining of undigested protein frag-
ments and other genuine macromolecules present in the lysate,
such as nucleic acids and oligosaccharides. Removal of these sub-
stances improves the chromatography of peptides and reduces
the deterioration of the LC-column and mass spectrometer
contamination.

In a standard FASP protocol, proteins are digested with a sin-
gle protease. In the multi enzyme digestion FASP (MED-FASD)
proteins are consecutively cleaved with various proteinases and the
released peptides are collected after each digestion step. This
approach generates peptide fractions with only a few percent of
peptides present in more than one fraction. Compared to the stan-
dard FASP procedure, separate LC-MS/MS analyses of the
fractions significantly improve the total number of protein identifi-
cations and result in higher sequence coverage [4].
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Sample preparation (MVED-FASP)
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Fig. 1. Workflow for the analysis of mitochondrial proteomes by mass-spectrometry. Fractions enriched in
mitochondria are lysed in SDS and DTT containing buffer (a) and processed by Multienzyme Digestion—Filter
aided sample preparation method (b—e). The resulting LysC and tryptic peptides are analyzed in separate
LC-MS/MS runs (f). Mass spectrometry data are processed to generate quantitative data (g)

Beside protein identification and mapping of posttranslational
modifications, quantification of proteins remains the major task of
proteomics analysis. There are two major types of protein quantifi-
cation in mass spectrometry-based proteomics: the “relative” and
“absolute.” In both cases, ion abundances observed in the mass
spectra are related to peptide quantities present in the analyte. The
averaged or summed quantities of peptides matching a given
protein sequence are used to calculate protein titers. Whereas “rel-
ative” quantification provides only protein ratios reflecting differ-
ences between analyzed samples, the “absolute” quantification
allows determination of protein titers expressed in concentrations
or protein copies per a countable biological unit such as a cell or an
organelle. Among different experimental approaches the “Total
Protein Approach” [5-7] allows uncomplicated calculations of
protein titers on the basis of an in-depth proteomic analysis. For
mitochondria, such data can be obtained using the MED-FASP
sample preparation protocol followed by two separate LC-MS/MS
runs with LyC and tryptic peptides. Notably, this strategy does not
require labeling of the samples or labeled standards.
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In this chapter, the proteomic workflow for proteomic analysis
of mitochondria is described (Fig. 1). The initial step of the entire
procedure, the MED-FASP sample preparation is described in
detail whereas only a brief description of the LC-MS /MS and data
processing is provided, because these parts of the workflow can be
performed using various chromatography systems and mass spec-
trometers, and the spectra can be processed by different software

packages.
2 Materials
2.1 Lysates 1. Pellet of isolated mitochondria (fresh or frozen).
of Mitochondria 2. Boiling water bath (see Note 1).
3. Bench-top centrifuge.
4. Lysis bufter: 0.05 M Tris-HCI, pH 7.6, 2% (v/w) SDS, 0.05 M
DTT (prepare fresh).
2.2 Total Protein 1. Assay buffer: 8 M urea, 10 mM Tris—-HCI pH 7.5.
Determination by WF 2. Microtiter plate reader with fluorescence detection.
Assay 3. Corning Costar 96-well black flat-bottomed polystyrene plates
(Sigma-Aldrich, CLS3915).
4. Tryptophan standard: 0.1 mg tryptophan/mlL water
(see Note 2).
2.3 MED-FASP 1. Ultrafiltration—unit: Microcon-30 kDa Centrifugal Filter

Unit with Ultracel-30 membrane (Previously sold as Microcon
YM-30 and Forensic 30 k) (Merck-Millipore, Cat. No.
MRCFORO030) (see Note 3).

2. Bench-top centrifuge.

3. Humid chamber (box) with a rack for Eppendort-type disposal
tubes.

4. Thermo-mixer.

5. UA: 8 M urea in 0.1 M Tris-HCI, pH 8.5. Prepare 1 mL per
1 sample.

6. IAA solution: 0.05 M iodoacetamide in UA. Prepare 0.1 mL
per 1 sample (see Note 4).

7. Trypsin, Stock 0.4 pg/pL (V5280, Promega, Madison, WI).
8. Endoproteinase LysC.

9. Digestion bufter (DB): 0.05 M Tris-HCI, pH 8.5. Prepare
0.5 mL per 1 sample.

10. Spectrophotometer.
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. Buffer A: 1% (v/v) CH3;COOH in deionized water.
. Buffer B: 60% (v/v) CH;CN, 1% (v/v) CH;COOH in deion-

ized water.

. StageTips: 3 layers of Empore-C,g (Catalog Number 2215,

3 M Company, St. Paul MN) stacked in a 0.2 mL pipette tip.

4. Methanol.

92}
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. SpeedVac.

. Mass spectrometer.
. Nano-liquid chromatography system.
. Analytical reverse phase C;g column.

. Software for data processing.

Table calculation software such as Microsoft Excel.

and Absolute Protein

Quantitation

3 Methods

3.1 Preparation The major advantage of FASP over many other proteomic diges-
of Mitochondrial tion protocols is its applicability to the proteomic sample process-
Lysates ing of SDS-containing lysates.

3.2 Determination
of Total Protein

in Lysates by WF
Assay Using
Fluorescence
Microtiter Plate
Reader (See Note 7)

1.

Mix the pellet of isolated mitochondria with about fivefold
excess (volume) of lysis buffer (see Note 5).

. Place the tubes with the homogenate in a bath with boiling

water and incubate them for 3 min. Cool the sample to room
temperature.

. Centrifuge the lysate at 10,000 x g for 5 min (se¢ Note 6).

. Mix 2 pL of the sample with 0.200 mL assay bufter per well.
. Mix 1 pL of the tryptophan standard with 0.200 mL assay buf-

fer per well.

. Set the excitation wavelength to 295 nm with a 5 nm band-

width and the emission to 350 nm with a 20 nm bandwidth.
Individual measurements should consist of at least 10 reads
each with 50 ps integration time. Set the temperature to 25 °C.

. Read the fluorescence.

. Calculate the protein concentration:

C = 8.56 [sample fluorescence]/[tryptophan fluorescence]

(mg/mL).
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3.3 MED-FASP 1.
Protocol
2
3
4
5

Mix up to 30 pL of protein extract with 200 pL of UA in the
filter unit and centrifuge at 14,000 x g until less than 10 pL of
sample remains above the filter. The total protein content in
the loaded extract should not exceed 200 pg. This usually
requires centrifugation time of 10—15 min. This applies to all
further centrifugation steps (see Note 8).

. Add 200 pL of UA to the filter unit and repeat the

centrifugation.

. Discard the flow-through from the collection tube.
. Add 100 pL IAA solution to the concentrated sample and mix

at 600 rpm in a thermo-mixer at room temperature for 1 min.

. Centrituge the filter units at 14,000 x g for 10 min.

6. Add 100 pL of UA to the filter unit and centrifuge at 14,000 x g

12.

13.
14.

15.
16.

17.

18.

for 15 min. Repeat this step twice.

. Add 100 pL of DB to the filter unit and centrifuge at 14,000 x 4

tor 10 min. Repeat this step twice.

. Add 40 pL. DB with endoproteinase LysC (enzyme to protein

ratio 1:100) and mix at 600 rpm in thermo-mixer at room
temperature for 1 min.

. Incubate the units in a humid chamber at 37 °C overnight.
10.
11.

Transfer the filter units to new collection tubes.

Centrifuge the filter units at 14,000 x 4 until the solution com-
pletely passed the filter membrane (about 5 min).

Add 100 pL of DB and centrifuge the filter unit at 14,000 x g
until the solution completely passed the filter membrane
(about 5 min). The flow-through contains peptides obtained
by LysC digestion.

Transfer the filter unit to a new tube.

Add 40 pL DB with trypsin (enzyme to protein ratio 1:100)
and mix at 600 rpm in thermo-mixer at room temperature for
1 min.

Incubate the units in a humid chamber at 37 °C for 4 h.

Centrifuge the filter units at 14,000 x g until the solution
entirely passed the filter membrane (about 5 min).

Add 100 pL of DB and centrifuge the filter units at 14,000 x »
until the solution entirely passed the filter membrane (about
5 min). The flow-through contains peptides obtained by tryp-
sin digestion.

Determine concentrations of the Lys C and tryptic peptides by
Aygo measurement in a spectrophotometer (se¢e Note 9) or by
the fluorometric WE-assay [8] as described in Subheading 3.2
using DB buffer instead of the urea assay bufter.
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. Wash and equilibrate the C18-“StageTips” with 0.05 mL of

methanol, followed by 0.05 mL of Buffer B and 0.05 mL
of Buffer A using a benchtop centrifuge (see Note 10).

. Pipet aliquots containing 10 pg of LysC or tryptic peptides

onto the “StageTips.”

. Wash the Cj3-“StageTips” with 0.05 mL of Bufter A.
4. Elute fractions with 0.05 mL of Buffer B into vials used directly

for injection of the samples into LC system assembled with a
mass spectrometer.

. Concentrate the eluate to ca. 5 pL. using a centrifugal vacuum

concentrator (SpeedVac).

. The samples can be stored frozen at —20 °C for at least 1

month or —80 °C for several months.

. Separate the mixtures of the LysC and tryptic peptides over

C,g reverse phase column and analyze them by a tandem mass
spectrometer (see Note 11).

. Analyze the recorded mass spectrometric data using a software

such as MaxQuant to obtain summed spectral MS spectral
intensities of all peptides related to individual proteins.

. Calculate titers of proteins by the “Total Protein Approach”

(see Note 12):

MS —signal (2)
~ Total MS— signal

TP (%)

Protein concentration (z) : C(z) — ) [ mol :|

~ MW (i)| g total protein

4 Notes

1. Lysis in boiling water assures 100 °C temperature that is often

difficult to achieve and control in thermomixers. Due to high
thermal capacity of water the lysis is faster than in
thermomixers.

. Initially, prepare a 10 mg/mL tryptophan stock solution in

50% methanol and then dilute with water to the final concen-
tration of 0.1 mg/mlL.

. Improper use of ultrafiltration devices can result in failure in

the sample preparation. Be sure that the units were correctly
stored and centrifuged at maximally 10,000 x g. Check the
integrity of the membrane by passing aliquots of water before
commence FASP sample preparation. Note that denatured
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10.

11.

proteins are more bulky than native folded ones and therefore
small proteins such as histones do not pass the membrane with
30,000 MW cut off [3]. Filtration units with lower MW cut-
offs require several fold longer centrifugation times and there-
fore they are not practicable.

. UA and TAA solutions must be freshly prepared and used

within a day.

. To achieve the best results of lysis, it is important to use a sut-

ficient excess of the lysis buffer over the sample. Typically, a
fivefold excess is recommended. However, protein concentra-
tions of the lysates below 1 mg/mL should be avoided as too
large amounts of the detergent require additional detergent
depletion steps in the FASP procedure. The lysis buffer should
be stored at above 15 °C to avoid precipitation of SDS.

. Potassium and other cations form insoluble salts with SDS.

They can appear as a film over the clarified lysate or crystal-like
pellets, but they do not affect the FASP procedure and the
total protein assay.

. Determination of total protein content in lysates containing

high concentrations of SDS and DTT using Bradford or BCA
assay is unreliable. In contrast, tryptophan fluorescence-based
WE-assay is an easy method allowing total protein measure-
ment in the presence of high concentrations of detergents and
disulfide-reducing reagents [8].

. The centrifugation step has to continue until less than 5% of

the initial solution remains above the filter. The time needed to
achieve this varies between the filter types, lysate properties,
and the total protein concentration.

. Concentration of the peptides can be estimated by UV spec-

trometer, assuming that 0.1% solution of vertebrate proteins
has at 280 nm an extinction of 1.1 units (1 mg/mL solution
has an Ay of 1.1). Always record a spectrum from 240 to
340 nm. A distinct peak should be observed at 270-280 nm
and the extinction at 320 nm should be 0. Measurements of
peptide concentrations are reliable when the absorbance value
at Aygo is above 0.1 in a cuvette with a 10 mm path. Extinction
values below 0.1 can be used only for rough protein estimation
due to increasing contribution of light scattering.

“StageTips” [9] are convenient and low-expensive tools for
desalting of peptide solutions. The sequential passage of sol-
vents is enforced by low-speed centrifugation at 1000-3000 xg.
The stage tips can be assembled in Eppendorf-type tubes using
adaptors or just by piercing the tube lid [10, 11].

Various LC-MS /MS systems can be used. The author used 3 h
LC gradients for analysis of LysC and tryptic peptides while
spectra were acquired by the QExactive HF instruments



Quantitative Analysis of Mitochondrial Proteomes

77

(Thermo Instruments, CA). This allowed identification of
15,000-25,000 peptides in enriched mitochondrial lysates per

sample.

12. Accuracy of the calculated protein concentration depends on
the number of identified and quantified peptides. Usually,
concentrations of proteins with at least five matching peptides
are close to concentrations assessed by targeted proteomics
(Manuscript in preparation). However, for proteins with less
peptides the calculated values are often good concentration

estimates [5].
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Chapter 7

Quantitative Analysis of Glycerophospholipids
in Mitochondria by Mass Spectrometry

Takashi Tatsuta

Abstract

Lipids draw increasing attention of cell biologists because of the wide variety of functions beyond their role
as building blocks of cellular membranes. Mitochondrial membranes possess characteristic lipid composi-
tions that are intimately associated with mitochondrial architecture and activities. Therefore, quantitative
assessment of lipids in isolated mitochondria is of importance for mitochondrial research. Here, I describe
our workflow for quantitative analysis of glycerophospholipids in mitochondria with a focus on purification
of pure mitochondrial fractions from yeast and cultured mammalian cells as well as improved settings for
the analysis of cardiolipin by nano-electrospray ionization mass spectrometry.

Key words Lipidomics, Nano-electrospray ionization mass spectrometry, Mitochondria,
Glycerophospholipids, Cardiolipin

1 Introduction

Mitochondria are surrounded by two membranes—the inner and
outer mitochondrial membranes. Mitochondrial membranes have
characteristic lipid compositions distinct from other cellular mem-
branes. Especially, the mitochondrial inner membrane contains
high level of cardiolipin (CL), a class of diphosphatidylglycerols
that exists almost exclusively in mitochondrial membranes of
eukaryotic cells [1]. Recent studies have revealed that lipids have
multiple functions beyond their role as building blocks of mito-
chondrial membranes [2—4]. Activities of mitochondria are depen-
dent on the lipid environment within their membranes, and vice
versa, cells control the lipid composition of mitochondrial mem-
branes to tune the activities of mitochondria. Not surprisingly,
many neurodegenerative and myocardial diseases caused by mito-
chondrial defects are associated with an altered lipid composition
of mitochondrial membranes [5-7].

Therefore, quantitative lipid analysis of mitochondria is gaining
importance, not only for lipid researchers but also for cell biologists

Dejana Mokranjac and Fabiana Perocchi (eds.), Mitochondria: Practical Protocols, Methods in Molecular Biology, vol. 1567,
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working on a wide range of mitochondrial processes. Fortunately,
novel methods are emerging, and many tools are becoming available
along with the rapid advance of the mass spectrometric analysis of
lipids (“lipidomics™) [8]. Most lipid classes show a characteristic
fragmentation pattern upon collision-induced dissociation (CID; see
Fig. 3a as an example) that enables the selective determination and
quantification of a single lipid class within a complex lipid extract by
direct infusion into triple quadrupole instruments. This approach of
direct infusion without pre-separation of the lipid extract by chro-
matographic techniques is called “shotgun lipidomics” and is now
allowing high-throughput and simultaneous determination of hun-
dreds of different lipid species in a complex sample [9, 10]. On the
other hand, the advance opens up a possibility for “non-lipid special-
ists” to do simple lipidomics of their samples—as a service provided
by core technical facilities in many institutions.

Mitochondrial membranes are mainly composed of glycero-
phospholipids, and thus accurate determination of the amounts of
the major glycerophospholipid classes—phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylinositol (PI), phos-
phatidylserine (PS), phosphatidic acid (PA), phosphatidylglycerol
(PG), and CL—is the first and most important step to study the lipid
environment in mitochondria [2, 3]. In this chapter, I will describe
our protocols for the determination of the glycerophospholipid
composition in mitochondria. The protocol can be divided into two
parts. The first part is the procedure to isolate pure mitochondria
largely devoid of membranes from other organelles. Methods to
obtain a pure mitochondrial fraction via gradient centrifugation
from yeast and human HEK293 cells and to assess the purity of
mitochondria will be described. The second part is the procedure for
the mass spectrometric (MS) determination of glycerophospholip-
ids. Our MS methods are based on nano-electrospray ionization
mass spectrometry (nano-ESI-MS) by direct infusion [11, 12]. For
more comprehensive information on nano-ESI-MS, please refer to
recent publications [8, 9, 13]. Special attention will be given to the
determination of CL species, for which procedures are still not stan-
dardized. I will introduce our approach to improve sensitivity and
accuracy of CL detection in whole-cell lipid extract by scanning for
diacylglycerol (DAG) fragments in the precursor ion scanning mode
[14] combined with nano-ESI.

2 Materials

2.1 Purification
of Mitochondria
from Yeast Cells

1. Stock solutions: 40% (w/v) glucose; 30% (w/v) galactose; 1 M
Tris base (pH is not adjusted); 1 M Tris—-HCI, pH 7.4; 1 M
potassium phosphate buffer, pH 7.4; 0.5 M MES-KOH,
pH 6.0; 2.4 M sorbitol; 0.5 M EDTA, pH 8.0 (EDTA will be
dissolved upon adjustment of pH). Sterilize them by autoclav-
ing. Store at room temperature (RT).
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2.

11.

12.

13.

14.
15.

16.
17.

0.1 M phenyl methyl sulfonyl fluoride (PMSF) in ethanol.
Store at =20 °C.

. YP medium supplemented with glucose (YPD) or galactose

(YP-gal): 2% (w/v) Bacto-peptone, 1% (w/v) yeast extract, 2%
(w/v) glucose or galactose. Dissolve Bacto-peptone and yeast
extract in deionized water, and adjust the pH of the media to
5.5 with HCI. Sterilize it by autoclaving. Carbon sources
should be added to media after autoclaving from the 40% glu-
cose or 30% galactose stock.

. 5x SEM buffer: 1.25 M sucrose, 5 mM EDTA, 50 mM MOPS-

KOH, pH 7.2, sterile autoclaved.

. Tris-DTT buffer: 100 mM Tris base, 10 mM dithiothreitol

(DTT). Prepare freshly from 1 M Tris base stock and DTT.

. 1.2 M sorbitol. Diluted freshly from the 2.4 M stock

solution.

. Sorbitol phosphate buffer: 20 mM potassium phosphate buf-

fer, pH 7.4, 1.2 M sorbitol. Prepare freshly from stock
solutions.

. Homogenization buffer: 10 mM Tris—-HCI, pH 7.4, 1 mM

EDTA, 0.2% (w/v) bovine serum albumin (BSA, fatty acid
free), 1 mM PMSEF, 0.6 M sorbitol. Prepare freshly from 1 M
Tris—-HCI, pH 7.4, 0.5 mM EDTA, 2.4 M sorbitol stock solu-
tions, and BSA. Prepare 0.1 M PMSF solution in EtOH and
put it into the buffer just before use.

. Lyticase (see Note 1).
10.

Buffer A: 5 mM MES-KOH, pH 6.0, 0.6 M sorbitol. Prepare
freshly from 0.5 M MES-KOH, pH 6.0, and 2.4 M sorbitol
stock solutions, and keep it on ice. Check pH and adjust if
necessary.

Buffer B: 10 mM Tris—=HCI, pH 7.4, 0.6 M sorbitol. Prepare
freshly from 1 M Tris-HCIL, pH 7.4, and 2.4 M sorbitol stock
solutions, and keep it on ice.

20 and 50% sucrose solutions in buffer A: dissolve 10 or 25 g
sucrose in 25 mL of buffer A, respectively, and adjust the final
volume to 50 mL. Prepare freshly and keep them on ice.

1x SEM: prepare 1x SEM freshly by mixing one part of 5x
SEM stock with four parts of Milli-Q water.

Ultracentrifuge, a swing rotor and tubes (se¢ Note 2).

Gradient mixer (Gradient master 108, BIOCOMP or an
equivalent gradient maker).

Glass hand homogenizer, Sartorius (30 and 5 ml) (see Note 3).

Yeast colonies, freshly growing on an appropriate solid media
plate.
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2.2 Purification
of Mitochondria
from Mammalian Cells

2.3 Extraction
of Lipids

2.3.1 One-Step Lipid
Extraction

1. Stock solutions: 1 M mannitol (dissolve 45.5 g mannitol in
250 mL Milli-Q water, store aliquots in sterile 50 ml Falcon-
type tubes at =20 °C); 1 M sucrose (sterilized by filtration);
0.5 M HEPES-KOH pH 7.4 (sterilized by autoclaving); 0.5 M
EGTA-KOH pH 7.4 (EGTA will be dissolved upon adjust-
ment of pH). Store them at RT.

2. 2x Buffer M: 440 mM Mannitol, 140 mM sucrose, 10 mM
HEPES-KOH pH 7.4, 2 mM EGTA-KOH. Prepare freshly
from stock solutions and keep it on ice.

3. Ix Buffer M: mix 1 part of 2x buffer M and 1 part of sterile
Milli-Q water. Keep it on ice.

4. Complete protease inhibitor EDTA-free (Roche) shall be
added to buffers prior to use.

5. DPBS (PBS, Gibco), store in a refrigerator.

6. Percoll (GE Healthcare), store in a refrigerator. Although the
Percoll solution from GE contains only 23% of colloidal
Percoll, the solution will be treated as “100% Percoll solution”
in this protocol.

7. HEK293 cells, ~90% confluency from 3 x 15 cm dishes
(~4 x 107 cells) (see Note 4).

8. Ultracentrifuge, a swing rotor and tubes (see Note 2).

9. Glass-Teflon ~ homogenizer  with  motor-driven  rod
(Sartorius/B. Braun) (se¢ Note 3).

All'solvents and chemicals shall be obtained in a “mass spectrometry-
certified” grade if possible. If MS grade is not available for a sol-
vent or substance, test a production lot of a HPLC or a gas
chromatography (GC) grade.

The cleanness of all tubes, bottles, and pipettes should be
checked (see Note 5), especially those in contact with organic
solvents. If available, take materials made of borosilicate glass or
Teflon. Avoid silicone (especially on the back of bottle lids) or
grease. In general, use of Eppendorf-type tubes or Pipetman tips
made of a plastic material should be minimized (see Note 6).

1. Starting materials: gradient-purified yeast or mammalian mito-
chondria, prepared as described in Subheadings 3.1 and 3.2,
respectively, or yeast culture in logarithmically growing phase
in an appropriate medium.

2. Chemicals and solvents: chloroform, methanol, highly pure water,
25% HCI (w/v, 7.75 N), ammonium acetate (se¢ Note 7).

3. Internal standard lipids for quantification: PC 17:0,/20:4, PE
17:0/20:4, P1 17:0/20:4, PS 17:0/20:4, PG 17:0,/20:4, PA
17:0/20:4, PC 17:0/14:1, PE 17:0/14:1, PI 17:0/14:1, PS
17:0/14:1, PA 17:0/14:1, PG 17:0/14:1, CDP-DAG
17:0/18:1, and CL standard mix (CL 57:4/CL 61:1/CL
80:4 /CL 86:4) (see Table 1).
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2.3.2  Neutral-Acidic

4.

SBD: mix chloroform/methanol /25% HCl = 40:80:1 (v/v/V).
Store in a glass bottle at RT.

. Tabletop mixer for 10 ml glass tubes (VIBRAX mixing plat-

form from IKA or an equivalent).

. Pasteur pipettes, glass tubes with a lid with a Teflon back

(10 mL, equivalent to Corning 99502-10 and 9998-15), and
glass vials with screw caps (1.5 and 4 mL).

7. Glass beads (0.4-0.6 mm).

. Gas-tight Hamilton syringes (10, 25, and 100 pL).

9. Heating block equipped with gas nozzles (equivalent to

Evaporator from Liebisch Labortechnik) connected to inert
gas line /bottle (nitrogen or argon).

. Starting materials: HEK293 cells (10° cells).

Lipid Extraction 2. Chemicals and solvents: chloroform, methanol, highly pure
water, 25% HCI (w/v, 7.75 N), ammonium carbonate, and
ammonium acetate (se¢ Note 7).
3. Internal standard lipids for quantification: PC 17:0,/20:4, PE
17:0/20:4, P117:0/20:4, PS 17:0/20:4, PG 17:0,/20:4, PA
Table 1
Amount of internal standard (IS) infused (in pmol)
Mammalian Yeast
IS Whole cell  Pure mitochondria IS Whole cell  Pure
mitochondria
PC17:0/20:4 200 150 PC17:0/14:1 130 100
PE 17:0/20:4 100 100 PE 17:0/14:1 70 70
PI117:0/20:4 70 100 PI17:0/14:1 70 40
PS17:0/20:4 70 50 PS 17:0/14:1 40 40
PG 17:0/20:4 15 20 PA 17:0/14:1 20 20
PA 17:0/20:4 40 30 PG 17:0/14:1 15 15
CL 57:4* 20 50 CDP-DAG 10 10
17:0/18:1
CL61:1? 20 50 CL57:4°? 20 50
CL 80:4* 20 50 CL6l1:1? 20 50
CL 86:4° 20 50 CL 80:4* 20 50
CL 86:4* 20 50

Lipid standards except the CDP-DAG are Quantitative LIPID MAPS MS STANDARDS from Avanti Polar Lipids.
CDP-DAG is only available in qualitative grade

“From CL mix I. The amount of individual CL will vary among production lots (the exact concentrations of each CL in
the mix are provided by the supplier)
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17:0/20:4, and CL standard mix (CL 57:4/CL 61:1/CL
80:4 /CL 86:4) (see Table 1).

4. Chloroform/methanol 17:1 (v/v): store in a glass bottle at
RT.
5. SBD: mix chloroform/methanol /25% HCl = 40:80:1 (v/v/v).
Store in a glass bottle at RT.
6. 2N HCIL: mix 1 ml 25% HCI and 2.875 mL pure water. Store
in a glass vial at RT.
7. 155 mM ammonium carbonate in water: dissolve 3.72 g in
247 mL pure water. Store in a glass bottle at RT.
8. Reinforced tubes and 1.4 mm ceramic balls for bead mill cell
disruptor.
9. Bead mill cell disruptor (Precellys 24 from Bertin Technologies
or an equivalent).
10. Tabletop mixer for 10 ml glass tubes (VIBRAX mixing plat-
form from IKA or an equivalent).
11. Pasteur pipettes, glass tubes with a lid with a Teflon back
(10 mL), and glass vials with screw caps (1.5 and 4 mL).
12. Gas-tight Hamilton syringes (10, 25, and 100 pL).
13. Heating block equipped with gas nozzles (equivalent to
Evaporator from Liebisch Labortechnik) connected to inert
gas line /bottle (nitrogen or argon).
2.4 Nano- 1. Glass vials with lipid films prepared according to Subheading
electrospray lonization 3.2 or 3.3.
Mass Spectrometry 2. TriVersa NanoMate (Advion).
3. ESI-Chip type “A” (HD-A-384, Advion).
4. 96-well plate (see Note 7).
5. Sealing foil for 96-well plate (sec Note 7).
6. 10 mM ammonium acetate in methanol: dissolve 154 mg in
200 mL methanol, and store in a glass bottle.
7. Ultrasonic bath.
8. QTRAP 6500, SCIEX.
9. Analyst software version 1.6.2, SCIEX.
10. LipidView software version 1.2, SCIEX.
3 Methods

Current quantitative mass spectrometric methods offer accurate
and targeted quantification of lipids in complex extract by using
internal standards (ISs) corresponding to the different lipid classes.
These ISs are added to each sample in known and constant amounts
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prior to the lipid extraction. For the analysis of the major glycero-
phospholipid classes, a set of ISs carrying an acyl chain with an odd
number of carbon atoms (which do not exist in mammalian and
yeast samples) is commercially available (see Table 1). Recovery
during the extraction steps as well as fragmentation behavior and
ionization efficiency is largely dependent on the nature of the head
group; therefore, the intensity of the IS peak can be used to nor-
malize the values of the endogenous lipids within the same class.
Of note, in the case of glycerophospholipid analyses in isolated
mitochondria, accuracy is largely dependent on the purity of the
mitochondria preparation, especially when analyzing a glycero-
phospholipid species whose concentration is different between
mitochondria and other organelles. For example, CL exists almost
exclusively in mitochondria. Therefore only half of the amount of
CL species (in comparison to their content in pure mitochondria)
will be detected if the purity of the mitochondria preparation is
only 50%.

Lipid profiles in cellular membranes are varied by the meta-
bolic status of the cell. Especially, overgrowing imposes metabolic
shift and mitochondrial stress to the cell thus should be avoided.
When lipid profiles are compared between two conditions (e.g.,
between control cells and mutant cells), both cells shall be grown
in parallel and be harvested at the same growth phase and then be
subjected to organelle isolation or lipid extraction simultaneously.

To isolate pure mitochondria, cell-type-dependent optimiza-
tion in homogenization and density gradient steps is necessary.
Mitochondria physically interact with a fraction of the ER
(mitochondria-associated membranes of the ER; MAM [15]), but
the fraction of ER-associated mitochondria often has lower density
than the fraction of “pure” mitochondria (see Fig. 1). Therefore,
pure mitochondria largely devoid of ER membrane can be isolated
as a higher density fraction upon density gradient centrifugation.
Standard protocols for the isolation of mitochondria from yeast
and HEK293 cells and an assessment of purity of mitochondria by
immunoblotting analysis will be shown as examples (Subheadings
3.1 and 3.2) (see Fig. 1 and Note 4).

Extraction of glycerophospholipids from pure mitochondria or
whole yeast cells can be achieved by a one-step extraction protocol
according to Bligh and Dyer ([16], Subheading 3.3.1). However,
different extraction methods will be used in the following cases:
(1) to analyze CL in whole mammalian cells, neutral and acidic
lipids should be extracted according to Gray et al. and be analyzed
separately ([17], Subheading 3.3.2). This reduces the complexity
of the lipid extract and eases the detection of minor CL species. (2)
To analyze highly polar/charged minor intermediate lipids (phos-
phatidylglycerolphosphate (PGP) and cytidine diphosphate diacyl-
glycerol (CDP-DAG), we do a one-step extraction of acidic lipids
without wash and evaporation steps (se¢ Note 12).



86

Takashi Tatsuta

Whole
PNS
6000 x g
Fraction 1
Fraction 2
Fraction 3

“MAM”

Fraction 1

gl
3
)
o
|

Fraction 2 |

SDHA

Pure PDI
mitochondria

Fraction 3

Tubulin - . e

Fig. 1 Representative result from purification of mitochondria by gradient centrifugation from (a) yeast or (h)
HEK293 cells. In the case of HEK293 cells, the assessment of purity of mitochondria by immunodetection of
mitochondrial marker proteins (Tom20 and SDHA), an ER marker protein (PDI), and a cytosolic marker protein
(Tubulin) is shown (/eft panel)

After extraction, lipid samples are analyzed by nano-ESI-MS
(Subheading 3.4). The MS methods for the analysis of the major
glycerophospholipid classes are adopted from those developed in
the laboratory of B. Briigger [12] with some optimization for the
new-generation triple quadrupole instrument (QTRAP 6500).
The MS analysis of CLs is challenging because of their large size,
their tendency to form doubly charged ions, and their high
symmetry in structure. To increase the sensitivity of CL detection,
we adopted the detection procedure developed for LC-MS/MS
analysis of CL [14] to nano-ESI-MS (see Table 4). Processing of
MS data including correction of isotopic overlap in CL spectra will
be explained (Subheading 3.4.2).

3.1 Purification 1. Inoculate yeast cells from freshly growing colonies on a plate in
of Mitochondria 20 ml of YPD (see Note 8). Incubate the culture at appropriate
from Yeast temperature (usually 30 °C) for overnight.

S. cerevisiae 2. Dilute the overnight culture in 200 ml YPD to OD600 ~0.1.

Incubate the culture until the OD600 reaches to ~2, and then
dilute it in pre-warmed YP-gal (up to 10 liters, starting OD of
the culture should be adjusted for each strain). Incubate the
culture overnight to OD600 ~1.5 (see Note 9).

3. Isolate cells by centrifugation (3000 x g, 5 min, RT') and resus-
pend cell pellets in water (500 ml). Reisolate cells again
(3000 x g, 5 min, RT) and measure the weight of the cell
pellet.
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4.

10.

11.

12.

13.

14.

Resuspend the cell pellet in Tris-DTT buffer (2 ml per g pel-
let), and incubate the suspension at 30 °C for 10 min with
shaking. Start preparation of homogenization buffer and cool
it on ice.

. Isolate cells by centrifugation (2000 x g, 5 min, RT'). Resuspend

the cell pellet in 1.2 M sorbitol (2 ml per g pellet), and reiso-
late cells by centrifugation (2000 x g, 5 min, RT). Cool the
centrifuge to 4 °C after this centrifugation step.

. Spheroplast formation. Resuspend the cell pellet in sorbitol

phosphate buffer (6.7 ml per g pellet), and add lyticase powder
(~2 mg per g pellet; see Note 1). Incubate it at 30 °C for
30 min with shaking. To check for the formation of sphero-
plast, measure the OD600 of (A) 50 pl suspension + 2 ml water
and (B) 50 pl suspension + 2 ml 1.2 M sorbitol. The value of
(A) should be 10-20% of (B).

. Keep solutions on ice in all subsequent steps. Cool centrifuge

tubes and the glass homogenizers (30 and 5 ml) on ice.

. Isolate cells by centrifugation (1200 x g, 5 min, 4 °C). The

pellet will be very soft and sticky. Resuspend the soft cell pellet
carefully in ice-cold homogenization buffer by gentle pipetting
(6.7 ml per g pellet).

. Homogenize the cell suspension by twelve strokes in the large

(30 ml) glass homogenizer (see Note 3). Rinse the homogenizer
with homogenization buffer to recover the remaining material.

Precipitate unbroken cells by centrifugation (2000 x g, 5 min,
4 °C). Now mitochondria are in the supernatant. Recover
supernatant to new centrifuge tube and discard pellet. After an
additional centrifugation (2000 x g, 5 min, 4 °C), transfer the
supernatant to new centrifuge tube.

Isolate mitochondrial fraction by centrifugation (17,500 x g,
12 min, 4 °C).

Discard the supernatant. Resuspend the crude mitochondrial
pellet gently by pipetting in 2 mL bufter A, and then homog-
enize the suspension in the small (5 ml) glass homogenizer
(five times). Determine protein concentration of the mito-
chondrial solution by a Bradford assay. Dilute the solution to

5 mg/ml with buffer A.

Prepare 10 mL sucrose gradient in an ultracentrifuge tube for
a swing rotor (se¢ Note 2) by a gradient mixer (50 to 20% in
buffer A).

Load 2 ml mitochondrial suspension (containing 10 mg mito-
chondrial protein) on the top of the gradient (see Note 10). If
you have odd numbers of samples, setup a blank sample (10 ml
gradient + 2 ml buffer A) as a balance. Run sedimentation
centrifugation (100,000 x g, 1 h, 4 °C).
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3.2 Purification
of Mitochondria
from Mammalian Cells

15.

16.
17.

18.

19.

20.

21.

Mitochondria are concentrated at the 1,/4-1/3 position from
the bottom (Fig. 1a). Remove the top half of the gradient (this
fraction contains “MAM?”; see Note 11). Collect the mito-
chondrial layer carefully by a glass pipette and transfer it in a
centrifuge tube.

Add 5x volume of buffer A and mix it gently by pipetting.

Harvest mitochondria by centrifugation (17,500 x g, 12 min,
4 °C).

Caretully resuspend the pellet in 10 mL buffer B by gentle
pipetting.

Harvest mitochondria by centrifugation (17,500 x 4, 12 min,
4 °C).

Carefully resuspend the pellet in 500 pL. 1x SEM by gentle
pipetting using a tip with wide opening (or a tip whose top is
chopped off), and measure the protein concentration by
Bradford assay.

Dilute mitochondria to 10 mg protein/ml with 1x SEM. Divide

mitochondria into small aliquots (50 pg protein/tube), and
freeze them in liquid nitrogen and store them at —80 °C.

. Rinse HEK293 cells on plates with 10 mL cold PBS carefully,

and then scrape cells with 10 mL cold PBS. Transfer cell sus-
pension to a Falcon tube. Do NOT treat cells by trypsin.

2. Harvest cells by centrifugation (500 x g, 5 min, 4 °C).

. Resuspend the cell pellet in 4 ml cold 1x M buffer (~1 ml per

107 cells), and transfer it to a precooled small glass homoge-
nizer (5 mL) on ice (see Note 3).

. Treat cells by 15 strokes with motor-driven glass-Teflon

homogenizer (1000 rpm). Refrain from creating vacuum with
upstroke.

. Take 100 pL “whole-cell” sample for purity test. Distribute

homogenized cells in 3 x 2 mL Eppendorf tubes, and sediment
unbroken cells and nuclei by centrifugation (600 x g for 5 min
at 4 °C).

. Transfer supernatant to a Falcon tube carefully. Resuspend the

pellet in 5 mL 1x buffer M in total and treat it 15 strokes by
glass-Teflon homogenizer again.

. Distribute homogenized cells in 3 x 2 mL Eppendorf tubes,

and sediment unbroken cells and nuclei by centrifugation
(600 x g for 5 min at 4 °C).

. Transfer supernatant to a Falcon tube caretully, and mix it with

the supernatant from the first homogenization.

. Spin again to sediment unbroken cells and nuclei by centrifu-

gation (600 x g for 5 min at 4 °C). Transfer supernatant
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

carefully to clean centrifuge tubes. Take 100 pL “post-nuclear
supernatant” (PNS) sample for purity test.

Spin the tube with supernatant to sediment crude mitochon-
dria fraction (8000 x g for 10 min at 4 °C). Remove the super-
natant carefully.

Resuspend the pellet in 2 mL cold 1x M bufter by gentle pipet-
ting using a tip with wide opening (or a tip whose top is
chopped off). Take 50 pL “crude 1” (“8000 x 4”) for purity
test.

Spin the suspension to sediment mitochondria again (6000 x g
for 10 min at 4 °C). Carefully remove the supernatant.

Resuspend pellets gently in 2 mL cold 1x M buffer. Take 50 pL.
“crude 2” (“6000 x g”) for purity test. Quantify protein con-
centration by Bradford assay. If the protein concentration of
the crude mitochondrial suspension is above 5 mg,/mL., dilute
it to a concentration of 5 mg,/mL protein with cold 1x M but-
fer. Normally, the concentration of the suspension is lower,
around 2 mg/mL when 4 x 107 HEK cells are used.

Prepare Percoll solutions (for two samples as an example): 40%
Percoll, 8 mL Percoll + 10 mL 2x bufter M + 2 mL H,O (Total
20 mL) 24% Percoll, 4.8 mL 40% + 3.2 mL 1x buffer M (Total
8 mL); 19% Percoll, 5 mL 40% + 5.5 mL 1x buffer M (Total
10.5 mL).

Mix 2 mL crude mitochondria suspension (~10 mg mitochon-
drial protein) with the same volume of 24% Percoll to make a
12% Percoll solution (total 4 mL) (see Note 10).

Set Percoll step gradient in a 13.5 mL ultracentrifuge tube:
place 2 mLL 40% Percoll solution at the bottom of the tube, and
overlay it with 4 mL 19% Percoll solution carefully by a glass
pipette and then put the mitochondria suspension in 12%
Percoll on the top of 19% Percoll caretully. If you have odd
numbers of samples, set up a blank sample as a balance.

Run sedimentation centrifugation (42,000 x g, 30 min at 4 °C,
slow deceleration).

Pure mitochondria will be concentrated at the 19%,/40% inter-
face (fraction 3, Fig. 1b, right panel).

Recover three bands (fraction 1, 2, 3, Fig. 1b) separately by a
pipette (~1 ml each). Dilute 1:5 with buffer M in a centrifuge
tube.

Spin the tube to harvest mitochondria (13,200 x g, 5 min at
4 °C).
Resuspend the mitochondrial pellet with 1 mL 1x M buffer

carefully by gentle pipetting, and transfer it to an Eppendorf-
type tube. Spin it to harvest mitochondria (13,200 x g, 5 min



a0 Takashi Tatsuta

3.3 Extraction
of Lipids

3.3.1 One-Step Lipid
Extraction

at 4 °C). Remove the supernatant carefully. Repeat the wash to
remove Percoll two more times.

22. Resuspend the final pellet in 100 pL 1x M buffer. Determine
protein concentration in all fractions by Bradford assay.
Normally, the concentration of the pure mitochondrial sample
(from fraction 3) is around 2 mg/mL (~200 pg in total) when
4 x 107 HEK cells are used. Transfer 20 pg protein of pure
mitochondria to a clean tube for lipid extraction (Subheading
3.3.1). Transfer 50 pg protein from each fraction to Eppendorf
tubes for SDS-PAGE. Freeze the rest and the sample for lipid
extraction in liquid nitrogen, and store them at —80 °C.

23. Analyze equal amounts (50 pg) of protein samples from every
fraction by SDS-PAGE and immunoblotting to verify the
purity of mitochondria (Fig. 1b, left panel).

The following protocol is used for extraction of lipids from
gradient-purified yeast or mammalian mitochondria. With a minor
modification, described below, it can also be used for lipid extrac-
tion from whole yeast cells. To avoid inhalation of organic solvents,
whole procedure shall be done in a fume hood.

1. Rinse twice as many 10 mL glass tubes as samples to be ana-
lyzed with 1 ml methanol each. Dry them up.

2. Infuse internal standards (IS) to 10 mL glass tubes by gas-tight
Hamilton syringes. The amount of IS used for each sample
type is listed in Table 1. Add 1 mL SBD to each tube.

3. For lipid extraction from whole yeast cells, proceed to step 4.
For lipid extraction from gradient-purified mitochondria, pro-
ceed to step 5.

4. Treatment by glass beads (for whole yeast cells): put 0.5 OD
unit of yeast culture (equivalent to 0.5 mL of culture with OD
at 600 nm = 1) in an Eppendort-type tube, and harvest cells by
centrifugation (10,000 x g, 2 min). Wash the cells twice with
500 pLL Milli-Q water. Resuspend the washed cells in 250 pL
MS-grade pure water, and transfer the cell suspension to the
glass tube with ISs and SBD. Add 300 pL glass beads to the
tube. Mix it vigorously for 30 min at RT on a shaker. Proceed
to step 6.

5. Extraction (for pure mitochondria): collect 20 pg (protein
content) of pure mitochondria in an Eppendorf-type tube by
centrifugation (16,100 x g, 5 min, 4 °C). Resuspend the mito-
chondria in 250 pL pure water, and transfer them to the glass
tube with ISs and SBD. Mix the suspension vigorously for
10 min at RT on a shaker.

6. Add 250 pL chloroform to the tube and mix the sample for
20 s by vortexing. Add 250 pL. MS-grade pure water and mix
the tube for ~1 min by vortexing.
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3.3.2 Neutral-Acidic
Lipid Extraction

7. Induce phase separation by centrifugation (800 x g, 2 min,

10.

11.

4 °C). Transfer lower chloroform phase carefully to a new tube
(this is the second tube), and add 400 pL pure water to it
(washing step). Mix the second tube for 20 s by vortexing.
Keep the first tube with the upper water phase; it will be needed
in step 9.

. Induce phase separation in the second tube by centrifugation

(800 x g, 2 min, 4 °C). Transfer lower chloroform phase care-
fully to a small (1 mL) glass vial. Keep the water phase in the
tube; it will be needed in step 10.

. Re-extraction: add 300 pL chloroform to the first tube with

upper water phase. Mix the tube for 1 min by vortex.

After phase separation, transfer lower chloroform phase from
the first tube to the second tube with the upper water phase
from the washing step. After mixing for 20 s by vortex, induce
phase separation by centrifugation, and transfer the lower
chloroform phase to the small glass vial with the chloroform
phase from the first extraction. Check water drops floating on
the chloroform phase in the tube and remove them by a
pipette.

Place the glass vials on a heat block equipped with gas nozzles
connected to an inert gas line (nitrogen or argon). Evaporate
the solvent under a gentle stream of inert gas at 37 °C. Seal the

tube by a screw cap. The tubes can be stored for several weeks
at =20 °C.

This protocol is used for lipid extraction from whole mammalian
cells for CL analysis. To avoid inhalation of organic solvents, whole
procedure shall be done in a fume hood.

1.

2.

Rinse as many 10 mL glass tubes as samples to be analyzed
with 1 ml methanol each. Dry them up.

Infuse internal standards (IS) to 10 mL glass tubes. See Table
1 for the amount of ISs infused. Add 1 mL chloroform/meth-
anol 17:1 (v/v) to each tube.

. Treatment of cells by ceramic balls: put cell suspension con-

taining a million HEK cells (after cell counting) in an
Eppendort-type tube, and harvest cells by centrifugation
(2000 x g, 5 min). Wash the cells twice with 500 pL
PBS. Dissolve the washed cells in 40 pl. MS-grade pure water,
and transfer the cell suspension to a 2 mL reinforced tube with
250 pL ceramic balls. Add 360 pLL 155 mM ammonium car-
bonate and seal the tube with a screw cap. Cool the tubes on
ice for 5 min. Treat the tube in a bead mill cell disruptor for
30 s. Cool the tube on ice for 5 min and repeat the treatment.
Measure the protein concentration of cell suspension by
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3.4 Nano-
electrospray lonization
Mass Spectrometry

Bradford assay. Typically, the concentration of protein is
between 0.3 and 1 mg/ml.

4. Neutral extraction: take 200 pL cell suspension to the tube
with ISs and chloroform/methanol 17:1 (v/v). Mix it vigor-
ously for 30 min at room temp on a tabletop shaker. Induce
phase separation by centrifugation (2000 x g, 5 min, RT).
Transfer lower chloroform phase carefully to a small glass vial.
This is neutral extract (N). Keep the water phase; it will be
needed in the next step.

5. Acidic extraction: add 10 pL. 2N HCl to the water phase. Mix the
tube vigorously by vortexing for 30 s. Add 375 pL. SBD to the
tube. Mix it vigorously by vortexing for 30 s. Incubate the tube
on ice for 15 min. Mix it vigorously by vortexing for 30 s every
3 min during the incubation. Induce phase separation by cen-
trifugation (2000 x g, 5 min, 4 °C). Transfer lower chloroform
phase carefully to a small glass vial. This is acidic extract (A).

6. Check water drops floating on the chloroform phase in the tube
and remove them by a pipette. Place the glass vials of both N
and A on a heat block equipped with gas nozzles connected to
an inert gas line (nitrogen or argon). Evaporate the solvent
under a gentle stream of inert gas at 37 °C. Seal the tubes by
screw caps. The tubes can be stored for several weeks at —20 °C.

The TriVersa NanoMate is a robotic device which works with nano-
ESI chips consisting of an array of 400 nano-ESI nozzles. It allows
direct sample infusion into the mass spectrometer at extremely low
flow rate (down to 20 nL./min). Therefore, the sample must be free
of any particles or air bubbles which can cause clogging of the noz-
zles on the chip. Moreover, settings of the device should be opti-
mized for each sample type to cope with the difference in viscosity
and surface tension of the solvent. The optimal lipid concentration
in samples depends on the sensitivity of the system and the content
of the target lipid. In general, for highly sensitive new-generation
mass spectrometers, further dilution of sample is often beneficial.
Here, I describe our settings that are optimized for the analysis of
major mitochondrial glycerophospholipid classes using TriVersa
NanoMate and QTRAP 6500. Modifications for the detection of
phosphatidylglycerolphosphate (PGP) and cytidine diphosphate dia-
cylglycerol (CDP-DAG) are found in Note 12. For the assessment
of lipids of the other classes (neutral lipids, sphingolipids, or sterols)
using nano-infusion technique, please refer to the excellent protocol
published recently [12].

1. Dissolve the lipid film, prepared in Subheading 3.2 or 3.3, in
100 pL. 10 mM ammonium acetate in methanol. Vortex the
vial vigorously for 20 s.

2. Treat the vial in an ultrasonic bath at room temperature for
5 min to dissolve the lipid completely and to remove air.
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3.

Take 10 pL lipid sample to an Eppendorf-type tube. Add
70 pL degassed 10 mM ammonium acetate in methanol.

4. Spin the tube to remove particles (12,000 x g, 5 min, 10 °C).

. Transfer 20 pL supernatant carefully to two wells, one for CL

analysis and the other for analysis of other phospholipids, in a
clean 96-well plate. Seal the wells by sealing foil and set the
plate into the TriVersa NanoMate.

. The settings of TriVersa NanoMate are listed in Table 2. In our

normal quantification workflow for all major mitochondrial
glycerophospholipid classes, one sample is injected twice, once
tor separate analysis of CLs and once for all other glycerophos-
pholipids. Each injection takes ca. 15 min (30 min per sample).
For the analysis of lipid extracts from whole mammalian cells,
neutral and acidic extracts are analyzed separately.

. To analyze high molecular weight CL species (>1250 Da) and

other glycerophospholipids simultancously, the QTRAP 6500
is set to “high mass” mode. Pairing of the mass spectrometer

Output contact closure

Table 2

Parameters of TriVersa NanoMate
Sample infusion volume 12 pl
Volume of air to aspirate after sample 1l
Air gap before chip Enabled
Aspiration delay 0s
Pre-piercing With Mandrel
Spray sensing Enabled
Temperature 12 °C
Gas pressure 0.4 psi
Ionization voltage 1.15 kV
Polarity Positive
Vent headspace Enabled
Pre-wetting 1x
Volume after delivery 0.5 pl
Contact closure delay 1s
Volume timing delay 0s
Aspiration depth 1 mm
Pre-piercing depth 9 mm

Rel 1, 2.5 s duration
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3.4.1 Data Processing

Table 3

and the infusion device is established according to the manu-
facturer’s instructions. Scan settings of the QTRAP 6500 for
each glycerophospholipid classes are listed in Table 3 (except
CL) and Table 4 (CL).

Practical workflow for the processing of mass spectra and quantifi-
cation of lipid species will be very divergent depending on the soft-
ware integrated in the mass spectrometer used. In general, to
obtain the amount of a lipid species, its peak intensity is normal-
ized to the intensity of the peak of the internal standard (with
known amount). However, simple quantification by this procedure
is often inaccurate because of (1) mass-dependent response differ-
ence between lipid species even within a single lipid class and (2)
isotope overlaps, including product overlap (especially in CL).

Setting of QTRAP 6500 (for glycerophospholipids other than CL)

Common parameters

Mode  High mass EP 10 Scanrate 200 Da/s Sync LC sync
CUR 20 Step size 0.1 Da Pause 5 ms Resolution Unit
CAD Mid Settling time 0 ms CEM 2000 Scan mode Profile
IHT 90
Q1 scan range Q1 scan
(mammalian) range (Yeast)
Lipid Polarity lonformat Scan Q3 m/z Start Stop Start Stop DP CE CXP Cycles
class type
R@ Positive [M + H]* Prec 184 670 870 618 818 100 50 35 100
PE Positive [M + H]* NL 141 660 860 576 776 100 25 35 100
PI Positive [M + NL 277 780 980 712 912 30 30 35 100
NH4 |
PS Positive [M + H]* NL 185 675 875 620 820 100 20 35 100
PA Positive [M + NL 115 620 820 550 750 60 25 35 100
NH4]+
PG Positive [M + NL 189 690 890 624 824 100 30 35 100

CDPDAG Positive

PGP

Positive

NH4]

[M+ NL 403 860 1060 60 40 35 200
NH4]*
[M+ NL 269 704 904 100 25 15 200

NH4]*
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Table 4
Setting of QTRAP6500 (for CL)

Common parameters

Mode High mass EP 10 Scan rate 200 Da/s Sync LC sync
CUR 20 Step size 0.1 Da Pause 5 ms Resolution Unit
CAD Mid Settling time 0 ms CEM 2000 Scan mode DProfile
IHT 90 CXP 7 DP 140 Cycles 100
Q1 scan range
[M + NH4 |+
Scan type Q3 m/z (Da) [DAG- Start Stop CE IS
H20+H]+
Prec 465.4 26:1 1150 1350 40
Prec 467.4 26:0 1150 1350 40
Prec 491.4 28:2 1230 1280 40 *
Prec 493.4 28:1 1200 1400 40
Prec 495.4 28:0 1200 1400 40
Prec 505.5 29:2 1230 1280 40 *
Prec 519.5 30:2 1250 1400 40
Prec 521.5 30:1 1250 1400 40
Prec 523.5 30:0 1250 1400 40 *
Prec 535.5 31:1 1300 1350 40 *
Prec 547.5 32:2 1250 1450 40
Prec 549.5 32:1 1250 1450 40
Prec 551.5 32:0 1300 1450 40
Prec 573.5 34:3 1350 1500 45
Prec 575.5 34:2 1300 1500 45
Prec 577.5 34:1 1300 1500 45
Prec 579.5 34:0 1350 1500 45
Prec 601.5 36:3 1380 1530 50
Prec 603.5 36:2 1330 1600 50 *
Prec 605.5 36:1 1330 1530 50
Prec 607.5 36:0 1380 1530 50
Prec 631.5 38:2 1650 1700 50 *
Prec 715.5 44:2 1550 1600 50 *
Prec 771.5 48:2 1650 1700 50 *

*These scans detect internal standards
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Below I explain how to correct for these two most common
problems.

1. The ionization efficiency and thus the ion yield (ion counts) of

a molecule decreases with increasing molecular weight of the
molecule in a mass spectrometer (so-called mass dependency)
[18]. In general, peaks from lipids with high molecular weight
appear less intense than those from lipids with low molecular
weight, resulting in underestimation of lipid species carrying
longer acyl chains. This effect is severe in high mass range
(>1250 Da), practically at the range of CLs (see Fig. 2 as an
example). The LipidView software package (version 1.2,
SCIEX) offers a database of a wide variety of lipid species
with “correction factors” that can be used for correction of
the mass-dependent response differences. If lipid spectra are
processed in LipidView by using a “target method” with the
correction factors provided by the software, corrected inten-
sities of individual lipids are obtained in “Advanced Data
View” by one mouse click (see Note 13). However, this
(semi-)automatic correction of response difference by
LipidView 1.2 is not compatible with our new method for
the detection and quantification of the various CL species.
We obtain correction factors by drawing a response curve
from the analysis of nonnatural CLs in “CL mix I” from
Avanti Polar Lipids (Fig. 2). Using the response curve, cor-
rection factors for each CL species are calculated according to
their molecular weight and used to normalize the response
differences among CLs.

natural CLs

correction factor
N

1 )

1300 1400 1500 1600 1700
m/z, Da

IS
CL 80:4 IS

CL 86:4
\
A \ N W L N L o b

T
1300

1 1 T 1
1400 1500 1600 1700
m/z, Da

Fig. 2 Typical spectrum from Prec analysis of CL in isolated mitochondria from wild-type yeast cells. Identical
amounts of four ISs (50 pmol) appear as peaks with different heights. Intensities of these peaks are normalized
to the intensity of CL 57:4 and plotted according to their m/z (inlet)
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2. Due to the existence of natural isotopes, in the case of organic
compounds particularly due to heavy carbon atoms (C13), a
characteristic isotope pattern can be observed in mass spectra
of lipids (see Fig. 3c as an example). The proportion of a lipid
molecule containing heavy carbon atom(s) increases propor-
tionally to the number of C atoms in the lipid. Often, consid-
erable proportion of the [M+2] isotope (containing two C!3
atoms in most cases) are detected when the lipid carries long
acyl chains. The problem is that such ions are isobaric with
the lipid species carrying one double bond less in an acyl
chain (e.g., [M+2] of CL 68:4 is isobaric to monoisotopic CL
68:3; see Fig. 3a, b). This overlap (so-called precursor over-
lap) should be corrected. This is especially necessary if lipid
species with saturated or monounsaturated fatty acyl chains,
which are often less abundant, have to be accurately quanti-
fied. In the case of neutral loss (NL) or of the precursor ion
scan (Prec) by a small fragment ion (e.g., Prec m/z 184 for
PC), isotopes of product ion do not need to be taken into
account, since these lost moiety or small product ions contain
only a small number of C atoms. In contrast, the isotope
overlap of the product ion (so-called product overlap) should
also be corrected in the case of our new CL detection proce-
dure, because CLs are scanned by Prec of large DAG frag-
ments containing many C atoms. Figure 3 illustrates the
correction of isotope overlaps in a set of CL species as an
example. The [M+NH,]* ion of CL 68:4 (34:2/34:2,
monoisotopic 7/z 1419 Da) generates a DAG-H,0+H frag-
ment m/z 575.5 Da upon CID (Fig. 3a). By Prec 575.5 scan,
a typical isotope pattern of CL 68:4 is seen (Fig. 3c, left
panel). The signal of the [M+2] isotope overlaps with the
signal of monoisotopic CL 68:3 (34:2/34:1, m/z 1421 Da).
Moreover, a fraction of CL 68:4 (34:2/34:2) generates a
fragment m/z 577.5 when two heavy carbon atoms exist in
the product ion (DAG fragment) that is detected as a peak at
1421 by Prec 577.5. This overlaps with the signal of monoiso-
topic CL 68:3 (34:1/34:2). These overlaps need to be sub-
tracted to obtain a correct amount of CL 68:3 (34:2/34:1)
(Fig. 3c, right panel).

3. The LipidView software is able to calculate isotope overlaps
and provide corrected intensities automatically when the
“deisotope” function is activated in the processing methods.
As mentioned above, this automatic correction of isotope
overlap is not compatible with our new CL detection method
in the current version of LipidView. We calculated theoretical
occurrences of [M+2] isotopes in both precursors and prod-
ucts (for very abundant species, [M+4] isotopes are also con-
sidered) according to previous publications [14, 19] and
integrated them into a Microsoft Excel spreadsheet which we
used for the correction of isotope overlaps.



- 0 n
MWVT oo
CL 68:4 (34:2/34:2) . Hg%r«
[CL(1-[16:1/18:1],3-[16:1/18:1])] \/\/\/W\/\/\)'\o/\{\o—fio
+ > OH
M +NH,]" m/z 1419 /\/\/\:/\/\/\/\/\n/"
o]
precursor product
b < overlap <« overlap
precursor mass product mass
CL species M M+1 M+2 M M+1 M+2

CL68:5 (34:2/34:3) 1417 1418 1419 5755 5765 5775
CL68:4 (34:2/34:2) 1419 1420

CL 68:3 (34:2/34:1)
CL 68:4 (34:1/34:3)
CL 68:3 (34:1/34:2)
CL68:2 (34:1/34:1) 1423 1424 1425 5775 5785 5795

Prec 575.5 Da

B CL 68:5 (34:2/34:3)
B CL 68:4 (34:2/34:2)
B CL 68:3 (34:2/34:1)
B CL 68:4 (34:1/34:3)
B CL 68:3 (34:1/34:2)
B CL 68:2 (34:1/34:1)

7q 70

— Prec 575.5 Da
— Prec 577.5 Da

Intensity

Intensity

CL68:3

(34:1/34:2)

CL68:2
product product (34:1/34:2)
overlap overlap

34:2/34:2 precursor
9.3% overlap

34:1/34:2

1417
1418
1419

Fig. 3 Example of correction of isotope overlap. (a) Collision-induced dissociation (CID) of a CL (CL 68:4
[34:2/34:2)). (b) Masses of CL species and their isotopes seen in Fig. 3c. Mass of [M+2] isotope of CL 68:4
[34:2/34:2] and its overlap with CL 68:3 are highlighted. (c) Typical isotope overlap in CL analysis. Left panel:
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3.4.2 Evaluation of Data

Usually, normalized and corrected amounts of glycerophospho-
lipid classes are represented as percentage of the total glycerophos-
pholipid amount in the sample [11] (Fig. 4). The distribution of
acyl-chain subspecies within a lipid class is also represented as per-
centage. The amount of a lipid species can also be represented as
an absolute value that is normalized to the amount of sample used
for extraction; however, in this case quantitative accuracy will be
affected by the recovery during lipid extraction and by the accuracy
of the quantification of the sample amount (protein content or cell
number).

After obtaining final results from lipid analysis of isolated mito-
chondria, PS content should be checked first. Because mitochon-
dria harbor PS decarboxylase (PSD) that converts PS to PE
efficiently, their PS content is usually very low (around 2% of total
glycerophospholipids). In contrast, all other membrane compart-
ments contain much more PS (Fig. 4). Thus, if the amount of PS
detected in the mitochondria prep is higher than ~4% of the total
glycerophospholipid content, a contamination of the prep by con-
siderable amount of membranes from other cell organelles is very
likely. When multiple samples are analyzed simultaneously to see
an effect of, for example, a specific treatment, purity of mitochon-
dria among samples should be comparable. If counter-correlations
between PS and CL content are observed, it is possible that there
is a variation in purity of mitochondria among samples. In this
case, contamination of microsomal membrane by immunodetec-
tion of an abundant ER-resident protein (in our laboratory
Sec61 in yeast or PDI in mammalian cells are analyzed routinely;
see Fig. 1b) should be checked first. If variation in microsomal con-
tamination is evident, isolation of mitochondria should be done
again (see Note 14).

4 Notes

<

1. Any enzyme which digests B-glucan in the cell wall of yeast can
be used, but the specific activity as well as the purity of the
enzyme is critical. Different batches of the enzyme from the
same source can have different activities. The activity for the
lysis of yeast cells shall be determined by a titration experiment

Fig. 3 (continued) representative CL spectra of a lipid extract from mitochondria from HEK293 cells by Prec
575.5 (corresponding to DAG-OH 34:2) and that by Prec 577.5 (corresponding to DAG-OH 34:1) are overlaid.
Right panel. isotope precursor (upper panel) and product (lower panel) overlaps. M+2 isotopes of CL 68:5
(34:2/34:3), CL68:4 (34:2/34:2), and CL68:3 (34:2/34:1) overlap with monoisotopic CL 68:4 (34:1/34:3),
CL68:3 (34:1/34:2), and CL68:2 (34:1/34:1), respectively. For clarity, [M+3] and [M+4] isotopes as well as
other overlaps are not depicted



100

Takashi Tatsuta

45 Yeast

40 7 B vhole cell

. mitochondria

fraction in total phospholipids (%) =
w
o

o

60 -
HEK293

. whole cell

. mitochondria

50 -

40 A

30 A

20 A

10 -

fraction in total phospholipids (%)

0_

PC PE Pl PS PA PG CL

Fig. 4 Typical representation of the glycerophospholipid composition in whole
cell and isolated mitochondria of wild-type yeast cells grown in YP-gal (a) and of
HEK 293 cells grown in standard culture conditions (DMEM high glucose
GlutaMax, supplemented with 10% FCS and 100 pg/ml of each sodium pyruvate
and nonessential amino acids) (b). Data represents the mean of three biological
replicates with SEM

when batch of the enzyme is changed. We are currently using
Iyticase from Arthrobacter lutens (Sigma 1.2524).

2. We are using Optima L-80 XP ultracentrifuge with SW-41Ti
rotor and thinwall Ultra-Clear™, 13.2 mL tubes, all from
Beckman Coulter.

3. In the homogenizer, optimal spacing between glass cylinder and
plunger is critical to avoid disruption of nucleus that causes
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undesirable release of nuclear DNA and contamination of the
mitochondrial fraction by nuclear membranes. For homogeni-
zation of yeast spheroplasts, we are currently using the hand
homogenizer from Sartorius. We ordered several sets of borosili-
cate glass cylinder and glass plunger (with “S” clearance) and
chose a set having appropriate clearance (ca. 0.03 mm) by com-
paring the yield and the intactness of isolated mitochondria. The
best set brings high yield and the majority of isolated mitochon-
dria remain intact. The intactness of mitochondria can be veri-
fied by checking the protection of a protease-sensitive protein
residing at the intermembrane space (e.g., Ymel ) against exter-
nally added protease. For homogenization of mammalian cells,
we utilize motor-driven homogenizer (Potter S from Sartorius)
with 5 ml cylinder and plunger made of PTFE.

4. HEK293 cells bring the best yield and purity of mitochondria
by this procedure, but from other cell types (mouse embryonic
fibroblast (MEF), HeLa cells, primary immortalized fibro-
blast), mitochondria have successfully been isolated in our
hands, although the yield is lower.

5. The best way to check the cleanness of the material used is run-
ning whole lipid extraction and the MS procedure without
biological sample (blank run). If undesired peaks overlapping
with the peaks of target lipids appear in MS scan, the source of
contamination should be identified. It is highly recommended
to routinely do blank runs.

6. Although tubes and tips made of plastic should be avoided,
some high-quality tubes and tips (e.g., Eppendorf Safe-Lock
tubes and e.p. TIPS from Eppendort, ART tips from Thermo
Fisher Scientific) do not cause problems when prolonged con-
tact with chloroform is avoided.

7. We are currently using the following materials specifically:
chloroform (Roth 7331.2), methanol (Fisher A456-1), water
(Merck 1.15333.1000), 25% HCl (w/v, 7.75 N, VWR
20257.296), ammonium carbonate (Fluka 74,415), ammo-
nium acetate (Fluka 73,594), twin.tec PCR plate skirted color-
less (0030 128.648, Eppendorf), and Thermowell sealing tape
(6570, Corning).

8. Cells can be grown in synthetic complete (SC) medium if nec-
essary (e.g., to keep plasmids with auxotrophic markers).
Please note that the concentration of myo-inositol in the media
will affect the lipid profile in this case.

9. Keeping cells in log phase at least for four doubling times
before harvesting is necessary. Once the OD600 becomes over
4.0 during the upscaling phase, start cultivation of cells from
the overnight culture again.



102 Takashi Tatsuta

10.

11.

12.

13.

14.

The amount of mitochondria loaded on a gradient is critical
for the proper sedimentation of mitochondria in a gradient.
Overloading causes impurity of mitochondria. I recommend
setting up multiple tubes when >10 mg crude mitochondrial
fraction is obtained. When the amount of crude mitochondria
is less than 10 mg, resuspend all in 2 ml buftter, and proceed to
sedimentation centrifugation. However, we often observe low
yield when less than 2 mg crude mitochondria are used.

MAM fraction can be isolated by collecting the low density
fraction, diluting it with 5x volume of buffer A and harvesting
by ultracentrifugation (1 h, 100,000 x 4).

CDP-DAG and PGP are the intermediate lipid species which
are produced during the synthesis of CL, and their accumula-
tions in mitochondria are hallmarks of CL synthesis defect.
They are highly water soluble and not efficiently dissolved into
methanol from the lipid film after evaporation of solvent. Thus,
we take 20 pL chloroform phase before the water-wash step in
one-step lipid extraction protocol (step 7 in Subheading
3.3.1), mix it with 40 pL. 37.5 mM ammonium acetate in
methanol /chloroform/water=1:1:0.05 (v/v/v), and inject it
directly into the mass spectrometer. Because an IS for PGP is
not available, the peak intensity from PG 17:0,/14:1 is used for
normalization.

The procedure to integrate correction factors into a “target
method” has been described in Ozbalci et al. [12].

There are many possible reasons for the impurity of mitochon-
dria. The first thing that should be carefully controlled is the
growth conditions. Try to avoid overgrowing or stress during
the cultivation of cells. One annoying situation (which is
unfortunately not rare) is that the experimental setting of
interest imposes a change in the behavior of mitochondria dur-
ing the sedimentation centrifugation. In this case, optimiza-
tion of the gradient sedimentation step will be necessary to
obtain pure mitochondria.
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Chapter 8

Detection of Cysteine Redox States in Mitochondrial
Proteins in Intact Mammalian Cells

Markus Habich and Jan Riemer

Abstract

Import, folding, and activity regulation of mitochondrial proteins are important for mitochondrial function.
Cysteine residues play crucial roles in these processes as their thiol groups can undergo (reversible) oxidation
reactions. For example, during import of many intermembrane space (IMS) proteins, cysteine oxidation
drives protein folding and translocation over the outer membrane. Mature mitochondrial proteins can
undergo changes in the redox state of specific cysteine residues, for example, as part of their enzymatic
reaction cycle or as adaptations to changes of the local redox environment which might influence their
activity. Here we describe methods to study changes in cysteine residue redox states in intact cells. These
approaches allow to monitor oxidation-driven protein import as well as changes of cysteine redox states in
mature proteins during oxidative stress or during the reaction cycle of thiol-dependent enzymes like
oxidoreductases.

Key words Cysteine, Intermembrane space (IMS), Mia40, Oxidative folding, Redox state, Thiol
modification

1 Introduction

Of the 20 proteinaceous amino acids, cysteines are least abundant in
proteins [1]. However, when present, cysteines are often conserved
and fulfill important functions, for example, in active centers of
enzymes (e.g., aldehyde dehydrogenases [2, 3], thiolases [4—6], and
oxidoreductases [7, 8]), during the (oxidative) folding of proteins
and the formation of multiprotein complexes [9, 10], and in the
regulation of enzyme activities, localizations, and stabilities (for
review, see [11]) [12-14] (Fig. 1a). The functionality of a cysteine
residue is based on its thiol group which, in its deprotonated thiolate
form, exhibits high reactivity toward electrophilic groups and can
thereby undergo various modifications (Fig. 1b). These modifica-
tions include the oxidation of thiol groups to the oxygen-containing
species sulfenic, sulfinic, and sulfonic acid, but also the formation of
disulfide-linked forms like glutathionylated cysteine residues.
Moreover, cysteine residues can become nitrosylated [15].

Dejana Mokranjac and Fabiana Perocchi (eds.), Mitochondria: Practical Protocols, Methods in Molecular Biology, vol. 1567,
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Fig. 1 Functions and different forms of cysteines in intact cells. (a) Cysteines fulfill numerous functions in
proteins. Cysteines are important for the formation of disulfide-linked multiprotein complexes as in immuno-
globulins (lg) in which disulfide bonds connect individual Ig chains [9]. In active centers of enzymes, cysteines
often have essential functions in enzymatic catalysis such as in aldehyde dehydrogenases [2, 3] or thiolases
[4-6] in which the reactive cysteine was found to covalently react with NADP+ or to form an acyl-thioester
intermediate with the substrates, respectively. Also oxidoreductases such as DsbA and DsbB in the bacterial
periplasm or Mia40 in the IMS functionally rely on reactive cysteines [7, 8]. Regulatory functions of cysteines
can influence protein activity, localization, and stability. Protein activity can be influenced in a thiol switch
manner as in the endoplasmic reticulum (ER)-sulfhydryl oxidase Ero1 which can be reversibly inactivated by
disulfide bond formation between regulatory cysteines [14]. Influences on protein localization were, for
example, reported for the cytosolic transcription factor Yap1 which translocates into the nucleus upon oxida-
tion [12]. Protein stability can be regulated by cysteines as reported for Cdc25C—a protein which is involved
in cell cycle progression and which was suggested to be degraded upon oxidation upon oxidative stress
conditions [13]. In protein folding cysteines play important roles as disulfide bonds are essential for many ER,
IMS, and periplasmic proteins to acquire their native fold [10]. (b) Cysteine modifications. Cysteines can be
present in a reduced or oxidized state. In their reduced form cysteines are present as thiols. In their oxidized
state, they can, for example, be present as intra- or intermolecular disulfide bonds, glutathionylated proteins,
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1.1 Redox State
Changes

of Nonstructural
Cysteine Residues

<

In this chapter we will present approaches to analyze changes
in cysteine redox states: (1) in the course of redox regulation and
activity of mitochondrial enzymes (nonstructural disulfide bonds)
and (II) during oxidation-dependent protein import into mito-
chondria (formation of structural disulfide bonds; Fig. 1c).

Nonstructural cysteine residues in mitochondrial proteins can
exhibit different redox states. For example, cysteine residues in oxi-
doreductases undergo reversible redox state changes during the
catalytic cycles of the enzymes, or mitochondrial enzymes can be
modulated in their activity by specific cysteine modifications (“thiol
switch”; for review, see [7]).

For both oxidative folding and redox state changes in mature
proteins, a tight control by multiple often redundant redox sys-
tems is required. During experimental analyses, these redox sys-
tems are often perturbed or destroyed (e.g., during cell lysis).
Therefore, great care has to be taken to preserve the respective
redox situation found in intact cells. To this end, two different
approaches exist: rapid acidification (and lysis) of cells using, for
example, trichloroacetic acid (TCA), and blockage of reduced thi-
ols by the membrane-permeable thiol-reactive compound
N-ethylmaleimide (NEM). With the former approach, otherwise
reactive thiols are reversibly protonated and thus nucleophilic
attacks on targets are prevented. NEM covalently modifies reduced
thiols and thus likewise prevents further reactions. To subsequently
identify the redox state of specific thiols, their reactivity in the
thiolate state is used to modify them with thiol-reactive probes
(Fig. 2a). There are several thiol-reactive probes which difter in the
nature of their reactive group, but all have in common that they
add a certain molecular mass to each free thiol of a protein. This
additional mass leads to a slower migration in SDS-PAGE (i.e., a
shift) compared to a non-modified protein (Fig. 2b). Among the
thiol-reactive probes, the most commonly used are haloalkyls
(iodoacetamide, iodoacetic acid) and maleimides (NEM, AMS,
mm(PEG),).

Fig. 1 (continued) or oxygen-containing forms sulfenic, sulfinic, and sulfonic acid. (¢) Redox state changes in
mitochondrial proteins. () Redox state changes of nonstructural cysteine residues. Nonstructural cysteines
can change their redox state reversibly from a reduced state to various oxidized species and vice versa.
These changes occur during the catalytic cycle of mitochondrial enzymes or during the modulation of mito-
chondrial enzyme activity. (Il) Oxidation-dependent protein import/oxidative folding. Many proteins of the IMS
contain highly conserved cysteines (e.g., twin CX34C proteins). After their synthesis in the cytosol, they are
present as reduced and unfolded precursors. During the import over the OM via the Mia40/ALR system, they
become oxidized, thereby reaching their native fold containing stable disulfide bonds
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Fig. 2 Approaches to monitor protein redox states. (a) Protein thiol modification. Maleimides and haloalkyls are
the most commonly used thiol-reactive probes and differ in the length of their nonreactive rest (R) and thus in
molecular weight (MW). After deprotonation of a thiol, the thiolate anion performs a nucleophilic attack on the
thiol-reactive probe resulting in a thioether-linked product. (b) Shift assay to determine suitable thiol-reactive
probe for the 6-cysteine-containing protein FOXRED1. The addition of thiol-reactive probes to a protein
increases its mass which leads to a slower migration on SDS-PAGE compared to an unmodified protein (i.e.,
“shift”). Here, cellular proteins were precipitated using TCA and dissolved in Laemmli buffer in presence or
absence of the reductant TCEP (—/+ TCEP). Samples were treated with the thiol-reactive probes NEM, AMS,
mm(PEG),2, mm(PEG),4, and mm(PEG),;, which are indicated to modify reduced thiols. Subsequently, the sam-
ples were analyzed by SDS-PAGE and immunoblotting. In TCEP-treated samples, all cysteines of the protein
became reduced and modified by the thiol-reactive probes. Note the different shift heights obtained by differ-
ent probes. For FOXRED1 mm(PEG),, was determined as a suitable thiol-reactive probe because it resulted in
a high shift (compared to NEM, AMS, or mm(PEG),,) with a high signal intensity (compared to AMS) and normal
migration behavior (compared to mm(PEG); ()
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1.2 Oxidation-
Dependent Protein
Import/Oxidative
Folding

Mitochondrial proteins become imported into mitochondria via
different pathways. Many IMS proteins rely on an oxidation-
dependent import pathway (e.g., twin CXj;,9C proteins) [10, 16—
19, 20]. These proteins contain conserved cysteines and are
synthesized in the cytosol as reduced and unfolded precursors.
During translocation over the outer membrane (OM) of mito-
chondria, they undergo thiol oxidation by the mitochondrial
oxidoreductase Mia40 (Fig. 1c). They thereby acquire stable struc-
tural disulfide bonds. Defects in mitochondrial oxidation-depen-
dent import can manifest in human disease like the
Mohr-Tranebjaerg syndrome /deafness—dystonia syndrome where
a cysteine of the twin CX;C protein Timm8a is mutated, leading to
decreased mitochondrial Timm®8a levels [21, 22].

The methods described in the following allow analyzing the
redox state of mitochondrial proteins and dissecting mitochondrial
translocation events in intact mammalian cells. First we describe
the shift assay that allows to determine the optimal thiol-reactive
probe for modifying the protein of interest. Then we describe two
methods to analyze the redox states of cysteine residues in the pro-
tein of interest. Finally, we describe a method that allows to follow
oxidative folding of Mia40/ALR substrates during their import
into the IMS. This approach employs multiple sequential steps: a
radioactive pulse-chase approach followed by thiol modification
and immunoprecipitation (IP).

2 Materials

2.1 Gell Culture

1. HEK293 cells (see Note 1).

2. Complete medium: Dulbecco’s modified Eagle medium
(DMEM) with 4500 mg/L p-glucose, sodium bicarbonate,
and r-glutamine (Sigma-Aldrich). Add 10 % (v/v) fetal calf
serum (FCS, Sigma-Aldrich) and dilute a 100x penicillin/
streptomycin stock solution (GE Healthcare) 1:100. Store at
4 °C. Prewarm to 37 °C before use.

. Cell culture dishes: 100 mm, 35 mm dishes and 12-well plates.

. CO; incubator set at 37 °C and 5 % CO,.

. Laminar Flow Hood Class II.

. Vacuum suction pump. For removal of medium using sterile
glass Pasteur pipets.

AN Ul W

7. Autoclaved glass Pasteur pipets.

8. Pipetboy: electrical pipetting aid to transfer liquids using sero-
logical pipettes.

9. Serological pipettes: sterile individually packed 2, 5, 10, and
25 ml pipettes (Sarstedt).
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2.2 Shift Assay

10.

11.

12.

13.
14.

15.
16.
17.

[« S 2 BNV NI

Phosphate-buffered saline (PBS): purchased as powder with-
out Mg* and Ca?* (Merck Millipore) and dissolved in double-
distilled water. Sterilize by autoclaving before use in cell
culture. Store at 4 °C. Prewarm to 37 °C before use.

Trypsin—-EDTA: dilute a 10x Trypsin—-EDTA stock solution
(GE Healthcare) 1:10 with PBS. Store at 4 °C. Prewarm to
37 °C before use.

Poly-L-lysine: purchased as 0.01 % solution in water and sterile-
filtered. Store at 4 °C.

Sterile 50 ml “Falcon” tube.

Trypan blue. Trypan blue is a cell stain which stains dead cells
dark blue while live cells appear white. Solve trypan blue pow-
der in PBS to a final concentration of 0.01 % (w/v). Store at
RT.

Hemocytometer.
Inverse cell culture microscope.

Rubber policeman.

. One 12-well plate with HEK293 cells at 50 % confluency.
. Phosphate-buffered saline (PBS): purchased as powder with-

out Mg?* and Ca?* (Merck Millipore) and solved in double-
distilled water. Store at 4 °C. Keep on ice during experiment.

. Metal plate with the approximate dimensions of a 12-well plate.
. 8% (w/v) Trichloroacetic acid (TCA) in water. Store at 4 °C.
. 5% (w/v) TCA in water. Store at 4 °C.

. Nonreducing 1x Laemmli buffer: 2 % (w/v) SDS, 60 mM

Tris—-HCI pH 6.8, 10 % (v/v) glycerol, 0.0025 % (w/V) bro-
mophenol blue. Store at RT.

. Ix Laemmli buffer + TCEP: 2 % (w/v) SDS, 60 mM Tris—HCl

pH 6.8, 10 % (v/v) glycerol, 0.0025 % (w/v) bromophenol
blue, 10 mM Tris(2-chlorethyl)phosphate (TCEP). Store at RT.

. Thiol-reactive probes (see Note 2): stock solutions are prepared in

DMSO (see Note 3). 250 mM mm(PEG),, (Thermo Fisher);
250 mM mm(PEG),4 (Thermo Fisher); 150 mM mm(PEG);;0
(mPEG-MAL MW5000, Laysan Bio Inc.); 250 mM NEM
(Sigma-Aldrich); 75 mM 4-acetamido-4'-maleimidylstilbene-
2,2’-disulfonic acid (AMS; Molecular Probes). Thiol-reactive
probes are not stable in solution and should be protected from
light. Store as single-use aliquots at —20 °C.

. 1 M Tris-HCI, pH 8. Store at 4 °C.
10.
11.

Tip sonifier (e.g., UP50H, Hielscher) (see Note 4).

Antibodies for Western blot detection of protein of interest
(see Note 5).
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2.3 Direct Redox
State Determination

2.4 Inverse Redox
State Determination

P

. One 12-well plate with HEK293 cells at 50 % confluency.

. PBS: purchased as powder without Mg?* and Ca* (Merck
Millipore) and dissolved in double-distilled water. Store at 4 °C.
Keep on ice during experiment.

. Metal plate with the approximate dimensions of a 12-well
plate.

4. 8 % (w/v) TCA in water. Store at 4 °C.

10.

i

. 5% (w/v) TCA in water. Store at 4 °C.

. Thiol-reactive probe as determined in Subheading 3.2 Shift
assay.

. Nonreducing 1x Laemmli buffer: 2 % (w/v) SDS, 60 mM
Tris—-HCI pH 6.8, 10 % (v/v) glycerol, 0.0025 % (w/v) bro-
mophenol blue. Store at RT.

. 1x Laemmli buffer + TCEP: 2 % (w/v) SDS, 60 mM Tris—-HCI
pH 6.8, 10 % (v/v) glycerol, 0.0025 % (w/v) bromophenol
blue, 10 mM TCEP. Store at RT.

. 1 M Tris-HCI, pH 8. Store at 4 °C.

Antibodies for Western blot detection of protein of interest (see
Note 5).

. One 12-well plate with HEK293 cells at 50 % confluency.

. PBS: purchased as powder without Mg?** and Ca?* (Merck
Millipore) and dissolved in double-distilled water. Store at
4 °C. Keep on ice during experiment.

. Metal plate with the approximate dimensions of a 12-well
plate.

4. 500 mM diamide in water. Store at —20 °C.

10
11

. PBS—diamide: 1 mM diamide in PBS. Use 500 mM stock of
diamide and dilute it in PBS. Prepare freshly and store at 37 °C
for experiment.

. 9.8 M H,0, in water. Store at 4 °C.

. PBS-H,0O,: 1 mM H,0O, in PBS. Use 9.8 M stock of H,O, and
dilute it in PBS. Prepare freshly and store at 37 °C for
experiment.

. 250 mM NEM in DMSO (see Note 3). Note that thiol-reactive
probes are not stable in solution and should be protected from
light. Store aliquots at —20 °C.

. PBS-NEM: 20 mM NEM in PBS. Use 250 mM NEM stock
and dilute it in PBS. Prepare freshly and store on ice for
experiment.

. 8% (w/v) TCA in water. Store at 4 °C.
. 5% (w/v) TCA in water. Store at 4 °C.
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12.

13.

14.

15.

2.5 Oxidative Folding 1.

of Mitochondrial IMS
Proteins

2.5.1 Radioactive
Pulse Chase

2.5.2  Thiol Modification 1.

2.5.3 Denaturing 1.

Immunoprecipitation

Thiol-reactive probe as determined in Subheading 3.2 Shift
assay.

Nonreducing 1x Laemmli buffer: 2 % (w/v) SDS, 60 mM
Tris=HCI pH 6.8, 10 % (v/v) glycerol, 0.0025 % (w/v) bro-
mophenol blue. Store at RT.

1x Laemmli buffer + TCEP: 2 % (w/v) SDS, 60 mM Tris—HCI
pH 6.8, 10 % (v/v) glycerol, 0.0025 % (w/v) bromophenol
blue, 10 mM TCEP. Store at RT.

Antibodies for Western blot detection of protein of interest
(see Note 5).

Starve medium: DMEM with 4500 mg/L p-glucose and
sodium bicarbonate, without L-methionine, without L-cyste-
ine, and without r-glutamine (Sigma-Aldrich). Add 1 M
Hepes-KOH pH 74 to a final concentration of
100 mM. Prewarm to 37 °C for experiment.

. Pulse medium: use starve medium and add [*S]-1.-methionine/

[3°S]-L-cysteine to a final concentration of 100 pCi/ml (see
Notes 6-8). Prewarm to 37 °C for experiment.

. 1 M Hepes-KOH pH 7.4. Sterile filter before use and store

at 4 °C.

. Chase medium: use DMEM with 4500 mg/D-glucose, sodium

bicarbonate, and L-glutamine (Sigma-Aldrich) and add 10 mM
L-methionine (prepare a 100 mM methionine stock solution in
50 ml medium; sterilize by filtration and add it to 400 ml
medium). Add 1 M Hepes-KOH pH 7.4 to a final concentra-
tion of 100 mM (50 ml; see Note 9).

. Metal plate with the approximate dimensions of a 12-well

plate.

. 8% (w/v) TCA in water. Store at 4 °C.
. 5% (w/v) TCA in water. Store at 4 °C.

. Vacuum suction pump (see Note 10).

Buffer A: 6 M urea, 0.2 M Tris-HCI pH 7.5, 10 mM EDTA,
2 % SDS. Store at RT. (se¢ Note 11).

. 20 mM Tris(2-chlorethyl)phosphate (TCEP) in water. Adjust

pH 7 using 1 M pH-unadjusted Tris (see Note 12). Store
aliquots at —20 °C.

. Thiol-reactive probe as determined in Subheading 3.2 Shift

assay.

Protein A Sepharose beads: usually supplied as 50 % slurry.
If purchased as lyophilized powder, activate the beads as
described by the manufacturer. Aliquots of activated beads can
be stored for several months at 4 °C.
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2.6 Translocation
of Mitochondrial
Proteins

2.6.1 Radioactive
Pulse Chase

2.6.2 Cell Fractionation

2.

Antibodies against the protein of interest which are suited for
immunoprecipitation (IP; see Notes 5 and 13).

. IP bufter: 30 mM Tris—-HCI pH 8.1, 100 mM NaCl, 5 mM

EDTA. Store at 4 °C.

. IP buffer + Triton X-100: prepare a 20 % (v/v) solution of

Triton X-100 in water, and use it to prepare a 1 % solution and
a 2.5 % solution in IP buffer (see Note 14). Store at 4 °C.

. Buffer A: 6 M urea, 0.2 M Tris-HCI pH 7.5, 10 mM EDTA,

2 % SDS. Store at RT (see Note 11).

. 1x Laemmli buffer: 2 % (w/v) SDS, 60 mM Tris—HCI pH 6.8,

10 % (v/v) glycerol, 0.0025 % (w/v) bromophenol blue (see
Note 15). Store at RT.

. Starve medium: DMEM with 4500 mg/L b-glucose and

sodium bicarbonate, without L-methionine, without L-cysteine,
and without 1-glutamine (Sigma-Aldrich). Add 1 M Hepes-
KOH pH 7.4 to a final concentration of 100 mM. Prewarm to
37 °C for experiment.

. Pulse medium: use starve medium and add [**S]-r-methionine /

[*°S]-L-cysteine to a final concentration of 100 pCi/ml (see
Notes 6-8). Prewarm to 37 °C for experiment.

. 1 M Hepes-KOH pH 7.4. Sterile filter before use and store

at 4 °C.

. Chase medium: use DMEM with 4500 mg/D-glucose, sodium

bicarbonate, and 1-glutamine (Sigma-Aldrich) and add 10 mM
L-methionine (prepare a 100 mM methionine solution in
50 ml medium; sterilize by filtration and add to 400 ml
medium). Add 1 M Hepes-KOH pH 7.4 to a final concentra-
tion of 100 mM (50 ml; se¢ Note 16).

. Metal plate with the approximate dimensions of a 12-well

plate.

. Vacuum suction pump (see¢ Note 10).

. Metal plate with the approximate dimensions of a 12-well

plate.

. Fractionation buffer: 20 mM Hepes-KOH pH 7.4, 250 mM

Sucrose, 50 mM KCI, 2.5 mM MgCl, 1 mM DTT. Prepare
freshly and store on ice for experiment.

. Digitonin: prepare a 2 % (w/v) stock solution in water (see

Note 17). Store aliquots at —20 °C.

. Fractionation buffer + 0.005 % digitonin: add 2 % digitonin

stock to fractionation buffer to a final digitonin concentration
ot 0.005 %. Prepare freshly and store on ice for experiment.

. TCA: prepare a 50 % (w/v) solution in water. Store at 4 °C.



114 Markus Habich and Jan Riemer

2.6.3 Denaturing
Immunoprecipitation

1. Protein A Sepharose beads: usually supplied as 50 % slurry.
If purchased as lyophilized powder, activate the beads as
described by the manufacturer. Aliquots of activated beads can
be stored for several months at 4 °C.

2. Antibodies against the protein of interest which are suited for
immunoprecipitation (IP; see Notes 5 and 13).

3. IP buffer: 30 mM Tris—HCI pH 8.1, 100 mM NaCl, 5 mM
EDTA. Store at 4 °C.

4. IP bufter + Triton X-100: prepare a 20 % (v/v) solution of
Triton X-100 in water, and use it to prepare a 1 % solution and
a 2.5 % solution in IP buffer (see Note 14). Store at 4 °C.

5. Bufter A: 6 M urea, 0.2 M Tris-HCI pH 7.5, 10 mM EDTA,
2 % SDS. Store at RT (see Note 5).

6. 1x Laemmli buffer: 2 % (w/v) SDS, 60 mM Tris-HCI pH 6.8,
10 % (v/v) glycerol, 0.0025 % (w/v) bromophenol blue (see
Note 15). Store at RT.

3 Methods

3.1 Cell Culture

In our lab we routinely use HEK293 cells for redox experiments.
Their fast growth and ease of cultivation make them a good model
to study fundamental biochemical questions in human cells. We
culture HEK293 cells in high glucose medium supplemented with
10 % fetal calf serum and a penicillin /streptomycin antibiotic mix.
For passaging purposes we use 100 mm cell culture dishes and
dilute them when they reach a confluency of circa 90 % into a fresh
100 mm dish. For experiments we use 12-well plates or 35 mm
dishes which we coat with poly-1-lysine to ensure that cells adhere
tightly to the dish surface.
Our cultivation protocol is as follows:

1. Cultivate HEK293 on 100 mm cell culture dishes in 10 ml
complete medium in an incubator at 37 °C and 5 % CO, until
they reach a confluency of 90 %.

2. Transfer the dish and all the necessary material into a laminar
flow hood (see Note 18).

3. Remove the medium with the vacuum suction pump.

4. Rinse the cells with 10 ml PBS by carefully releasing the PBS
from a serological pipette at the edge of the dish.

5. Remove PBS and add 1 ml Trypsin—EDTA dropwise onto the
cells.

6. Incubate the dish 5 min at 37 °C and 5 % CO, until cells detach
from the dish. Check this by tilting the plate and flicking it
with your hand.
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3.2 Shift Assay

7.

10.

11.

12.

Transfer the plate back into the laminar flow hood and add
9 ml complete medium.

. Resuspend and singularize the cells by sucking the cell suspen-

sion into a 10 ml serological pipette and releasing it with the
motor of the Pipetboy, while the pipette tip is pressed softly
onto the dish bottom.

. Transter 1 ml cell suspension into a fresh 100 mm dish containing

9 ml fresh complete medium.

Move the dish with the diluted cell suspension in the shape of
an “8” to distribute the cells on the plate.

Transfer the 10 cm dish into the incubator and cultivate at
37 °Cand 5 % CO,.

Observe cell growth under a microscope daily.

To seed cells for experiments onto 12-well plates or 35 mm

dishes proceed as follows:

1.

Coat 35 mm dishes with 750 pl poly-L-lysine (500 pl per well
of a 12-well plate) and incubate them for 10 min at RT.

. Remove poly-1-lysine (can be reused) and let the dishes dry for

1 h at RT.

. Wash coated dishes 2x with 1 ml PBS.

4. Use a 100 % confluent HEK293 10 c¢cm dish and follow the

9.

cultivation protocol above beginning from step 2 until step 8
to obtain a cell suspension.

. Transfer the cell suspension into a sterile 50 ml Falcon tube.

. Transfer 50 pl cell suspension into a 1.5 ml tube. Add 50 pl

trypan blue and mix by pipetting.

. Pipet a few pl of the trypan blue-cell suspension into the

counting chamber of a hemocytometer, and determine cell
concentration using a microscope.

. Dilute the cells in a fresh 50 ml Falcon tube and seed 250,000

cells in 2 ml (35 mm dish) or 100,000 cells in 1 ml (per well of
12-well dish) (see Note 19).

After 2 days continue with the experiment.

Numerous thiol-reactive probes are available to examine the redox
state of a protein (Fig. 2a). The main differences between ditferent
thiol-reactive probes are the lengths of the nonreactive part of the
probe as well as the charge and hydrophobicity of this part. This
leads to altered protein properties after modification and thus dur-
ing sample processing. Due to these changes the modified proteins
might show unexpected behavior in SDS-PAGE, Western blotting,
and antibody detection (immunoblotting or immunoprecipitation
(IP); see Note 20). Often, the use of high molecular mass probes
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leads to large shifts but at the cost of signal intensity as the transfer
efficiency from SDS-PAGE onto membranes decreases. Therefore,
it is necessary to determine the best thiol-reactive probe for each
individual protein. To examine which probe is best suited for the
protein of interest, a shift assay is performed in which proteins are
completely reduced, subsequently modified with various probes,
and detected via immunoblotting (Fig. 2b).

1.

11.
12.
13.

14.

15.

16.

For each sample, use one well of cells from a 12-well plate. For
the method described here, seven wells are required: untreated,
unmodified, NEM-modified, AMS-modified, mm(PEG),,-
modified, mm(PEG),,-modified, and mm(PEG);;,-
modified samples. HEK293 cells should not exceed 50 %
confluency at the day of the experiment (see Note 21).

. Put the 12-well plate on an ice-cold metal plate—from now on

work on ice until step 12.

. Remove the growth medium and wash cells with 1 ml ice-cold

PBS per well. To not detach the cells, let the PBS carefully flow
from the edge into the well. Do so well per well.

. After PBS was added to all wells, remove PBS from each well

and add 500 pl 8 % ice-cold TCA. Do this with all wells.

. Scratch the cells off from the plate using a rubber policeman

(see Note 22). Transfer the cells in 1.5 ml reaction tubes. Label
the tubes with the seven sample names (see above).

. Incubate the samples at —20 °C for at least 1 h or overnight

(see Note 23).

. Thaw the samples at RT and precipitate denatured proteins at

4 °C for 15 min at 13,000 x 4.

. Remove the supernatant and add 900 pl ice-cold 5 % TCA

to each tube. Vortex briefly to wash the TCA pellet in the
5 % TCA.

. Centrifuge the samples at 4 °C for 15 min at 13,000 x g4.
10.

Remove the supernatant and centrifuge the samples at 4 °C for
1 min at 13,000 x 4.

Remove the remaining TCA completely (see Note 24).

From now on work at RT (se¢ Note 25).

Add 30 pl 1x nonreducing Laemmli buffer to untreated
sample.

Add 30 pl Ix Laemmli buffer + TCEP to unmodified
sample.

Add 28.2 pl 1x Laemmli buffer + TCEP to NEM-modified
sample (see Note 26).

Add 24 pl 1x Laemmli buffer + TCEP to AMS-modified sample
(see Note 26).
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3.3 Direct Redox
State Determination

17. Add 28.2 pl 1x Laemmli buffer + TCEP to mm(PEG),,-
modified sample (se¢ Note 26).

18. Add 28.2 pl 1x Laemmli buffer + TCEP to mm(PEG),4-
modified sample (sec Note 26).

19. Add 27 pl Ix Laemmli buffer + TCEP to mm(PEG);,-
modified sample (se¢ Note 26).

20. Usually TCA-precipitated samples are still acidic at this step
(i.e., yellow-colored Laemmli). Adjust pH by adding 1-2 pl 1 M
Tris pH 8 stepwise until the sample becomes blue (see Note 24).

21. Sonicate all samples at RT with ten strokes using a tip sonifier
to dissolve precipitated proteins (see Notes 4, 27 and 28).

22. Incubate samples for 15 min at 45 °C (se¢ Note 29).

23. Incubate samples for 5 min at RT to cool down and add thiol-
reactive probe to a final concentration of 15 mM, as described
in the following steps.

24. Untreated sample: leave untreated.
25. Unmodified sample: leave untreated.

26. NEM-modified sample: add 1.8 pl 250 mM NEM (see Note
26).

27. AMS-modified sample: add 6 pl 75 mM AMS (see Note 26).

28. mm(PEG);,-modified sample: add 1.8 pl 250 mM mm
(PEG);, (see Note 26).

29. mm(PEG),4,-modified sample: add 1.8 pl 250 mM mm
(PEG),4 (see Note 26).

30. mm(PEG),;p-modified sample: add 3 pl 150 mM mm
(PEG)110 (see Note 26).

31. Incubate all samples for 1 h at RT in the dark (see Note 30).

32. Analyze the samples by SDS-PAGE (see Note 31) and immu-
noblotting against the protein of interest. An example of such
an experiment is shown in Fig. 2b.

With this experiment the redox state of a protein can be deter-
mined at steady state in intact cells. It can be used to show that a
protein is completely reduced, completely oxidized, and semi-
oxidized or that the protein is present as populations of either
redox state (see Note 32, Fig. 3a). In a direct redox state determi-
nation experiment, a thiol-reactive probe is used to modify reduced
but not oxidized thiols (Fig. 3b). This adds molecular mass to the
reduced cysteine residues of a protein which can be analyzed by
SDS-PAGE and subsequent immunoblotting (Fig. 3c¢).

To determine the redox state of a protein, always take along
reduced (maximum shift) and unmodified (no shift) control samples.
In addition, in situ controls in which intact cells are incubated
with cell-permeable reductants (e.g., 10 mM DTT) or oxidants
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Fig. 3 Determination of protein redox states at steady state in intact cells. (a) Example of a protein redox state.
A protein redox state can be either fully reduced, i.e., all cysteines are reduced; fully oxidized, i.e., all cysteines
are oxidized; or partially oxidized/reduced. An example for a partially oxidized redox state of an exemplary
protein Y is shown. Protein Y contains the three cysteines C1, C2, and C3. C1 and C2 occur in a CXC motif
(X=arbitrary amino acid). The cellular pool of protein Y consists of ten molecules where six out of ten molecules
contain a disulfide bond between C1 and C2 (i.e., C1 and C2 are oxidized), while four are completely reduced.
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(e.g., I mM diamide or 1 mM H,0,) can be performed. Before
performing a thiol modification experiment, the best thiol-reactive
probe should be determined for the protein of interest in a shift
assay as explained in Subheading 3.2.

1. For each sample, use one well of a 12-well plate. For the
method described here, three wells are required: unmodified,
maximum shift, and steady-state samples. HEK293 cells
should not exceed 50 % confluency at the day of the experiment
(see Note 21).

Fig. 3 (continued) Thus the protein is to 60 % partially oxidized as 60 % of the C1XC2 motif is oxidized and
40 % reduced. C3 is reduced in all molecules. (b) Direct redox state determination. In a direct redox state
determination, reduced thiols but not oxidized thiols become modified by thiol-reactive probes (AMS, mm(PEG)
n, etc.). This additional mass leads to a slower migration in SDS-PAGE (i.e., a shift; see maximum shift) com-
pared to an unmodified protein (see unmodified/oxidized). (c) Direct redox state determination for CPOX, a 14
cysteine-containing protein. Cellular proteins were precipitated using TCA and dissolved in Laemmli buffer in
the presence (maximum shift) or absence (unmod, steady state) of the reductant TCEP. After protein solubiliza-
tion the thiol-reactive probe AMS was added to modify reduced thiols (maximum shift, steady state).
Subsequently, the samples were analyzed by SDS-PAGE and immunoblotting. The distance between the
unmodified sample and the maximum shift sample shows the “highest” shift which can be obtained using the
combination of this protein and this thiol-reactive probe. In the unmodified sample no cysteine was modified,
while in the maximum shift sample 14 cysteines were modified with AMS. Since the protein signal in the
steady-state sample migrates at the height of the maximum shift sample, it can be concluded that CPOX is
completely reduced at steady state. Please note that the most suitable thiol-reactive probe should be deter-
mined for each protein individually, as explained in Subheading 3.2. (d) Inverse redox state determination. In
comparison to a direct redox state determination, this experiment is based on the shift of formerly oxidized
thiols and not of reduced thiols. First, reduced thiols of a protein are blocked with NEM after treatment of cells
(e.g., with H,0,, diamide, etc.). After blocking all reduced thiols with NEM, oxidized thiols become reduced by
the treatment with TCEP. The formerly oxidized thiols are modified by addition of a larger thiol-reactive probe
such as mm(PEG),, leading to a slower migration on SDS-PAGE (see maximum shift) compared to reduced
thiols which become modified with rather small NEM (see minimum shift). (e) Inverse redox state determina-
tion for VDAC2, a 9-cysteine-containing protein. HEK293 cells were treated for 5 min with 1 mM H,0, (H,0,)
and 1 mM diamide (diamide) or were left untreated. Afterward reduced thiols of steady-state sample, H,0,
sample, and diamide sample were blocked with NEM and then subjected to TCA precipitation, while the other
three were directly subjected to TCA precipitation without NEM treatment. Precipitated proteins were solubi-
lized in Laemmli buffer in presence of the reductant TCEP. Thiol modification was performed using NEM (mini-
mum shift) or mm(PEG),, (maximum shift, steady state, H,0,, diamide). Subsequently, the samples were
analyzed by SDS-PAGE and immunoblotting. The steady-state sample reveals that the protein is partially oxi-
dized at steady state. Treatment with the oxidants H,0, and diamide reveals that most but not all thiols are
susceptible to oxidation. Please note that mm(PEG),, was previously found to be the most suitable thiol-reactive
probe for VDAC2. The most suitable thiol-reactive probe should be determined for each protein individually, as
explained in Subheading 3.2. (f) Experimental steps of a direct and inverse redox determination. In both experi-
ments intact cells can be treated with chemicals such as oxidants (H,0,, diamide) or reductants (dithiothreitol,
DTT, not shown) to observe their effect in intact cells. By trapping the redox state either with rapid acidification
using TCA or blocking thiols using NEM, further disulfide exchange reactions are prevented. After protein pre-
cipitation using TCA and further solubilization in Laemmli buffer, formerly oxidized proteins are reduced by
TCEP in an inverse redox determination (but not in a direct redox determination). Finally, reduced cysteines are
modified with a thiol-reactive probe such as AMS, mm(PEG),, etc
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2.

11.
12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

Put the 12-well plate on an ice-cold metal plate—from now on
work on ice until step 12.

. Remove the growth medium and wash cells with 1 ml ice-cold

PBS per well. To not detach the cells, let the PBS carefully flow
from the edge into the well. Do so well per well.

. After PBS was added to all wells, remove PBS of each well and

add 500 pl 8 % ice-cold TCA. Do this with all wells.

. Scratch the cells off from the plate using a rubber policeman

(see Note 22). Transfer the cells in 1.5 ml reaction tubes. Label
the tubes with the respective sample name.

. Incubate the samples at —20 °C for at least 1 hour or overnight

(see Note 23).

. Thaw the samples at RT and precipitate denatured proteins at

4 °C for 15 min at 13,000 x g.

. Remove the supernatant and add 900 pl ice-cold 5 %

TCA. Vortex briefly to wash the TCA pellet in the 5 % TCA.

. Centrifuge the samples at 4 °C for 15 min at 13,000 x 4.
10.

Remove the supernatant and centrifuge the samples at 4 °C for
1 min at 13,000 x g4.

Remove the remaining TCA (see Note 24).
From now on work at RT (se¢ Note 25).

Add 30 pl nonreducing 1x Laemmli buffer to unmodified
sample.

Add 28.2 pl 1x Laemmli buffer + TCEP to maximum shift
sample (se¢ Note 26).

Add 28.2 pl nonreducing 1x Laemmli buffer to steady-state
sample (se¢ Note 26).

Usually TCA-precipitated samples are still acidic at this step
(i.e., yellow-colored Laemmli). Adjust pH by adding 1-2 pl
1 M Tris pH 8 stepwise until the sample becomes blue (see
Note 24).

Sonicate all samples at RT with ten strokes using a tip sonifier
to dissolve precipitated proteins (see Notes 4, 27, and 28).

After dissolving the pellet incubate Maximum shift sample
for 15 min at 45 °C (see Note 29). Keep the other samples at
RT during this time.

Incubate samples for 5 min at RT to cool down and add thiol-
reactive probe, as described in the following steps.

Add 1.8 pl 250 mM mm(PEG);, (see Note 26) to maximum
shift and steady-state samples and mix by pipetting.
Unmodified sample remains as is.

Incubate all samples for 1 h at RT in the dark (see Note 30).
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3.4 Inverse Redox
State Determination

22. Analyze the samples by SDS-PAGE (see Note 31) and immu-
noblotting against the protein of interest. An example of such
an experiment is shown in Fig. 3c.

The redox state at steady state can also be analyzed by an inverse
redox state determination (Fig. 3d). In an inverse redox state
experiment, not the reduced but the oxidized thiols result in a shift
on SDS-PAGE. This is achieved by a three-step experiment. In the
first step, reduced thiols are blocked in intact cells with a small
membrane-permeable thiol-reactive probe such as NEM (Fig. 3d).
In the second step, oxidized cysteine residues are reduced by treat-
ment with a strong reductant such as TCED after cell lysis. In the
third step, the previously oxidized thiols are modified with a larger
thiol-reactive probe such as mm(PEG),,. Consequently, previously
oxidized thiols become modified with the larger probe thus lead-
ing to a shift (Fig. 3d, e).

A comparison of direct and inverse redox shift experiments
highlights the respective critical steps (Fig. 3f). In the former
experiment, there is the danger of modifying reactive primary
amines; however also disulfide-linked dimers (intermolecular disul-
fide bonds) can be detected. Conversely, the inverse shift experi-
ment does not allow the detection of disulfide-linked oligomers
due to the TCEP reduction step. Instead, after thiol modification,
the protein fraction which was formerly disulfide linked to an inter-
action partner will migrate as fast as the fraction which formerly
contained an intramolecular disulfide bond. Disulfide-linked inter-
actions should be visualized in a direct redox state determination
analyzed by nonreducing SDS-PAGE (se¢e Notes 15 and 32).
However, in the inverse shift experiment, primary amines—if reac-
tive—are blocked by the small compound NEM and thus are not
susceptible to modifying by the larger thiol-reactive probe. This
conveys a high confidence that only cysteine modification results in
a shift. In addition, the inverse experiment can also be modified to
be performed without TCA precipitation thus avoiding a poten-
tially experimentally challenging step. In general both the direct
and the inverse redox state determination should be performed for
the protein of interest to obtain a comprehensive and confident
picture of the protein’s redox state.

We routinely prepare six samples in an inverse redox state
determination: (1) unmodified sample will show the migration
behavior of an unmodified, reduced protein of interest. The (2)
minimum shift sample will be reduced in vitro, and all cysteines
will be modified with the small thiol-reactive probe NEM only
indicating the migration behavior of a completely reduced protein
of interest. The (3) steady-state sample reflects the redox state in
intact cells, i.e., shows the different pools of a protein of interest
with different cysteine oxidation statuses. The (4) H202 sample
and (5) diamide sample are two samples with which one can test
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the susceptibility of a protein of interest to oxidation in situ, i.c., in
intact cells (see Note 33). Finally, the (6) maximum shift sample
will be reduced in vitro and modified with the larger thiol-reactive
probe, e.g., mm(PEG),4 only to indicate the migration behavior of
a completely modified and thus previously oxidized protein of
interest. In principle, an in situ DTT (reductant) treatment can
also be performed to test the stability of disulfide bonds. Since the
treatment is performed under physiological conditions at 37 °C,
only redox-active /regulatory disulfide bonds will usually become
reduced, while structural disulfide bonds remain intact. Before
performing a thiol modification experiment, the best thiol-reactive
probe should be determined for the protein of interest in a shift
assay as explained in Subheading 3.2.

1. For each sample, use one well from a 12-well plate. For the
method described here, six wells are required: unmodified,
minimum shift, steady-state, H202, diamide, and maxi-
mum shift samples. HEK293 cells should not exceed 50 %
confluency at the day of the experiment (se¢ Note 21).

2. For H202 and diamide samples (se¢e Note 33), remove
medium and add 1 ml PBS-H,0, and PBS—diamide, respec-
tively. Leave medium in the other wells and incubate the
12-well plate for 5 min at 37 °C.

3. Put the 12-well plate on an ice-cold metal plate—from now on
work on ice until step 13.

4. Start with removing the PBS-H,0, from H202 sample, the
PBS-diamide from the diamide sample, and the medium of
the steady-state sample and wash the cells with 1 ml ice-cold
PBS-NEM. Add 1 ml ice-cold PBS-NEM and incubate cells
for 10 min on ice.

5. During the 10 min incubation period, proceed with the
unmodified, minimum shift, and maximum shift samples
by removal of medium and washing of cells with 1 ml ice-cold
PBS. Remove PBS and add 500 pl 8 % ice-cold TCA. Keep the
samples as they are in the 12-well plate until step 7.

6. After the 10 min incubation of H202, diamide, and steady-
state sample in PBS-NEM, remove PBS-NEM and add 500 pl
8 % ice-cold TCA.

7. Scratch oft the cells of all wells from the plate using a rubber
policeman and transfer them to 1.5 ml reaction tubes. Incubate
the samples at —20 °C for at least 1 hour or overnight (see
Note 23).

8. Thaw all the samples at RT and precipitate denatured proteins
at 4 °C for 15 min at 13,000 x g.

9. Remove the supernatant and add 900 pl ice-cold 5 % TCA.
Vortex briefly to wash the TCA pellet in the 5 % TCA.
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3.5 Oxidative Folding
of Mitochondrial IMS
Proteins

10. Centrifuge the samples at 4 °C for 15 min at 13,000 x g.

11. Remove the supernatant and centrifuge the samples at 4 °C for
1 min at 13,000 x 4.

12. Remove the residual TCA (see Note 24).
13. From now on work at RT (see Note 25).
14. Unmodified sample: add 30 pl 1x Laemmli + TCED.

15. Minimum shift, steady-state, H202, diamide, and maximum
shift sample: add 28.2 pl 1x Laemmli + TCEP (see Note 26).

16. Usually TCA-precipitated samples are still acidic at this step
(i.e., yellow-colored Laemmli). Adjust pH by adding 1-2 pl
1 M Tris pH 8 stepwise until the sample becomes blue (see
Note 24).

17. Sonicate all samples at RT with ten strokes using a tip sonifier
to dissolve precipitated proteins (see Notes 4, 27, and 28).

18. Incubate all samples for 15 min at 45 °C (see Note 29).

19. Let the samples cool down for 5 min at RT and add thiol-
reactive probes, as described in the steps below.

20. Minimum shift sample: add 1.8 pl 250 mM NEM (sec Note 26).
16. Maximum shift sample, steady-state sample, H202
sample, and diamide sample: add 1.8 pl 250 mM mm(PEG),,
(see Note 26).

21. Unmodified sample: leave untreated.
22. Incubate the samples for 1 h at RT in the dark (se¢ Note 30).

23. Analyze the samples by SDS-PAGE (see Note 31) and immu-
noblotting against the protein of interest. An example of such
an experiment is shown in Fig. 3e.

The method described below is used to analyze oxidative folding
of IMS proteins with twin CX;,C motifs that become imported
into mitochondria by the Mia40/ALR system. This is an advanced
method that combines several individual methods (Fig. 4a).
A radioactive pulse-chase experiment is performed first (steps
1-16), followed by thiol modification (steps 17-23) and
immunoprecipitation under denaturing conditions (steps 24-44).
In the last steps, the samples are analyzed by SDS-PAGE and
autoradiography (steps 45-48).

During a pulse period, radioactive [**S]-L-methionine and
[33S]-1-cysteine are incorporated into newly synthesized proteins.
After the pulse, the radioactive labeling is stopped by an excess of
nonradioactive (“cold”) methionine and cysteine. During this
chase time, the radioactively labeled proteins undergo their normal
life cycle which, in the case of IMS proteins imported via the
Mia40/ALR system, includes their translocation across the outer
membrane that is coupled to the oxidation of their thiol groups by
Mia40 (see Note 34).
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Fig. 4 Radioactive pulse-chase experiments to monitor oxidative folding and translocation of mitochondrial
proteins. (a) General approach to monitor oxidative folding of mitochondrial IMS proteins. The scheme shows
steps used to analyze oxidative folding of IMS proteins with twin CX5/,C motifs whose import into mitochondria
is mediated by Mia40/ALR system. In radioactive pulse-chase experiments, proteins are labeled radioactively
and followed during different times of their biogenesis. First, during the starve period, cells are treated with
starve medium lacking methionine and cysteine to deplete respective cellular pools and to increase radioactive
labeling in the pulse period. During the pulse period, cells are treated with medium containing radioactive
[*S]-methionine and [*S]-cysteine which is incorporated into newly synthesized proteins, thereby labeling
them radioactively. Radioactive labeling is stopped by addition of chase medium which contains an excess of
nonradioactive (“cold”) methionine and cysteine. Different chase periods are used to examine the kinetics of
oxidative folding. After the chase, cellular processes are stopped by the addition of ice-cold TCA. The samples
are subjected to thiol modification, and the protein of interest is isolated using IP and further analyzed by SDS-
PAGE and autoradiography. (b) Analyzing oxidative folding of Cox19, a mitochondrial twin CX,C protein. HEK293
cells were treated with starvation medium for 15 min. After a pulse period of 5 min, chase medium was added
for 0,1, 4, 8,12, 0r 20 min. Cellular processes were stopped by the addition of ice-cold TCA. After protein solu-
bilization reduced thiols were modified using the thiol-reactive probe mm(PEG);,. The reduced control sample
(red) was treated with TCEP prior to the thiol modification. The unmodified sample (unmod) representing the
oxidized protein was not treated with a thiol-reactive probe. After isolation of the twin CX,C protein, samples
were analyzed by SDS-PAGE and autoradiography. Directly after the pulse period, the twin CX,C protein is
completely reduced (0 min) and becomes oxidized over time

Thiol modification is then used in a second step to investigate
the kinetics of protein oxidation. To preserve the redox state of
cysteines during lysis of cells, the radioactive pulse-chase experi-
ment is stopped after the chase by the addition of TCA. The sud-
den drop in pH leads to the protonation of reduced thiols which
become less reactive. Later, the pH can be increased again, and
reduced thiols can be specifically modified by a thiol-reactive probe
(e.g., AMS, mm(PEG),) which binds covalently to reduced but
not to oxidized thiols. This thiol modification adds molecular mass
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to a reduced protein of interest and can usually be easily seen as a
shift in running behavior of the protein in SDS-PAGE. To deter-
mine the redox state of a protein, a reduced (maximum shift) and
an unmodified (no shift) control sample have to be prepared.
Before performing a radioactive pulse-chase thiol modification
experiment, the thiol-reactive probe best suited for the protein of
interest should be determined in a shift assay as explained in
Subheading 3.2.

In the third step, the protein of interest has to be enriched by
immunoprecipitation (IP), since all cellular proteins are radioac-
tively labeled during the pulse step. The IP is performed under
denaturing conditions so that only the protein of interest and its
covalently linked interaction partners, but not its non-covalent
interaction partners, are enriched. The samples are finally analyzed
by SDS-PAGE and autoradiography.

1. For each sample, use one 35 mm dish of HEK293 cells at 50 %
confluency. In the protocol described below, eight dishes are
required: six for six chase time points and two for reduced and
unmodified control samples.

2. Add approximately 0.2 ml 1 M Hepes-KOH pH 7.4 to the
medium in the 35 mm dishes to reach a final concentration of
100 mM (see Note 16). Bring the dishes and the equipment to
the isotope lab.

3. Remove the complete medium (se¢ Note 10) and wash the
cells with 0.8 ml starve medium.

4. Add 0.8 ml starve medium to the cells and incubate them for
15 min in an incubator set at 37 °C (see Notes 3, 18, and 19).

. Remove the starve medium and add 0.8 ml pulse medium.
. Incubate cells for 5 min at 37 °C (see Notes 6, 35, and 36).

. Remove the pulse medium and add 0.8 ml chase medium.

o NN O »

. Incubate the dishes in an incubator set at 37 °C during the
chase period. For six chase time points, incubation times are 0,
1,4, 8, 12, and 20 min (se¢ Notes 34 and 37). Two control
samples are incubated for 20 min.

9. Remove the chase medium and add 950 pl ice-cold 8 % TCA.
Store the dish on an ice-cold metal plate until next step.

10. Scratch off the cells by using a rubber policeman and transfer
them into a chilled 1.5 ml reaction tubes (see Note 38).

11. Incubate the samples at —20 °C for at least 1 h or overnight
(see Note 23).

12. Thaw the samples at RT and precipitate denatured proteins
at 4 °C for 15 min at 13,000 x 4.

13. Remove the supernatant and add 900 pl ice-cold 5 % TCA.
Vortex briefly to wash the TCA pellet in the 5 % TCA.
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14

15.

16.
17.

18.

19.

20.
21.
22.
23.
24.

25.

26.

27.

28.
29.

30.

31.

Centrifuge the samples at 4 °C for 15 min at 13,000 x g.

Remove the supernatant and centrifuge the samples at 4 °C for
1 min at 13,000 x 4.

Remove the remaining residual TCA (see Note 24).

Add 60 pl buffer A to the TCA pellet of unmodified control
sample. Sonicate the sample at RT with ten strokes using a tip
sonifier to dissolve precipitated proteins (see Note 4). Boil for
5 min at 95 °C. Keep at RT until further processing.

Add 50 pl buffer A (see Note 26) to the TCA pellet of reduced
control sample and 6 pl 20 mM TCEP. Sonicate the sample at
RT with ten strokes using a tip sonifier to dissolve precipitated
proteins (see Note 4). Boil for 5 min at 95 °C. Cool down at
RT for 5 min and add 4 pl 250 mM mm(PEG),, (see Note 26)
and mix the sample. Keep at RT until further processing.

Add 56 pl buffer A (see Note 26) and 4 pl 250 mM mm(PEG);,
to the TCA pellets of six chase time point samples. Sonicate
the sample at RT with ten strokes using a tip sonifier to dissolve
precipitated proteins (see Note 4). Keep at RT until further
processing.

Incubate all the samples for 1 h at RT in the dark (se¢ Note 30).
Add 40 pl buffer A to all the samples.

Vortex and boil the samples for 5 min at 95 °C.

Let the samples cool down at RT for 5 min.

Add 900 pl IP buffer + 2.5 % Triton X-100 to all the samples
from step 23.

Invert the samples four times and incubate them for 30 min on
ice (see Note 39).

During the incubation time of step 25, protein A beads should
be prepared to be coupled to the antibody against the protein
of interest (see Notes 40 and 41). Therefore transter 160 pl
protein A beads with a precut pipet tip into a 1.5 ml reaction
tube (see Note 42).

Wash the beads 2x with 1 ml IP buffer + 1 % Triton X-100.
To do so, add the buffer, invert the tubes three times while
flicking the tip of the tube, and directly centrifuge it for 2 min
at 2000 x g and 4 °C.

Add 1 ml IP buffer + 1 % Triton X-100 to the beads.

Add 24 pl serum against the protein of interest to the beads
suspension (sec Note 13).

Incubate the beads—antibody suspension at 4 °C for 1 h under
gentle shaking.

Wash the beads 3x with 1 ml IP buffer + 1 % Triton X-100
(2000 x g, 2 min, 4 °C) and remove the supernatant.
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3.6 Translocation
of Mitochondrial
Proteins

32.

33.
34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.
47.
48.

Fill the 1.5 ml reaction tube to the 1 ml line with IP buf-
fer + 1 % Triton X-100.

Resuspend the beads properly in the solution.

Distribute 125 pl of the bead suspension to eight 1.5 ml reac-
tion tubes, one for each sample.

Store beads with coupled antibodies on ice until the samples
have been centrifuged (step 36) (see Note 40). The bufter
above the beads does not need to be removed.

Centrifuge the samples at 4 °C for 60 min at 25,000 x g (see
Note 43).

Transfer 750 pl of the supernatants each into one 1.5 ml reac-
tion tube with the antibody—bead conjugate.

Incubate the tubes over night at 4 °C on an end-over-end
rotator.

Centrifuge the beads at 4 °C for 2 min at 2000 x 4.

Remove the supernatant carefully (see Note 44). Wash the
beads 3x with 1 ml IP buffer+ 1 % Triton X-100 and 1x with
1 ml IP bufter without Triton X-100 (se¢ Note 45). To do so,
add the buffer, invert the tubes three times while flicking the
tip of the tube, and directly centrifuge it for 2 min at 2000 x g
and 4 °C.

Remove the supernatant of the last washing step using gel-
loading tips (see Note 46).

Centrifuge the beads at 4 °C for 2 min at 2000 x g to bring
down residual amounts of buffer.

Dry the beads completely using a 200 pl pipette and gel-
loading tips (see Note 46).

Add 40 pl 1x nonreducing Laemmli buffer (see Note 15) to
the beads and boil the samples for 5 min at 95 °C.

Spin down the samples briefly and analyze them by SDS-PAGE
(see Note 31).

Transfer proteins onto a nitrocellulose membrane and dry it.
Expose nitrocellulose membrane to an autoradiography film.
Depending on the amount of cells, pulse time, and protein
expression level, develop the autoradiography film after several

days up to several weeks (see Note 47). An example of such an
experiment is shown in Fig. 4b.

The majority of mitochondrial proteins are imported from the
cytosol into mitochondria via different pathways. These pathways
differ, for example, in their translocation kinetics. How fast a pro-
tein of interest is imported into mitochondria can be assessed by a
radioactive pulse-chase approach coupled to a cellular fractionation

(Fig. 5a).
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Fig. 5 Radioactive pulse-chase experiments to monitor oxidative folding and translocation of mitochondrial
proteins. (a) General approach to monitor mitochondrial translocation of mitochondrial proteins. The scheme
shows steps used to analyze the translocation of mitochondrial proteins. After a radioactive pulse-chase
experiment as described in Fig. 4, cellular processes are stopped by lowering the temperature to 4 °C, and
cells are fractionated to separate different subcellular compartments. Subsequently the protein of interest is
isolated using IP and further analyzed by SDS-PAGE and autoradiography. (b) Analyzing cellular localization of
Cmc3-HA, a mitochondrial twin CX4C protein during mitochondrial protein biogenesis. HEK293 cells expressing
a wild-type (WT) or a cysteine mutant of Cmc3-HA were treated with starve medium for 15 min. After a pulse
period of 10 min, chase medium was added for 0 or 20 min. Cellular processes were stopped by the addition
of ice-cold fractionation buffer containing 0.005 % digitonin. A low digitonin concentration permeabilizes the
plasma membrane but not mitochondrial membranes. In a centrifugation step the non-cytosolic fraction (mito)
was separated from the cytosolic fraction (cyto). After membrane permeabilization proteins were precipitated
using TCA. Subsequently, proteins were solubilized and WT or cysteine mutant of Cmc3-HA were isolated via
immunoprecipitation. Samples were analyzed by SDS-PAGE and autoradiography. Both WT and cysteine
mutant are mainly detected in the cytosol after 0 min of chase. After 20 min the WT accumulates in the non-
cytosolic fraction, while the cysteine mutant does not

In such an experiment the radioactive pulse-chase approach is
performed as described in Subheading 3.5. The chase is stopped by
adding ice-cold fractionation buffer which contains a low concen-
tration of the mild detergent digitonin (se¢e Note 17). With the
appropriate digitonin concentration, only the plasma membrane of
the cells and not the OM of mitochondria is permeabilized, thus
leading to diffusion of cytosolic proteins into the buffer. Proteins
which became imported into mitochondria do not diftuse into the
buffer as they are protected by mitochondrial membranes. After
solubilization of the plasma membrane, the non-cytosolic fraction
(containing mitochondria) is separated from the cytosolic fraction
by centrifugation. Optional washing steps or treatments with pro-
teases like trypsin can be used to improve the quality of the results.
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Subsequent immunoprecipitation of the protein of interest from
both fractions and analysis by SDS-PAGE and autoradiography reveals
the localization of the protein of interest at a given chase time.

1.

10.
11.

12.
13.

14.

For each sample, use one 35 mm dish of HEK293 cells at 90 %
confluency (see Note 48). In the protocol described below,
two dishes are needed. One for the 0 min chase time point and
one for the 20 min chase time point.

. Follow steps 2—7 of Subheading 3.5. At step 6 incubate the

cells in pulse medium for 10 min at 37 °C instead of 5 min.

. After adding the chase medium in step 7, incubate the cells for

0 or 20 min at 37 °C.

. Remove the chase medium and add 800 pl ice-cold fraction-

ation buffer to each dish. Immediately transter the cells onto
an ice-cold metal plate. Scratch off the cells carefully by using
arubber policeman. Transfer the cells each into a chilled 1.5 ml
reaction tube.

. Incubate the samples on ice for 20 min. Mix the samples by

inverting the tubes every 5 min.

. Centrifuge the cells at 4 °C for 2 min at 300 x g4 and directly

afterward for 4 min at 10,000 x g (see Note 49).

. Transfer the supernatants without touching the pellet each

into a fresh 1.5 ml reaction tube [§ = supernatant].

. Add 152 pl ice-cold 50 % TCA to the supernatant. Mix using

a vortex and incubate for at least 1 h at —20 °C (see Note 23).

. Add 800 pl ice-cold titration buffer + 0.005 % digitonin to the

pellet (see Note 50).
Resuspend the pellet by using the pipette.

Add 152 plice-cold 50 % TCA to the sample. Mix the samples
using a vortex and incubate for at least 1 h at =20 °C [P = pel-
let] (see Note 23).

Follow steps 11-16 of the Subheading 3.5.

Add 100 pl buffer A to the TCA pellets. Sonicate the sample at
RT with ten strokes using a tip sonifier to dissolve precipitated
proteins (see Note 4). Boil for 5 min at 95 °C. Let the samples
cool down for 5 min at RT and keep them at RT until further
processing.

Transfer 10 pl of the [S]-sample and 10 pl of the [P]-sample
into two 1.5 ml reaction tubes containing 10 pl 2x Laemmli
buffer each, respectively. These aliquots serve as control sam-
ples which need to be analyzed using SDS-PAGE and immu-
noblot for cytosolic (e.g., LDH) and mitochondrial (e.g.,
Hsp60, Smac) marker proteins in order to verify the efficiency
of the cellular fractionation.
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15.

16.
17.

Use the remaining 90 pl to perform IP against the protein of
interest.

Add 910 pl IP bufter + 2.5 % Triton X-100 to the samples.
Follow steps 2548 of the Subheading 3.5.

4 Notes

. We routinely use HEK293 and Hel.a cells in our lab. For thiol

modification experiments, we use twice the amount of Hela
cells compared to HEK293 cells (e.g., 100 % confluent Hel.a
cell plate vs. 50 % confluent HEK293 cell dishes) since the latter
cells usually have a higher protein content per dish. We also
employed other mammalian cells such as MEFs (mouse embry-
onic fibroblasts) and human fibroblasts successtully for thiol
modification experiments. Note that these experiments are not
limited to mammalian cells but can also be performed with other
cells such as Saccharomyces cerevisine. However, the disadvantage
in using S. cerevisine is that the cell wall complicates efficient cell
lysis and protein extraction. Additionally, for different cells,
times and amounts have to be adapted accordingly.

. Haloalkyls and maleimides are the most commonly used thiol-

reactive probes. We prefer maleimides as they are more specific
to cysteines (and less to methionines and histidines) and less
light sensitive than haloalkyls. Note that in general thiol-
reactive probes are light sensitive and should be protected
from light. Make sure to protect the thiol-reactive probe stocks
from light by covering the tubes with aluminum foil.

. Due to their low solubility in aqueous solutions, thiol-reactive

probe stocks should be dissolved in DMSO first and diluted in
aqueous solutions afterward.

. We use a UP50H-tip sonifier (Hielscher) set to 0.5 cycle and

50 % amplitude. Sonicate the samples with ten strokes, allow
them to cool down for 5 min at RT, and then check if the TCA
pellet is dissolved. If the TCA pellet is not dissolved, continue
with ten strokes of sonication. Keep the cooldown time of
5 min between the sonication sets to avoid extensive heating of
the sample. Avoid extensive foam formation by keeping the
sonication tip submerged.

. It has to be determined for each individual protein and cell

amount if an antibody is suited for Western blot and IP after a
thiol modification experiment (a problem might, for example,
be that the antigen contains a cysteine residue that becomes
modified during thiol modification thus destroying the anti-
gen). For Western blot perform a shift assay as explained in
Subheading 3.2. In this experiment one can compare the antibody
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10.

11.

12.

signal of an unmodified sample compared to signals of samples
which were reduced and subsequently thiol-modified to obtain
completely modified proteins. Equal signal intensities of modi-
fied vs. unmodified protein will prove that your antibody is
suited to detect the protein of interest in Western blot after
thiol modification. To test if an antibody is suited for IP after
thiol modification, prepare a lysate of which you analyze an
unmodified total sample (as a migration control of protein of
interest), and compare it to one IP of an unmodified lysate to
one IP of which the lysate was reduced and treated with a
thiol-reactive probe prior to the IP to obtain a maximum shift.
A signal for the protein of interest in the total and unmodified
IP lanes will show that the antibody can be used for IP in gen-
eral. Equal signal intensities in modified vs. unmodified IP
samples will prove that the antibody is suited to detect the
thiol-modified protein of interest in IP. We observed that anti-
body features such as monoclonality and polyclonality, being
used as sera or affinity-purified antibodies or being from difter-
ent suppliers, do not give hints whether an antibody is suited
for use in thiol modification experiments (see also Note 36).
Thus, when using an antibody the first time, we routinely test
it for the use in Western blot and IP.

. Refer to the general safety precautions when working with

radioactivity.

. Pulse medium can be reused several times, if it was only used

tor short pulse periods. This has to be tested for the respective
experimental setup.

. For short pulse durations (< 5 min), use 200 pCi/ml. We use as

a pulse-labeling mix the “EXPRESS [3S]-protein labeling mix”
by PerkinElmer with a [**S]-L-methionine /[ 3*S]-1-cysteine ratio
of 73:22.

. For chase periods >1 h, add 10 % (v/v) fetal calf serum (FCS)

to the medium.

Removing media with a vacuum pump facilitates the handling
of a radioactive pulse-chase experiment. However, it is also
possible to remove the media with a pipette although this is
usually not as efficient and fast compared to using a pump
system.

Bufter A is well suited to solubilize TCA-precipitated proteins
as it, in addition to SDS, contains urea which improves protein
solubilization. To maintain good protein solubilization effi-
ciency, we prepare buffer A freshly every 2 months.

The phosphine TCEP is a strong reductant which in our hands
is more stable and effective than D'TT. In comparison to DTT
and p-mercaptoethanol, TCEP does not react (or reacts only
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13.

14.

15.

16.

17.

very slowly) with thiol-reactive probes as it does not contain
thiol groups.

The amount of antibody for the IP has to be determined for
each individual protein and cell amount. For that, perform an
antibody titration experiment (constant pulse, chase, and cell
amount), and determine the amount of antibody at which the
use of additional antibody does not result in additional precipi-
tated protein of interest. Usually 1-3 pl antibody is used for 1P
of one sample. We observed that IP using serum produces a
higher background compared to IP using affinity-purified
antibodies.

When preparing a 20 % (v/v) solution of Triton X-100 in
water, extensively mix using a magnetic stirrer to ensure obtain-

ing a homogenous solution. Do the same when preparing 1P
buffer containing 1 and 2.5 % Triton X-100.

Laemmli buffer can be prepared with a reductant (e.g., 50 mM
DTT) to reduce disulfide-linked interactions. Consequently,
proteins which were previously disulfide-linked migrate as
monomeric proteins on SDS-PAGE which is beneficial if total
protein levels are analyzed. However, after thiol modification,
treatment with reductant can be omitted to allow detection of
slower migrating disulfide-linked interactions. Note that if
samples of a direct redox state determination are treated with a
reductant, fractions of a protein containing intermolecular disul-
fide bonds cannot be distinguished from fractions containing
intramolecular disulfide bonds as both proteins will migrate with
the same velocities. Also note that the use of TCEP in inverse
shift experiments reduced the samples. Thus, even the use of a
nonreducing Laemmli bufter leaves your sample still reduced.

We perform pulse-chase experiments without a CO,-regulated
incubator. Instead the pH of the medium can be kept constant
by adding 1 M Hepes-KOH pH 7.4 to a final concentration of
100 mM. When using CO, incubators consider to put a bowl
with active coal into the incubator to bind radioactive material
that evaporates.

Use the 2 % digitonin stock solution to test the appropriate
concentration of digitonin to permeabilize the plasma mem-
brane. To this end, a titration with different digitonin concen-
trations has to be performed. Test by Western blotting at which
concentration a signal for a cytosolic marker protein (e.g.,
LDH) in the cytosolic fraction can be obtained. Conversely, the
use of this concentration should lead to a signal of a mitochon-
drial marker protein (e.g., PDH, Smac) in the non-cytosolic
fraction only. Prepare a larger amount of the 2 % digitonin stock
and use it to prepare fractionation bufter freshly. It is important
that the digitonin stock is always completely thawed after freez-
ing and thoroughly mixed /homogenized before dilution.
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18.

19.

20.

21.

22.

23.

When working with mammalian cell culture, always work in a
sterile surrounding using aseptic technique to avoid contami-
nation of cell lines.

These cell numbers will approximately result in a 50 % confluent
dish 2 days after cell seeding. As this might vary dependent on
cell type and condition, adjust the seeded cell numbers
accordingly.

Thiol modification might interfere with epitope recognition by
the antibody. As a result thiol-modified proteins might not be
detected in immunoblotting or IP (see also Note 5). Especially
monoclonal antibodies show this problem if the respective epit-
ope used for antibody production contained cysteine residues.
For IP such a problem can be circumvented by performing the
thiol modification after the elution of the protein from the beads
after IP (although this results in other problems, see preservation
of cellular redox states). For Western blotting the use of tagged
proteins or the use of polyclonal antibodies might be a solution.

For a thiol modification experiment, HEK293 cells should not
be confluent. Two problems usually occur when we use a con-
fluent 35 mm dish of HEK293 cells for a thiol modification
experiment: firstly, you obtain a large TCA protein pellet which
can be difficult to dissolve in relatively small amounts of buftfer
A. Secondly, when analyzing the experiment, the amounts of
thiol-reactive probe might become limiting, and thus proteins
might become incompletely modified. Accordingly, reduce the
cell amount or increase the amount of the thiol-reactive probe
to obtain the maximum shift of the reduced control. If other
cells than HEK293 are used and you obtain low intensity sig-
nals, consider increasing the cell number for the experiment.

Generally, thiol modification can be performed without a TCA
precipitation. For this cells can be harvested in nonreducing
Laemmli buffer. The thiol modification can be performed
afterward as described (or the modifying agent is in the
Laemmli buffer). After the thiol modification analyze the
sample directly via SDS-PAGE. This method is faster and
might provide data with either better quality as the protein
precipitation step is omitted or worse quality as all cellular
components are still present which might interfere with thiol
modification. This has to be tested for the protein of interest.
Importantly, consider that you might fail to preserve the cel-
lular redox state with this approach.

To precipitate proteins efficiently with TCA, the samples
should freeze completely. It is sufficient to incubate them for
1 h at =20 °C, but at this step the samples can also be stored
for several days at —20 °C without compromising sample quality.
Routinely we freeze the samples overnight.
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24.

25.

26.

27.

28.

29.

30.

31.

In a thiol modification experiment, the pH is critical as
thiol modification depends on the presence of the thiolate
anion. If TCA is not removed and the pH is low, thiols are
present in their protonated state which decreases modification
efficiency. Note that in a solution with >pH 8.5, not only cys-
teines but also primary amines become modified. Using 1 M
Tris pH 8 to adjust the pH, we did not observe significant
modification of primary amines.

Work at RT when Laemmli is used to avoid precipitation of
SDS in the cold.

We use the thiol-reactive probe in a final concentration of
15 mM (although this can in principle also be titrated) and
adjust the volume of Laemmli buffer (or buffer A in a pulse-
chase experiment) to the volume of thiol-reactive probe
accordingly. Note that before performing any thiol modifica-
tion experiment, the thiol-reactive probe best suited for the
protein of interest should be determined in a shift assay as
explained in Subheading 3.2. As thiol-reactive probes are
rather expensive, we try to keep the volume of the thiol modi-
fication reaction low (i.e., 30—60 pl). Note that it is not possi-
ble to increase the amount of cells indefinitely in a reaction of
this volume as the thiol-reactive probe will become limiting at
some point resulting in incompletely modified samples.

Upon sonication of TCA pellets, samples may turn yellow
again although they were previously pH-adjusted. Readjust
the pH by addition of 1-2 pl 1 M Tris pH 8 before further
sonication to facilitate dissolving of TCA pellet.

We sometimes observe that TCA precipitates are difficult to
solubilize in Laemmli buffer. The solubilization efficiency can
be increased when Laemmli bufter is prepared with 6 M urea.
We did not observe that this alters gel electrophoresis or other
sample processing steps.

Reduction with TCEP is usually efficient at 45 °C. Obtaining a
single band migrating slower than the signal of the unmodified
sample hints to an effective reduction. Boiling does not signifi-
cantly increase reduction efficiency but might lead to protein
aggregation especially of hydrophobic membrane proteins.

It is not necessary to foil the tubes to incubate the samples in
the dark. We put them for 1 h at RT into a drawer.

For thiol modification experiments, the separation on SDS-PAGE
is critical as they rely on the migration difference of modified
proteins compared to unmodified proteins. For small proteins
(~ 10 kDa), an 18 % polyacrylamide gel is well suited. Depending
on the protein size, the acrylamide concentration can be increased
or decreased. To improve the separation, especially for proteins
< 30 kDa, Tris—Tricine PAGE can be used [23].
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32.

33.

34.

35.

306.

37.

38.

39.

40.

With this experiment it can be analyzed if'a protein is oxidized.
However, it does not permit conclusions on what kind of
oxidation occurred. An oxidized protein would show the same
readout no matter if it has an intramolecular disulfide bond or if
it is oxidized to a sulfenic, sulfinic, or sulfonic acid. Still, gluta-
thionylation might be observed as a protein migrating higher
than the unmodified protein on a nonreducing SDS-PAGE.
Also intermolecular disulfides might be determined since a
disulfide-linked protein migrates slower than the monomeric
protein on a nonreducing SDS-PAGE (also see Note 15).

H,0, and diamide both are oxidants used in redox state
determination which differ in their reaction mechanism. While
H,0, directly reacts with reduced thiols to oxidized species
such as sulfenic, sulfinic, or sulfonic acid, diamide mostly
induces glutathionylation of proteins.

Note that during this chase time, all the radioactively labeled
proteins undergo their normal life cycle which includes trans-
location to their respective compartment, folding, posttransla-
tional modification, and, finally, degradation. By using difterent
chase times and subsequently different specific processing
steps, the kinetics of these processes can be analyzed (also see
Note 22). Importantly, not only mitochondrial but also redox
processes in other compartments (e.g., endoplasmic reticu-
lum) can be examined by this method.

Depending on the cellular process which is assessed, we usually
use pulse times between 5 and 30 min.

Pulse times should be kept as short as possible and should be
clearly shorter than the half time of the observed process. For
very fast processes (e.g., mitochondrial targeting sequence
(MTS) processing), this is not possible as too short pulse times
lead to very weak signals. As shortest pulse time, we use 3 min.

The chase times depend on the cellular process which is ana-
lyzed. For fast processes such as MTS-dependent protein
import, short chase times (e.g., 0, 1, and 4 min, etc.) should
be used, while slower processes (e.g., protein degradation) can
be analyzed using longer chase times (e.g., 0, 30 min, 1, 2, and
4 h). A 0 min chase time point is advisable to know how much
protein has been radioactively labeled and to test what hap-
pened during the pulse.

For radioactive pulse-chase experiments, we use safe-lock tubes
to avoid radioactive contaminations.

We observed that this step is not time-critical as incubating the
samples on ice between 30 min and 2 h did not change the
quality of the experiment.

Protein A beads can be coupled to the antibody against the
protein of interest at earlier steps. We couple the antibody to
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41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

the beads freshly on the day of the IP. Make sure to keep the
coupled beads on ice at all times.

We start the washing of protein A beads after starting the
30 min incubation in step 25 (also see Note 39). When we
started the coupling of antibody to the beads at step 29, we
continue with the centrifugation of the lysates in step 36.
During the centrifugation of the lysates, there is enough
time to perform steps 31-35.

The coupling of antibody to protein A beads is performed in
one tube as a stock for all samples. Per IP we use 20 pl of the
50 % suspension in which the beads are provided in by the
manufacturer.

This centrifugation step precipitates cell debris. Too short cen-
trifugation (< 20 min) or pellet addition to the IP results in
high background signal.

Accidental removal of beads at this step leads to signal loss.
This can be avoided by carefully removing the supernatant
while leaving 50-100 pl buffer on the beads until the next
wash.

Depending on the antibody, the IP can show high background
signals. Increasing the number of washing steps with 1 ml IP
bufter + 1 % Triton X-100 can decrease background.

Gel-loading tips contain a narrow opening which allows bufter
removal without loss of beads. When beads are dried, they
change color becoming whiter and have a more crystalline
appearance.

How long a radioactive film has to be exposed depends on vari-
ous factors such as the pulse duration, the expression rate of the
protein of interest, and the quality of the antibody used for
IP. However, as a rough estimation, we use for short pulse
durations of 5-10 min an exposure time of 2 weeks, while for
pulse durations of 30 min we expose approximately for 4 days.

A cell confluency of 90-100 % does not constitute a problem
for experiments without modification of thiols as the buffer A
amount can be increased to dissolve the TCA pellet.

Initial short centrifugation at low speed prevents sedimenta-
tion of cells on the side of the tube and facilitates buffer
removal.

A broad-spectrum protease can be added to the pellet it cyto-
solic proteins are detected in the non-cytosolic fraction. The
protease degrades proteins which attach to the mitochondrial
OM after the cellular fractionation. Mitochondrial proteins
will not be hydrolyzed because they are protected from the
protease by the OM. We use trypsin as a broad-spectrum pro-
tease at this step and proceed from step 7 as follows.
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(a) Add 800 pl ice-cold titration buffer + 25 pg/ml trypsin to

the pellet.

(b) Resuspend the pellet carefully by pipetting up and down

(cut the tip).

(c) Incubate the sample at 4 °C for 30 min. Mix the sample by
inverting the tubes every 5 min.

(d) Add 10 pl 0.2 M PMSEF to the sample. Mix by inverting

the tube.

(e) Add 152 pl ice-cold 50 % TCA to the sample. Mix the
samples using a vortex and incubate for at least 1 h at
=20 °C [P = pellet].

(f) Continue with step 12.
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Chapter 9

Chemical Crosslinking in Intact Mitochondria

Rupa Banerjee*, Umut Giinsel*, and Dejana Mokranjac

Abstract

Many mitochondrial proteins perform their functions as components of large, multimeric complexes.
Chemical crosslinking is a powerful method to analyze protein-protein interactions within such complexes.
Using membrane-permeable crosslinkers and isolated intact mitochondria, protein-protein interactions
that are secluded by two mitochondrial membranes can be readily analyzed in physiologically active, iso-
lated organelles under a variety of physiological and pathophysiological conditions. Here, we describe two
methods for chemical crosslinking in intact yeast mitochondria. The first method enables the analysis of
ATP-dependent remodeling of mitochondrial protein complexes while the second one allows the identifi-
cation of crosslinking partners of a protein of interest.

Key words Protein complex, Protein-protein interactions, Crosslinking, Mitochondria, TIM23 com-
plex, Remodeling of protein complexes

1 Introduction

Recent proteomic analyses of isolated mitochondria demonstrate
that these organelles contain about 900 different proteins in yeast
and about 1200 in mammals [1, 2]. Many mitochondrial proteins
perform their functions as components of large, multimeric com-
plexes like the respiratory chain complexes, the mitochondrial pro-
tein translocases, and the mitochondrial ribosomes, to name a few.
The analysis of protein-protein interactions within protein com-
plexes in their native environment is not a trivial task. For mito-
chondrial protein complexes, this is further complicated by the
facts that many protein-protein interactions are secluded by two
membranes and that many mitochondrial protein complexes are
membrane-integrated. Crosslinking has emerged as a powertul
method to analyze mitochondrial protein complexes in their native
environment, due to the availability of membrane-permeable
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crosslinking reagents and the possibility of isolating functionally
intact mitochondria. Combined with methods to manipulate the
physiological state of mitochondria, crosslinking can be used not
only to analyze protein-protein interactions as such, but also to
monitor dynamic conformational changes that protein complexes
undergo in various states of their function.

Crosslinking is a process whereby two (or more) molecules are
chemically joined by a covalent bond. Crosslinking reagents, or
shortly crosslinkers, contain two (or more) reactive ends that can
covalently bridge specific functional groups present in proteins or
other biomolecules. Thereby, even weak and transient interactions
can be stabilized, captured, and subsequently analyzed. Though
crosslinking between different molecules is usually sought for,
intramolecular crosslinking also takes place. When designing a
crosslinking experiment, several characteristics of chemical cross-
linkers should be considered. They are explained in more detail
below and include their reactivity toward different functional
groups, the length of their spacer arms, their membrane permea-
bility, and the cleavability of the resulting crosslinks.

The most important feature of a chemical crosslinker is its
reactivity toward different functional groups. Though many more
crosslinking chemistries are available, crosslinkers containing
N-hydroxysuccinimide esters and maleimides are particularly use-
ful for crosslinking of mitochondrial proteins (sez Note 1).
N-hydroxysuccinimide esters react with primary amino groups
present in side chain of lysine residues and at the N-terminus of
every polypeptide chain, unless the N-terminus is blocked. Lysine
residues are commonly present in proteins and are usually surface-
exposed in folded proteins. Thus, they are readily available for
crosslinking. Maleimides react with sulthydryl groups present in
side chain of cysteine residues. Cysteine residues occur relatively
rarely in proteins and can also be buried in the hydrophobic core
of proteins. In addition, they are often involved in the formation
of disulfide bridges, making them inaccessible for crosslinking
without previous reduction of the disulfide bond. Still, cross-
linkers reactive toward cysteine residues have been successfully
used with mitochondrial proteins [3]. Crosslinkers that have the
same reactive groups at both ends are known as homobifunctional
crosslinkers. Both amino group- and sulthydryl group-specific
homobifunctional crosslinkers are commercially available.
Heterobifunctional crosslinkers react with one functional group
on one end and with another functional group on the other end.
Several amino- and sulthydryl group-specific crosslinkers are avail-
able. The applicability of heterobifunctional and in particular of
sulthydryl-reactive homobifunctional crosslinkers may be limited
by the occurrence of cysteine residues within the sequence of a
protein of interest, which should therefore be checked
beforehand.
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Two reactive groups at the opposite ends of a crosslinker are
separated by a spacer arm. The length of a spacer arm is usually
measured in angstroms (A) and it defines the distance between two
functional groups that can be bridged by a particular crosslinker.
Shorter spacer arms pose greater restrictions to crosslinking; how-
ever, such crosslinkers are usually more specific. Longer spacer
arms are more flexible and reduce steric hindrance, but are there-
fore also more prone to capturing potentially nonspecific interac-
tions. Spacer arm lengths range from zero length to over 100 A. In
our hands, spacer arms between 3 and 12 A give the best results.

For crosslinking of mitochondrial proteins in intact organelles,
the membrane-permeability of a crosslinker is a particularly impor-
tant parameter and submitochondrial localization of the protein of
interest should be carefully considered before designing a cross-
linking experiment. Both membrane-permeable and membrane-
impermeable crosslinkers can be used to analyze protein-protein
interactions at the mitochondrial surface and, due to the presence
of porins in the outer membrane, also in the intermembrane space.
The inner mitochondrial membrane, however, poses a barrier for
all membrane-impermeable molecules. Thus, only membrane-
permeable crosslinkers can be used to capture protein-protein
interactions in the mitochondrial matrix.

Crosslinkers generate a stable, covalent bond between two
functional groups. Nevertheless, in some cases, it is desirable to
recover individual crosslinked components. For this reason, spacer
arms of some crosslinkers contain groups that are readily cleavable.
The most commonly used cleavage site is a disulfide bridge present
in the middle of a spacer arm that is cleaved in the presence of
reducing agents such as f-mercaptoethanol or dithiothreitol.

In the absence of any available structural information, whether
a crosslink between two proteins is observed or not is a matter of
serendipitous arrangement of two reactive residues on two inter-
acting proteins within a crosslinking distance of a chosen cross-
linker. Therefore, we normally start by testing several different
crosslinkers with various reactive groups and different lengths of
spacer arms. The crosslinkers that we test first (se¢e Note 2) are
amino group-specific, homobifunctional crosslinkers 1,5-difluoro-
2 4-dinitrobenzene (DFDNB, spacer arm length 3 A), disuccin-
imidyl glutarate (DSG, 7.7 A), and disuccinimidyl suberate (DSS,
11.4 A), amino- and sulfhydryl group-specific heterobifunctional
crosslinker ~m-maleimidobenzoyl- N-hydroxysuccinimide — ester
(MBS, 9.9 A) and, if applicable, sulthydryl group-specific, homo-
bifunctional crosslinker 1,6-bis-maleimidohexane (BMH, 16.1 A).
They are all membrane-permeable, noncleavable crosslinkers. We
have extensively applied chemical crosslinking with intact yeast
mitochondria to analyze the TIM23 complex, the major protein
translocase of the mitochondrial inner membrane, responsible for
the transport of about 70% of all mitochondrial proteins
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synthesized in the cytosol. Using the energy of membrane poten-
tial across the inner membrane and ATP in the matrix, the TIM23
complex mediates translocation of proteins across and their inser-
tion into the inner membrane [4-8]. We have used chemical cross-
linking to demonstrate the presence of an unknown of component
of the TIM23 complex and, in combination with a bioinformatics-
based approach, identified Tim14 as the crosslinking partner of
Tim44. Subsequent biochemical analysis revealed that Tim14 is an
essential and highly conserved component of the TIM23 complex
[9]. Furthermore, crosslinking in intact mitochondria proved to be
a powerful method to follow structural rearrangements of the
TIM23 complex under different physiological and pathophysio-
logical conditions. By combining chemical crosslinking with
manipulation of ATP levels in the mitochondrial matrix, we dem-
onstrated structural rearrangements of the TIM23 complex during
the ATP-hydrolysis driven cycle of mtHsp70, the ATP-consuming
subunit of the complex [9-11]. When we analyzed mitochondria
isolated from an mtHsp70 mutant, we observed that, under non-
permissive conditions, the molecular environment of other com-
ponents of the complex changed [9]. Moreover, we developed a
method to in vivo trap the TIM23 complex at different stages of its
activity and then used chemical crosslinking to demonstrate active
remodeling of the TIM23 complex during translocation of pro-
teins into mitochondria [12] and its dynamic interaction with the
TOM complex, the major protein translocase of the mitochondrial
outer membrane [13]. In addition, chemical crosslinking was
extremely useful to analyze which subunits of the TIM23 complex
are in close vicinity of translocating proteins at different stages of
protein translocation into mitochondria [14].

Here, we describe two of our protocols for crosslinking in
intact yeast mitochondria. In the first one, we manipulate the levels
of ATP in the mitochondrial matrix prior to crosslinking. In the
second one, we use crosslinking followed by an affinity purification
step to identify the crosslinking partner of a protein of interest.

2 Materials

2.1 ATP-Dependent
Crosslinking

in Isolated
Mitochondria

1. 2x SI bufter: 1.2 M sorbitol, 160 mM KCI, 20 mM Mg-
acetate, 4 mM KH,PO,, 5 mM EDTA, 5 mM MnCl,, 100 mM
HEPES-KOH, pH 7.2 (see Note 3). Store at —20 °C.

2. Oligomycin: make 2 mM solution in ethanol and store at
—20 °C. This is a 200x stock.

3. Apyrase: make 1 U /pl solution and store in single use aliquots
at —20 °C. This is a 100x stock.

4. ATP: make 0.2 M solution in water and adjust the pH with
KOH to 7.0. This 50x stock is kept in aliquots at —20 °C.
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. NADH: make 0.2 M solution in water. This is a 40x stock and

is kept in single use aliquots at —20 °C.

. CP: make 1 M solution of creatine-phosphate in water. This

100x stock is kept in aliquots at —20 °C.

. CK: make 10 mg/ml solution of creatine-kinase in water. This

is 100x stock and is kept in single use aliquots at —20 °C.

. DMSO: dimethyl sulfoxide.
. DSS: prepare 7.5 mM disuccinimidyl suberate (DSS) in DMSO

just prior to use (see Notes 4-6).

Glycine: make 1 M solution in water and adjust pH with KOH
to 8.0. This 100x stock solution is kept in aliquots at =20 °C
(see Note 7).

SH bufter: 0.6 M sorbitol, 20 mM HEPES-KOH, pH 7.2.
Store in 50 ml aliquots at —20 °C.

Isolated yeast mitochondria at 10 mg/ml kept in single use
aliquots at —80 °C (see Note 8).

Laemmli buffer: 60 mM Tris—-HCI, pH 6.8, 10% (v/v) glyc-
erol, 2% (w/v) SDS, 0.02% (w/v) bromophenol blue. Store at
room temperature. Add -mercaptoethanol to 3% (v/v) prior
to use (see Note 9).

. Isolated wild-type yeast mitochondria and mitochondria con-

taining a His-tagged version of the presumed crosslinking
partner (see Note 10). Mitochondria are stored at —80 °C as
single use aliquots at 10 mg,/ml.

. 2x SI buffer: 1.2 M sorbitol, 160 mM KCI, 20 mM Mg-

acetate, 4 mM KH,PO,, 5 mM EDTA, 5 mM MnCl,, 100 mM
HEPES-KOH, pH 7.2 (see Note 3). Store at —20 °C.

. ATP: prepare 0.2 M solution in water and adjust pH with

KOH to 7.0. This is a 50x stock and is kept in aliquots at
=20 °C.

. NADH: prepare 0.2 M solution in water. This is a 40x stock

and is stored in single use aliquots at —20 °C.

. CP: prepare 1 M creatine-phosphate stock solution in water.

This is a 100x stock solution that is stored in aliquots at
-20 °C.

. CK: prepare 10 mg,/ml creatine-kinase solution in water. This

is a 100x stock solution that is stored in single use aliquots at
=20 °C.

7. DMSO.

. DSS: prepare 7.5 mM stock solution of disuccinimidyl suber-

ate in DMSO just prior to use (see Notes 4-6).
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9

10.

11.

12.

13.

14.

15.

16.

. Glycine: prepare 1 M solution of glycine in water and adjust
pH to 8.0 with KOH (see Note 7). Store in aliquots at —20 °C.

SH buffer: 0.6 M sorbitol, 20 mM HEPES-KOH, pH 7.2.
Store in 50 ml aliquots at =20 °C.

Laemmli buffer: 60 mM Tris—-HCI, pH 6.8, 10% (v/v) glyc-
erol, 2% (w/v) SDS, 0.02% (w/v) bromophenol blue. Store at
room temperature. Add freshly §-mercaptoethanol to 3% (v/v)
(see Note 9).

Laemmli buffer with imidazole: Prepare 2x Laemmli buffer
(120 mM Tris—HCL, pH 6.8, 20% (v/v) glycerol, 4% (w/v)
SDS, 0.04% bromophenol blue) and 1.5 M imidazole-HCI,
pH 7.5. Mix 2x Laemmli buffer, 1.5 M imidazole and water
in 5:2:3 volume ratio. Store at room temperature. Add
f-mercaptoethanol to 3 % (v/v) prior to use (see Note 9).

Resuspension buffer: 50 mM Sodium phosphate buffer,
150 mM NaCl, 20 mM imidazole, pH 8.0.

Solubilization buffer: Add to Resuspension buffer SDS to 1%
(w/v) from a 10% (w/v) stock in water (kept at =20 °C). Just
prior to use, add PMSF to 2 mM from a 0.2 M stock solution
of phenylmethylsulfonyl fluoride in ethanol (stored at 4 °C).

Washing buffer: Add to Resuspension buffer Triton X-100 to
0.2% (v/v) from a 10% (v/v) stock solution in Resuspension
buffer (stored at 4 °C). Just prior to use, add PMSF to 2 mM
from a 0.2 M stock solution of phenylmethylsulfonyl fluoride
in ethanol (stored at 4 °C).

Ni-NTA agarose.

3 Methods

3.1 ATP-Dependent
Crosslinking

in Isolated
Mitochondria

This is a basic protocol to analyze protein-protein interactions by
crosslinking in isolated mitochondria (see Notes 11 and 12). The
ATP levels in mitochondria are manipulated prior to crosslinking

to

analyze the influence of the energy status of the organelle on

protein-protein interactions (see Note 13). To assess the specificity

of

the observed crosslinks, a control sample is incubated in the

absence of the crosslinker.

1

. Mix, in tube 1, in the following order: 50 pl of 2x SI bufter,
38.5 pl of water, and 5 pl of mitochondria (see Note 14). This
will be the tube where the control reaction without the cross-
linker takes place.

. Mix, in tube 2, in the following order: 50 pl of 2x SI bufter,
38.5 pl of water, and 5 pl of mitochondria. This will be the

tube where the crosslinking reaction takes place in the pres-
ence of ATP.
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. Mix, in tube 3, in the following order: 50 pl of 2x SI bufter,

43.5 pl of water, 1 pl of apyrase, 0.5 pl of oligomycin, and 5 pl
of mitochondria. This will be the tube where the crosslinking
reaction takes place in the absence of ATP.

. Incubate the tubes for 10 min at 25 °C (see Note 15).
. Add 2 pl of ATD, 2.5 pl of NADH, and 1 pl of each CP and

CK, to tubes 1 and 2.

. Incubate the tubes for 3 min at 25 °C (see Note 16).
. Place all tubes on ice.
. Add 1 pl of DMSO to tube 1 and 1 pl of DSS to both tubes 2

and 3.

. Incubate the tubes for 30 min on ice (se¢ Note 17).
10.

Add 10 pl of glycine to each tube and incubate for additional
10 min onice. During this step excess of crosslinker is quenched
and the reaction is stopped (see Note 18).

Add 500 pl of SH butffer to each tube and pellet mitochondria
by centrifugation at 18,000 x g4 for 10 min at 4 °C.

Remove the supernatants completely and resuspend the mito-
chondrial pellets in 20 pl of Laemmli bufter.

Heat the samples to 95 °C for 3 min.

Analyze the samples by SDS-PAGE and western blotting (see
Notes 19 and 20). One example of such an experiment is
shown in Fig. 1.

This protocol is used to confirm the identity of the crosslinking
partner of the protein of interest, but it can also be used to enrich
the crosslinks (see Note 21). Crosslinking is performed in wild type
and in mitochondria containing a His-tagged version of the pre-
sumed crosslinking partner of a protein of interest. After quench-
ing of excess crosslinker, mitochondria are solubilized in
SDS-containing buffer to dissociate all noncovalent protein-pro-
tein interactions. His-tagged protein and its crosslinks are purified
on Ni-NTA agarose beads.

1.
2.

3.

Take 6 tubes and label them 1 to 6.

Mix, in tubes 1 and 4, in the following order: 50 pl of 2x SI
buffer, 38.5 pl of water, 2 pl of ATP, 2.5 pl of NADH, 1 pl of
CP, and 1 pl of CK. Add 5 pl of wild-type mitochondria to
tube 1 and 5 pl of His-tagged mitochondria to tube 4. Mix
gently but thoroughly. These tubes will be used as non-
crosslinked controls.

Mix, in tubes 3 and 6, in the following order: 300 pl of 2x SI

buffer, 231 pl of water, 12 pl of ATP, 15 pl of NADH, 6 pl of
CP, and 6 pl of CK. Add 30 pl of wild-type mitochondria to
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kDa + DSS

205-

Tim44emtHsp70

Tim44.Tim14
Tim44.Tim16

Tim44

Fig. 1 ATP-dependent crosslinking of Tim44 in isolated wild-type yeast mito-
chondria. Levels of ATP were manipulated in intact mitochondria prior to cross-
linking with DSS. One sample was incubated in the absence of DSS as a control.
After quenching of excess crosslinker, mitochondria were reisolated and samples
were analyzed by SDS-PAGE and western blot using affinity purified antibodies
against Tim44. In the samples incubated with DSS, multiple additional bands are
visible that are absent in the control sample incubated in the absence of the
crosslinker. They represent various crosslinking adducts of Tim44. The crosslink-
ing patterns are different in the presence of high and low levels of matrix ATP
showing that the molecular environment of Tim44 changes under these condi-
tions. Known crosslinking partners of Tim44 are depicted

tube 3 and 30 pl of His-tagged mitochondria to tube 6. Mix
gently but thoroughly. These tubes will be used for
crosslinking.

4. Incubate all tubes at 25 °C for 3 min.
5. Transfer all tubes on ice.

6. Add 1 pl of DMSO to tubes 1 and 4 and 6 pl of DSS to tubes
3 and 6.

7. Incubate all tubes on ice for 30 min.

8. Add 10 pl of glycine to tubes 1 and 4, and 60 pl of glycine to
tubes 3 and 6.

9. Incubate all tubes on ice for 10 min.

10. Transfer 110 pl of reaction mix from tube 3 to tube 2 and from
tube 6 to tube 5. Tubes 2 and 5 will represent total crosslink-
ing reactions.

11. Add 500 pl of SH buffer to all tubes.
12. Centrifuge all tubes at 18,000 x g for 10 min at 4 °C.
13. Discard the supernatants carefully but completely.
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Resuspend the pelletsin tubes 1, 2,4, and 5 in 40 pl of Laemmli
buffer each. Heat the samples for 5 min at 95 °C and keep
them subsequently at -20 °C until loaded onto a SDS PA gel.

Resuspend the pellets in tubes 3 and 6 in 50 pl of Solubilization
bufter.

Mix the samples in a thermomixer for 5 min at RT.
Dilute the samples with 950 pl of Washing bufter (see Note 22).
Centrifuge the samples at 125,000 x g for 20 min at 2 °C.

During this centrifugation step, prepare Ni-NTA agarose
beads. For this, take 50 pl of beads (volume of settled beads)
to two tubes. Wash the beads three times with 1 ml of water
and once with 500 pl of Washing buffer. The step with the
Washing buffer is done on an overhead mixer for 5 min in cold
room and serves to equilibrate the beads.

Remove the Washing butfer from the beads and add the super-
natants from the centrifugation step to Ni-NTA agarose beads
(see Note 23).

Incubate the samples on an overhead mixer for 30 min at
4 °C. During this step His-tagged protein and its crosslinking
adducts bind to Ni-NTA agarose beads.

Centrifuge the samples in a microfuge at max speed for 20 s at
4 °C and discard the supernatant.

Add 200 pl of Washing buffer to the beads and incubate on an
overhead mixer for 5 min at 4 °C. Centrifuge the samples in a
microfuge at max speed for 20s at 4 °C and discard the
supernatant.

Repeat step 23 three times in total.

After the final washing step, carefully remove the entire
Washing buffer from the beads (see Note 24).

Add 50 pl of Laemmli buffer with imidazole to the beads, mix
thoroughly (see Note 25), and heat the samples for 5 min at
95 °C.

Thaw the samples from step 14 by briefly putting them at
95 °C.

Analyze all the samples by SDS PAGE and western blotting
(see Notes 19 and 20). One example of such an experiment is
shown in Fig. 2.

4 Notes

. Other commonly used chemical crosslinkers are reactive

toward carbohydrates and toward carboxyl groups. As mito-
chondrial proteins are normally not glycosylated, the former
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Fig. 2 Tim44 is crosslinked to Tim14 in intact mitochondria. Wild type and mito-
chondria isolated from cells expressing the His-tagged version of Tim14 were
subjected to crosslinking with DSS. After quenching of excess crosslinker, one
aliquot was directly prepared for SDS-PAGE. The other aliquot was solubilized in
SDS-containing buffer to dissociate all noncovalent interactions, and subse-
quently incubated with Ni-NTA agarose beads. After three washing steps, specifi-
cally bound proteins were eluted with Laemmli buffer containing 300 mM
imidazole. All samples were analyzed by SDS-PAGE followed by western blot
using affinity purified antibodies against Tim44. T, total mitochondria incubated
in the presence or absence of DSS. B, material bound to Ni-NTA agarose beads.
Total crosslinking patterns in both types of mitochondria are very similar; how-
ever, only one crosslinking adduct specifically bound to Ni-NTA agarose beads
when mitochondria containing the His-tagged version of Tim14 were used for
crosslinking. Since this crosslink is decorated with antibodies against Tim44 and
it binds to Ni-NTA agarose beads, it represents the crosslink between Tim44 and
Tim14. Note that non-crosslinked Tim44 is not recovered in the fraction bound to
Ni-NTA agarose beads further demonstrating the specificity of the assay

ones are not particularly useful for the analysis of mitochon-
drial proteins. The applicability of the latter ones is limited due
to the fact that they are only available as zero-length crosslinkers
and that the crosslinking process requires acidic pH that is fre-
quently incompatible with mitochondrial processes.

2. The most comprehensive list of commercially available cross-
linkers is available from Pierce (currently a member of the
Thermo Fisher Scientific group). Their crosslinking reagents
technical handbook as well as crosslinker selection tool avail-
able online are excellent resources when planning crosslinking
experiments.

3. The SI bufter was originally developed for studying the import
of in vitro synthesized precursor proteins into isolated
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mitochondria. We also use it for crosslinking to be able to
compare different experiments. However, we have also suc-
cessfully performed crosslinking in other buffers. Several points
need to be considered when designing a buffer used for cross-
linking. First, the buffer should keep isolated mitochondria
intact. 0.6 M sorbitol or 250 mM sucrose is commonly used
for this purpose. Second, primary amine bufters such as Tris
are incompatible with amino group-specific crosslinkers as they
compete with the crosslinking reaction. For the same reason
sulthydryl group-containingreagentssuchasf-mercaptoethanol
or DTT are incompatible with sulthydryl group-specific cross-
linkers. Third, pH of the buffer should be compatible with
both the crosslinking chemistry and the mitochondrial protein
complex analyzed. Crosslinking with NHS esters can be done
at pH between 7 and 9, though pH closer to 7 is preferred as
NHS esters hydrolyze more readily at higher pH, competing
with the crosslinking reactions. Crosslinking with maleimides
is typically done at pH between 6.5 and 7.5. More alkaline
conditions favor crosslinking with amino groups, reducing the
specificity of the crosslinking reaction and they also result in
increased rates of hydrolysis of maleimides.

. Chemical crosslinkers are hygroscopic substances. We store
them carefully closed and in the presence of desiccants at
4 °C. Also, we leave them at RT for at least 30 min before
opening the bottles and weighing them in. We always prepare
fresh solutions of crosslinkers and therefore weigh in as little as
possible. Some of the crosslinkers are now commercially avail-
able as pre-weighted, single use tubes.

. Membrane-permeable crosslinkers such as DSS are insoluble in
water but are soluble in DMSO or DMFE. We typically use
DMSO to dissolve them but have also used DMF without any
difference to the outcome of the experiment. The crosslinkers
are dissolved just prior to use to minimize hydrolysis that inac-
tivates them.

. The optimal concentration of the crosslinker has to be experi-
mentally determined for every protein-protein interaction.
During the exploratory phase, we test several concentrations of
crosslinkers, typically in the range of 2-50 mM (corresponding
to 20-500 pM final concentration in the crosslinking reac-
tions). In our hands, 75-200 pM final concentrations usually
give the best results. Lower concentrations are usually insuffi-
cient to produce any visible crosslinks whereas the higher ones
tend to give smeary gels with poorly resolved crosslinking
patterns.

. Glycine is used to quench excess amino-group-specific cross-
linker at the end of the crosslinking reaction. 1 M Tris—HCI,
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10.

pH 8.0, can be used for the same purpose. For sulthydryl
group-specific crosslinkers, both homo- and heterobifunc-
tional, we use freshly prepared 0.5 M cysteine, pH 8.0 as the
quenching reagent. For quenching of sulthydryl group-specific
homobifunctional crosslinkers, free thiols can be used as well.
However, note that free thiols are incompatible with some of
the cleavable crosslinkers as they will reduce the disulfide
bridge in the spacer arm of the crosslinker effectively destroy-
ing the crosslinks.

. We keep mitochondria frozen at —80 °C in single use aliquots.

It is advisable to thaw the needed aliquots by hand warming
and place them immediately on ice. Use them as soon as pos-
sible after thawing. Keeping them for long, even on ice,
strongly reduces the quality of the mitochondria.

. Keep in mind that ff-mercaptoethanol is incompatible with

some cleavable crosslinkers.

Identifying the crosslinking partner of a particular protein is
rarely trivial. It is sometimes possible to make educated guesses
about the crosslinking partners based on the molecular masses
of the obtained crosslinks and the known molecular masses of
other components of the same complex. However, it is impor-
tant to keep in mind that the major crosslinking partner of a
protein of interest may not also always be its major interaction
partner. For example, in the TIM23 complex, Timl7 and
Tim23 form a stable core of the complex; however, in wild-
type mitochondria so far no crosslinks of the two proteins were
observed. In contrast, Tim23 is readily crosslinked to Pam17,
a minor component of the complex that has almost the same
molecular mass as Tim17 [12, 15].

Crosslinking can also be used to identify novel components
of the complex. We have, for example, shown that Tim44 can
be crosslinked to an, at that time, unidentified protein. To
identify this protein, we searched yeast databases for a protein
that is essential for cell viability (assumption based on the fact
that all that-far known components of the TIM23 complex
were essential for cell viability), is of unknown function, is
known, or can be predicted, to be in mitochondria and has a
molecular mass that would fit to the size of the observed cross-
link. This search led to the identification of Tim14 and we
used essentially the experiment described in this chapter to
confirm that this protein is indeed the crosslinking partner of
Tim44 [9].

It is also possible to upscale the experiment described here
and subsequently identity the crosslinking partners by mass
spectrometry [16].

A limited number of crosslinkers are available as mixtures of
light and heavy (deuterated) versions of the crosslinker. Such
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mixtures greatly facilitate identification of the crosslinked pep-
tides in mass spectra. So far, they have only been used with
purified protein complexes to provide spatial restraints for
structural models and to complement structural analysis by
electron microscopy and x-ray crystallography [17-20]. This
approach, however, holds much promise and it is likely that in
the near future it will be adapted to protein complexes embed-
ded in their native environment.

This protocol has been developed for mitochondria isolated
from yeast Saccharomyces cevevisine. We have successfully also
used it, without essentially any modification, with mitochon-
dria isolated from Neurospora crassa, various mouse tissues,
and human cell lines. It should be noted that mammalian
mitochondria were always freshly isolated for the experiments
as freezing irreversibly damages them. In case of Neurospora
mitochondria, freezing leads to the rupture of the outer mem-
brane but the inner membrane remains intact.

We describe the method using isolated wild-type mitochon-
dria. However, mitochondria isolated from mutant strains can
be used to, for example, analyze the rearrangements of com-
plexes upon removal of one of its components [9, 10, 12, 21].
Such experiments can be very revealing to understand assem-
bly of complexes.

In the protocol described, ATP levels in the matrix are manip-
ulated prior to crosslinking. One can also easily manipulate
membrane potential, Ca?* levels, redox state, or translocation
load in isolated organelles. Such experiments can provide
important insight into remodeling of the complexes upon vari-
ous stimuli.

Make sure that the content of the tube is mixed thoroughly
after addition of every new solution. However, do not vortex
vigorously as this can damage mitochondria.

During this incubation step, turnover of pre-existing ATP is
promoted. In addition, in tube 3, oligomycin, a specific inhibi-
tor of ATP synthase, prevents new synthesis of ATP, and
apyrase hydrolyses any ATP and ADP potentially present out-
side of mitochondria.

During this incubation, mitochondria in tube 1 and tube 2 are
again energized and ATP levels are kept high by the addition
of an ATP-regenerating system consisting of CP and CK.

In our hands, crosslinking for 30 min on ice gives the best
results. However, different incubation times (as short as 10 min
and as long as few hours) and higher temperature (25 °C)
should be tested during an exploratory phase. Crosslinking at
higher temperature is usually more efficient; however, we
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21.

observed that it can lead to smeary gels with poorly resolved
crosslinks.

Some crosslinking protocols omit a quenching step. Though
this is possible when crosslinking with purified proteins is
done, we think it is advisable to always include such a step
when crosslinking is performed in intact mitochondria.
Quenching of excess crosslinker prevents nonspecific crosslink-
ing that would otherwise take place in subsequent steps upon
solubilization of mitochondria in Laemmli buffer.

The percentage of acrylamide in SDS-PA gels should be cho-
sen in such a way that the protein of interest in its non-
crosslinked form runs in the lower third or quarter of the gel.
In this way, the major part of the separation gel can be used to
resolve the crosslinks. In order to be able to judge the molecu-
lar masses of the obtained crosslinks as precisely as possible, we
usually use special molecular weight markers for these experi-
ments. These should contain as many markers as possible and
also cover higher molecular weights than usual to accommo-
date for increased sizes of the crosslinks as compared to non-
crosslinked proteins.

The quality of the antibodies is essential for successful detec-
tion of crosslinks. We only use affinity purified antibodies for
these experiments as nonpurified sera usually contain many
nonspecific cross-reactions that severely hinder subsequent
analyses. Also, it is important to keep in mind that crosslinking
may destroy the epitopes recognized by the antibodies.
Therefore, it is safer to use polyclonal rather than monoclonal
antibodies for western blotting after crosslinking. Since the
efficiency of crosslinking in intact mitochondria is usually not
very high, it is sometimes helpful to use lower dilutions or pre-
pare fresh antibodies for subsequent western blotting. We
often observe that the band of the noncrosslinked protein is
burnt through before any crosslink can be seen.

A similar protocol can be used to enrich very weak crosslinks
that would otherwise not be visible at all. In such cases we use
cleavable crosslinkers like DSP and follow the same protocol
[13]. In the final elution step, f-mercaptoethanol in the
Laemmli buffer with imidazole will cleave the disulfide bond in
the spacer arm of DSP so that all crosslinking partners can be
analyzed at their original molecular masses. With such experi-
ments, it is advisable to do affinity purification steps also with
samples without crosslinkers—only in this way it is possible to
make sure that it is indeed the crosslinked protein that binds to

the affinity beads.



22.

23.

24.

25.

Crosslinking of Mitochondrial Proteins 153

Binding of proteins to Ni-NTA agarose beads is very inefficient
in 1% SDS. Therefore, the samples are diluted with buffer con-
taining 0.2% Triton X-100 that is compatible with binding.

All the steps from here on to the final elution from the beads
are done in cold room. This significantly reduces proteolytic
degradation of crosslinks.

It is important to remove the buffer completely at this step. We
essentially dry out the beads by going in with the yellow tip all
the way to the bottom of the tube and then aspirate the buffer.
Care should be taken not to lose any beads in this step. If avail-
able, gel-loading tips are handy for this purpose.

Samples should not be pipetted up and down at this step as
most of the beads will stick to the tips. Rather, the samples are
placed in a thermomixer rack and mixed by brisk shaking with

the hand.
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Chapter 10

Reconstitution of Mitochondrial Membrane Proteins
into Nanodiscs by Cell-Free Expression

Ketan Malhotra and Nathan N. Alder

Abstract

The isolation and characterization of mitochondrial membrane proteins is technically challenging because
they natively reside within the specialized environment of the lipid bilayer, an environment that must be
recapitulated to some degree during reconstitution to ensure proper folding, stability, and function. Here
we describe protocols for the assembly of a membrane protein into lipid bilayer nanodiscs in a series of
cell-free reactions. Cell-free expression of membrane proteins circumvents problems attendant with in vivo
expression such as cytotoxicity, low expression levels, and the formation of inclusion bodies. Nanodiscs are
artificial membrane systems comprised of discoidal lipid bilayer particles bound by annuli of amphipathic
scaffold protein that shield lipid acyl chains from water. They are therefore excellent platforms for mem-
brane protein reconstitution and downstream solution-based biochemical and biophysical analysis. This
chapter details the procedures for the reconstitution of a mitochondrial membrane protein into nanodiscs
using two different types of approaches: cotranslational and posttranslational assembly. These strategies are
broadly applicable for different mitochondrial membrane proteins. They are also applicable for the use of
nanodiscs with distinct lipid compositions that are biomimetic for different mitochondrial membranes and
that recapitulate lipid profiles associated with pathological disorders in lipid metabolism.

Key words Nanodisc, Mitochondria, Membrane protein, Cell-free translation

1 Introduction

Mitochondria are morphologically complex organelles that are
bound by two membranes, each with a distinct lipid and protein
composition. The outer membrane (OM) contains both a-helical
and B-barrel transmembrane proteins and a membrane protein
content of ~50% by mass. By contrast, the highly convoluted inner
membrane (IM) contains membrane proteins that are exclusively
a-helical, with a remarkable membrane protein content of ~75% by
mass [1]. Considered another way, among the mitochondrial pro-
teome (~1500 individual proteins in mammals or ~900 individual
proteins in yeast), about 25% of mitochondria-resident proteins are
associated with or embedded in the OM or IM [2, 3]. The ability
to express, isolate, and functionally characterize membrane proteins

Dejana Mokranjac and Fabiana Perocchi (eds.), Mitochondria: Practical Protocols, Methods in Molecular Biology, vol. 1567,
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is therefore vital to our understanding of mitochondrial physiology.
More generally, because membrane proteins constitute roughly
one-half of pharmaceutical targets [4], their production and func-
tional characterization is critical for drug development. But owing
to their hydrophobicity, integral membrane proteins are notori-
ously difficult to express and purity by traditional experimental
approaches, creating a major bottleneck in their biochemical, bio-
physical, and structural analysis. This chapter describes procedures
that leverage the technical advantages of cell-free biosynthetic sys-
tems with advances in the use of nanoscale lipid bilayers for the
expression and functional reconstitution of a mitochondrial mem-
brane protein.

Cell-free protein translation systems are based on biosynthetic
machinery that is isolated from metabolically active cells with rela-
tively low amounts of endogenous messenger RNA (mRNA). The
most commonly used lysates include those from rabbit reticulo-
cytes, from bacterial cells, and from wheat germ embryos. These
lysates include the components essential for translation: ribosomes,
transfer RNAs (tRNAs), aminoacyl tRNA synthetases, and transla-
tion initiation, elongation, and termination factors. In cell-free
translation reactions, these lysates are supplemented with mixtures
that enhance protein translation, including energy generating sys-
tems and amino acids. Some systems entail programming the reac-
tion with plasmid or linear DNA that encodes the protein of
interest and from which mRNA transcripts are synthesized by
endogenous RNA polymerases. In other systems, purified mRNA
transcripts that are prepared during a separate in vitro transcription
reaction are added to the cell-free translation.

Cell-free protein synthesis reactions confer several advantages
over conventional expression systems (e.g., in live Escherichia coli,
yeast, or insect cells), particularly for the expression of membrane
proteins. Most notably, because living cells are not involved in
the reaction, cell-free systems avoid the potential cytotoxicity of
expressing hydrophobic proteins, plasmid instability, and issues
associated with cellular protein trafficking and membrane integra-
tion, all of which can result in low protein yield [5, 6]. Moreover,
because cell-free expression systems are open, they allow for unre-
stricted experimental access to the reaction for the inclusion of
additives such as cofactors and probes for site-specific protein
labeling (e.g., with fluorescent or EPR probes). Of course, the
native milieu of a membrane protein is a lipid bilayer, and several
strategies have been utilized that provide additives that mimic the
nonpolar membrane environment within cell-free systems for
proper folding and stability of translated proteins. By one approach,
reactions contain mild nonionic detergents that are compatible
with the biosynthetic machinery and allow for the cotranslational
stabilization of membrane proteins in proteo-micelle complexes
[5, 7]. In addition, synthetic surfactants including organic
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amphipathic polymers (amphipols), fluorinated surfactants, and
designed peptide surfactants have been shown to stabilize mem-
brane proteins produced by cell-free translation [8-14].

Recent advances in model membrane systems have provided
new mechanisms for the reconstitution of membrane proteins into
a lipidic environment. By comparison with the above hydrophobic
additives, such model membranes allow proteins to fold into physi-
ologically relevant lamellar lipid bilayers and can satisty require-
ments of specific lipid interactions for membrane protein function
[15-17]. Cell-free reconstitution strategies for membrane proteins
have been reported using liposomes, spherical lipid vesicles of dif-
ferent diameter [18-21] and bicelles, and discoidal assemblies of
lipids with outer edges of short-chain lipid or detergent [22-24].
However, nanoscale lipid bilayers belted by rings of amphipathic
protein or copolymers have emerged as excellent membrane
mimetics for experimentation due to their small size, stability,
monodispersity, and wide range of compatible lipids [25]. Most
notable for cell-free translation systems, nanodiscs—discoidal
nanoscale lipid bilayers that are stabilized by annuli of amphipathic
polypeptides—allow for the reconstitution of membrane proteins
into lamellar bilayer systems that are amenable to solution-based
biochemical, biophysical, and structural analysis. Developed origi-
nally by Sligar and colleagues, nanodiscs comprise bilayers of syn-
thetic or naturally derived lipids enclosed by engineered variants of
apolipoprotein A-1, termed as membrane scaffold protein (MSP)
[26-28]. Nanodiscs have most widely been used for the recons-
titution of overexpressed and purified membrane proteins, as
recently reviewed [29]. However, several groups have recently
shown the utility of nanodiscs in the reconstitution of membrane
proteins synthesized by cell-free systems [23, 30-35]. In this
regard, multiple reconstitution strategies have been reported,
including the cotranslational insertion of membrane proteins into
preassembled nanodiscs added to the translation reaction and the
simultaneous formation of nanodiscs and the target membrane
protein.

In this chapter, we describe methods for the cell-free synthesis
and nanodisc reconstitution of Tim23, the central subunit of the
TIM23 protein transport complex of the mitochondrial inner
membrane. The workflow (Fig. 1) includes all necessary steps for
the setup of the cell-free system, which is based on wheat germ
lysates and programmed with purified mRNA transcripts that
encode Tim23. We provide procedures for cotranslational assem-
bly of Tim23-containing nanodiscs (wherein Tim23 is synthesized
in the presence of preformed nanodiscs) as well as for posttrans-
lational assembly (wherein pre-synthesized Tim23 is added to
nanodisc assembly reactions). These two distinct approaches are
provided because different target proteins may be more amenable
for reconstitution by one approach over the other.
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2 Materials

2.1 Preparation
of Wheat Germ Extract
(See Note 1)

2.2 InVitro
Transcription
(See Note 6)

w N

. Wheat germ, untreated (Sigma WO0125) (see Note 2).
. Mortar and pestle (sec Note 3).

. Floatation solvent: carbon tetrachloride and cyclohexane

(3:1v/v).

4. Liquid nitrogen.

10.
11.
12.

N O\ gl W

O oo

10.

. Homogenization buffer: 40 mM HEPES-KOH, pH 7.5,

100 mM KOAc, 1 mM Mg(OAc),, 2 mM CaCl,, and 4 mM
DTT (see Note 4).

. Column buffer: 40 mM HEPES-KOH, pH 7.5, 100 mM

KOAc, 5 mM Mg(OAc),, and 4 mM DTT (see Note 4).

. Buchner funnel and Whatman #1 filter paper with correspond-

ing diameter.

. Centrifuge and 50 mL centrifuge tubes.
. Column (approximately 2.5 cm I.D. x 28 cm length, bed vol-

ume 140 mL) packed with gel filtration medium (Sephadex
G-25, fine) and equilibrated with column buffer (se¢e Note 5).

Fraction collector
1% (v/v) SDS.

UV-visible absorbance spectrophotometer and 1 mL quartz
cuvette.

. Transcription vector containing the gene of interest under an

SP6 promoter (see Note 7).

. Primers for DNA amplification of the gene of interest. The

upstream (5’) oligonucleotide is complementary to the plas-
mid SP6 promoter, and the downstream (3’) oligonucleotide is
complementary to the gene sequence downstream of the stop
codon (see Notes 8 and 9).

. DNA polymerase and dNTP mix (see Note 10).

. PCR cleanup kit (see Note 11).

. PCR thermal cycler and thin-walled PCR tubes (see Note 12).
. Refrigerated microcentrifuge.

. Transcription buffer (10x Master Mix): 1 M HEPES-KOH,

pH 7.5, 200 mM MgCl,, and 25 mM spermidine.

. 100 mM DTT.
. Ribonucleotide triphosphate (rNTP) solution mixture: 100 mM

each of rATDP, rGTP, rUTP, and rCTP in 20 mM Tris—HCI,
pH 7.5.

0.1 U/pL diguanosine triphosphate [G(5")ppp(5')G] (New
England Biolabs #51407).
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2.3 Preparation
of MSP

11.
12.
13.
14.

15.
16.
17.
18.

1.

o NN O Ul

11.
12.
13.

14.
15.

16.

17.

18.

20 U /pL ribonuclease inhibitor (RNasin).
0.5 U/pL pyrophosphatase.
SP6 RNA polymerase (se¢ Note 13).

Thermoblock or water bath for incubation of reactions in
microfuge tubes.

3 M NaOAc, pH 5.2.
100% Ethanol.
TE buffer: 10 mM Tris, pH 7.5, 1 mM EDTA, pH 7.5.

Rotary evaporator.

YT culture medium: 0.5% (w/v) yeast extract, 0.8% (w/v)
tryptone, 80 mM NaCl.

. YT-agar selective medium: 0.5% (w/v) yeast extract, 0.8%

(w/v) tryptone, 80 mM NaCl, 1.5% (w/v) agar, 25 pg/mL
kanamycin (see Note 14).

. SOC medium: 0.5% (w/v) yeast extract, 2% (w/V) tryptone,

8.5 mM NaCl, 2.5 mM KCI, 10 mM MgCl,, 20 mM D-glucose
(see Note 15).

. 20% (w/v) D-glucose, filter-sterilized with 0.22 pm filter.

. BL21 (DE3) chemically competent E. coli cells (see Note 16).
. pET28a:MSP1E3D1 plasmid DNA (see Note 17).

. 50 mg/mL kanamycin (se¢ Note 18).

. Growth medium: YT culture medium, 0.2% (w/v) filter-

sterilized glucose, 25 pg/mL kanamycin (see Note 19).

. 1M isopropyl-f-D-thiogalactopyranoside (IPTG) in H,O.
10.

500 mM phenylmethanesulfonyl fluoride (PMSF) in 100%
ethanol.

10% (v/v) Triton X-100.
Ultrasonic liquid processor with microtip (see Note 20).

Ni-NTA agarose and chromatography column approx. 0.8 cm
1.D. x 4 cm length.

Resuspension buffer: 20 mM Na-phosphate, pH 7.5
Column wash 1 buffer: 40 mM Tris-HCI, pH 8.0, 300 mM
NaCl, 1% (v/v) Triton X-100.

Column wash 2 bufter: 40 mM Tris—-HCI, pH 8.0, 300 mM
NaCl, 20 mM imidazole, 50 mM Na-cholate.

Column wash 3 buffer: 40 mM Tris—-HCI, pH 8.0, 300 mM
NaCl, 50 mM imidazole.

Column elution buftfer: 40 mM Tris—-HCI, pH 8.0, 300 mM
NaCl, 400 mM imidazole.
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19.

20.

[E RO S NS T

10.
11.
12.
13.
14.
15.

16.

17.

18.

19.

Dialysis buffer: 20 mM Tris-HCI, pH 7.5, 100 mM NaCl,
0.5 mM EDTA.

Dialysis cassette with 2000 Da molecular weight cutoff
(MWCO).

. Pyrex 50 mL round-bottom centrifuge tube.
. Rotary evaporator.
. Source of compressed nitrogen gas.

. Stocks of synthetic lipids in chloroform, each at a concentra-

tion of 25 mg/mL. The lipid stocks include: (a) 1-hexadecano
yl-2-(9Z-octadecenoyl)-sn-glycero-3-phosphocholine (POPC;
Avanti #850457C), (b) 1-hexadecanoyl-2-(9Z-octadecenoyl)-
sn-glycero-3-phosphocholine (POPE; Avanti #850757C),
and (¢) 1,17,2,2'-tetra-(9Z-octadecenoyl) cardiolipin (TOCL;
Avanti #710335C) (see Note 21).

. ND bufter A: 20 mM Tris-HCI, pH 7.5, 100 mM NaCl,

0.5 mM EDTA.

. ND buffer B: 20 mM Tris-HCI, pH 7.5, 100 mM NacCl,

0.5 mM EDTA, 59 mM Na-cholate.

. ND column buffer 1: 40 mM Tris—-HCI, pH 8.0, 300 mM

NaCl.

. ND column buffer 2: 40 mM Tris—-HCI, pH 8.0, 300 mM

NaCl, 400 mM imidazole.

. ND storage buffer: 20 mM HEPES-KOH, pH 7.5, 200 mM

NaCl, 50 mM KOAc, 5 mM Mg(OAc),, 5% (v/v) glycerol.
Laboratory vortex mixer.

Bath sonicator.

15 mL conical tubes.

Laboratory rotisserie.

BioBeads SM-2 (Bio-Rad) hydrophobic adsorbents.

Ni-NTA agarose and chromatography column approx. 0.8 cm
1.D. x 4 cm length.

Amicon Ultra centrifugal filter units (Millipore), 3000 Da
MWCO, 5 mL capacity.

Translation buffer (10x): 200 mM HEPES-KOH, pH 7.5,
1 M KOAc, pH 7.5, 25 mM Mg (OAc),, 2 mM spermidine,
0.08 mM S-adenosylmethionine.

Protease inhibitor mixture (200x): 50 pg/mL each of anti-
pain, chymostatin, leupeptin, pepstatin A, and 5% (v/v) of
aprotinin.

Energy generating system (EGS) and amino acid mixture:
90 mM HEPES-KOH, pH 7.5, 15 mM ATP, pH 7.5, 15 mM
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2.5 Gel-Based
Analysis of Assembly

20.
21.

[ SO ST NS ]

11.

12.

GTP, pH 7.5, 120 mM creatine phosphate, 0.12 U/pL
creatine phosphokinase, 0.38 mM each of 20 common
L-amino acids, excluding methionine (see Note 22).

Wheat germ extract (prepared as in Subheading 3.1)
L-[*S] methionine (se¢ Note 23).

. Mini-PROTEAN Tetra Cell (Bio-Rad).

. PowerPac Universal Power Supply (Bio-Rad).

. Mini-PROTEAN TGX Precast Gel (Bio-Rad) (see Note 24).

. Electrophoresis running buffer: 25 mM Sigma 7-9 bufter,

0.2 M glycine, 0.1% (w/v) sodium dodecyl sulfate

. SDS-PAGE sample buffer: 125 mM Tris—Base, 18% (v/v)

glycerol, 3.6% (w/v) sodium dodecyl sulfate, 0.045% (w/v)
bromophenol blue, 0.1 M DTT.

. Destain solution: 50% (v/v) methanol, 10% (v/v) acetic acid

. Coomassie stain solution: 50% (v/v) methanol, 10% (v/v) ace-

tic acid, 0.5% (w/v) Coomassie G-250.

. Gel imaging system capable of imaging radiolabeled samples

(see Note 25).

. Gel drying apparatus (see Note 26).
10.

Imaging screen-K, 20 x 25 cm phosphor imaging screen (Bio-
Rad 170-7843) and exposure cassette-K (Bio-Rad 170-7861).

1*C-methylated protein molecular weight markers (PerkinElmer
#NEC81100).

Precision Plus All Blue DPrestained Standards (Bio-Rad
161-0373).

3 Methods

3.1 Preparation
of Wheat Germ Extract

3.1.1 Floatation
of Wheat Germ

These procedures are based on protocols modified from Erickson
and Blobel [36]. Floatation enriches the wheat germ for viable,
intact embryos. The extract is then prepared in three steps: homog-
enization of the floated germ, homogenate centrifugation, and gel
filtration of the supernatant. The following protocol is optimized
for 50 g of wheat germ starting material, which yields approxi-
mately 15-20 mL of active extract.

1.

Prepare 800 mL of floatation solvent in a 1 L beaker in a well-
ventilated hood. Stir with a glass rod until no Schlieren lines
are visible.

. Carefully pour 25 g of wheat germ to the top of the solution

and gently stir. During the 2—-3 min separation process, dam-
aged embryos will settle, and intact, viable embryos will float.
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3. Decant the floating embryos into a Buchner funnel fitted with

Whatman #1 filter paper and dry the wheat germ embryos by
pulling air through the funnel for 30 min (se¢ Note 27).

4. Spread the dried wheat germ onto fresh aluminum foil in fume

hood.

5. Repeat steps 1-4 with another 25 g of wheat germ

(see Note 28).

6. Combine and weigh the dried wheat germ. The target yield of

the floated wheat germ is 30—40% (w,/w) (see Notes 29 and 30).

1. All steps should be carried out in a cold room at 4 °C.

2. Place the combined dried wheat germ in a prechilled mortar,

cover with liquid nitrogen, and grind wheat germ to a fine
powder with a pestle. The total grinding time should be about
2 min, using reasonable force (see Note 31). Transfer the dried
powder to a fresh sheet of foil.

3. Add homogenization buffer to the mortar at a sufficient

volume to saturate the powder (see Note 32), slowly add pow-
dered wheat germ, and grind until a thick homogeneous paste
is obtained.

4. Transfer the homogenate into two 50 mL prechilled sterile

centrifuge tubes using a sterile rubber policemen. Centrifuge
at 23,000 x g at 4 °C for 10 min.

5. Transfer the supernatant to fresh 50 mL centrifuge tubes using

a sterile Pasteur pipette (see Note 33).

6. Repeat centrifugation step (23,000 x g at 4 °C for 10 min)

and transfer the supernatants (now termed the $S23 wheat
germ extract) to a fresh tube. Measure the extract volume
(see Note 34).

7. Perform gel filtration of the extract by loading the S23 wheat

germ extract on the G-25 column, and elute with column
bufter under gravity flow. Collect eluate in 1 mL fractions
(see Note 35).

8. Measure the absorbance of each fraction at 260 and 280 nm

(Aze0 and Ayg, respectively) by adding 5 pL fraction to 1 mL of
1% (v/v) SDS in a quartz cuvette with a spectrophotometer
blanked with 5 pL of column buffer and 1 mL of 1% (v/v)
SDS. The profile should be similar to that shown in Fig. 1.

9. Target fractions are optimally those with A, > 0.4 and Ayg/

Asg ratios of about 1.6. Depending on the amount of S23
wheat germ extract, this will be about 15-20 fractions. Pool
target fractions into a sterile 50 mL centrifuge tube, aliquot
into microfuge tubes, flash-freeze in liquid nitrogen, and store
at =80 °C (see Note 36).
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3.2 InVitro
Transcription

3.2.1  PCR Amplification
of DNA Fragments

3.2.2 InVitro
Transcription Reaction

Table 1
PCR protocol
Component Volume (pL) Final concentration
Nuclease-free H,O 80.0 n/a
10x PCR buffer 10.5 1x
10 mM dNTP mix 2.0 0.2 mM, each dNTP
50 mM MgCl, 4.0 2 mM
50 pM forward primer 1.0 0.5 pM
50 pM reverse primer 1.0 0.5 pM
100 ng/pL. DNA template 1.0 1 ng/pL
DNA polymerase (5 U/pL) 0.5 0.025 U/uL

Total

100.0

The procedure outlined here uses PCR to generate DNA fragments
for the transcription reaction. Alternatively, one could use plasmid
linearized with appropriate restriction endonuclease(s).

1.

Assemble the PCR reaction mixture (Table 1) in a PCR tube
(see Note 37).

. Add the reaction to a PCR thermal cycler programmed as fol-

lows: first denature (94 °C, 4 min); 30 cycles of amplification
(denature 94 °C, 20 s; anneal 54 °C, 20 s; extension 72 °C,
1 min per 1 kb); final extension (72 °C, 4 min) (se¢ Note 38).

. Purity the amplified DNA fragment using the QIAquick PCR

Purification Kit and elute with 50 pL of RNase-free H,O
(see Note 39).

. Assemble the in vitro transcription mixture (Table 2) in a

1.5 mL microfuge tube and incubate the reaction at 37 °C for
1.5 h (see Note 40).

. Isolate and purity RNA by adding reaction to 340 pL of 100%

ethanol and 13.3 pL of 3 M NaOAc (pH 5.2) and precipitat-
ing mRNA on ice for 2 h (see Note 41).

. Pellet samples at maximum speed for 20 min in a microfuge

(4 °C) and carefully aspirate supernatant.

. Wash pellet with 1 mL 70% (v/v) ethanol, re-centrifuge

(10 min at maximum speed in a microfuge at 4 °C) and aspi-
rate supernatant.

. Dry pellet in a rotary evaporator for 5 min and resuspend

mRNA pellet in 100 pL TE, pH 7.5.

. Aliquot mRNA in volumes of 25 pL each, flash-freeze in liquid

nitrogen, and store at —80 °C (see Note 42).
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In vitro transcription protocol
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Component Volume (pL) Final concentration
Nuclease-free H,O 43.3 n/a
10x transcription buffer 10.0 100 mM HEPES, pH 7.5
20 mM MgCl,
2.5 mM spermidine
100 mM DTT 10.0 10 mM
100 mM rNTP mixture 4.0 4 mM, each INTP
0.1 U/pL (5")ppp(5")G 13.0 0.013 U/pL
20 U/pL RNasin 2.0 0.4 U/uL
100-200 ng/pL PCR product DNA® 13.0 13-26 ng/pLb
5 pM SP6 RNA polymerase 3.5 0.18 pMe
0.5 U/pL pyrophosphatase 1.2 0.006 U/pL
Total 100.0

“This corresponds to the purified DNA template with an SP6 promoter
"The final DNA concentration is variable, depending on efficiency of PCR reaction and purification
“The final SP6 polymerase concentration is variable, depending on source of polymerase

3.3 Preparation
of MSP

Several variants of MSP have been described (see Fig. 2 and reviewed
in [29]). Among them, plasmids comprised of the pET28a vector

with different MSP coding sequence variants are available in the
Addgene plasmid repository. These contain an N-terminal affinity
tag followed by specific cleavage sites just upstream of the MSP
(Fig. 2). This protocol describes the preparation of MSP1E3D1
construct; the expression and purification of other variants is similar
(see Note 43).

3.3.1 MSP1E3D1
Expression

1. Transform prechilled BL21 (DE3) cells with 25 ng pET28a/

MSPIE3D]1 plasmid DNA by incubation on ice for 30 min,
heat shock at 42 °C for 45 s, incubation on ice for 2 min, and
recovery at 37 °C in 0.95 mL SOC Medium for 1 h.

. Plate 100 pL transformed cells on kanamycin-selective plates

and incubate overnight at 37 °C.

. Prepare 100 mL growth medium, divide into several (five to

ten) 5 mL aliquots in culture tubes, inoculate each with indi-
vidual colonies from transformation plate, and grow overnight
(37 °C, 250 rpm) (see Note 44).

. Prepare 4 x 500 mL growth medium each in 2 [ flasks, inocu-

late each with 1 mL overnight culture, and grow (37 °C,
250 rpm) to ODgp = 0.8-1.0 (see Note 45).
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MW £ 8 nanodisc

MSP type organization (kDa) (M'cm”) diameter (nm)

Fx
MSP1 Ei H1 | Hz [H3] H5 | H6 | H7 | He [ W8] HiD | 246 23950 97-98

Fx

MSP1E1 [L?Qi H1 | Hz |H3] Wi | W5 | he | w7 | W8 | Heluimdon] 275 32430 10.4-10.6
EX

mspie2 [E_ A1 [ Hz [Ha] H5 | W4 | W5 | W6 | W7 | Ha [Ee]meEion] 300 32,430 1.1-119

FX

MSP1E3 H1 | Hz [F3] H5 | He | 4 | W5 | W8 | A7 | W8 |He|nion 325 32430 12.1-129
TEV
MSP1D1 [E iH1.\| He [H3[ W4 [ W5 [ HE | W7 | he [ Ho[NeinN) 247 21,430 95-97
TEV
msp1E3D1 [ MFI] % e[ s e e e 26 20910 121

Fig. 2 MSP constructs available through the Addgene plasmid repository. The composition of each construct
includes N-terminal hexahistidine (6H) or heptahistidine (7H) affinity tags, cleavage sites including factor X (FX)
and tobacco etch virus (TEV) proteolysis sequences, and Apo-A-I derived helices comprising 11 residues (H1A,
H3, and H9) and 22 residues (H1, H2, H4, H5, H6, H7, H8, and H10). The molecular weights indicated are for
the intact, uncleaved polypeptide. The disc diameters are published values based on gel filtration chromatog-
raphy and small angle x-ray scattering [28]

332 MSP1E3D1
Purification (See Note 46)

. Induce expression by reducing growth temperature to 26 °C,

allowing cultures to reach 26 °C, adding 1 mM IPTG, and
continuing incubation for 3 h.

. Harvest cells by centrifugation (4000 x g for 20 min), decant

medium, flash-freeze pellets in liquid nitrogen, and store at
-80 °C.

. Thaw pellets from each 500 mL culture on ice and resuspend

each pellet in 20 mL resuspension buffer with 1 mM PMSF.

2. Add Triton X-100 to a final concentration of 1% (v/v).

. Disrupt cells by ultrasonication in an ice bath using a microtip,

50% amplitude, cight total times of 30 s sonication rounds
with 60 s breaks in between (see Note 47).

. Clarity the lysate by centrifugation (30,000 x g for 30 min)

and combine supernatants.

. Equilibrate  Ni-NTA agarose in chromatography column

(matrix bed 8 mL) with a minimum of five column volumes
(CV) of column wash 1 buffer (see Note 48).

. Load clarified lysate supernatant onto column, and wash the

column with 5 CV column wash 1 butter, 5 CV column wash
2 butffer, and 5 CV column wash 3 butffer.

. Elute MSP1E3D1 with column elution buffer (10 x 1 mL

fractions). Pool peak protein-containing fractions, add to dial-
ysis cassette (MWCO 2000), and dialyze at 4 °C in 3 1 dialysis



3.4 Assembly
of Nanodiscs
with Target Protein

3.4.1 Preparation
of Solubilized Lipids

3.4.2 Assembly

of Lipid-Only Nanodiscs
(for Cotranslational
Assembly Only)

Nanodisc Reconstitution of Mitochondrial Membrane Proteins 167

buffer with two steps (dialyze for 3 h, exchange the buffer, and
then dialyze overnight) (see Note 49).

8. Measure MSP concentration by A,gy and known molar extinc-

tion coefhicients (Fig. 2). Aliquot into 250 pL fractions, flash-
freeze in liquid nitrogen, and store in —80 °C (se¢ Note 50).

1. Assemble the desired lipid blend by combining 25 mg/mL

chloroform stocks of lipids in a 50 mL round-bottom Pyrex
tube using a Hamilton syringe. To assemble a mitochondrial
inner membrane biomimetic lipid combination (40 mol%
POPC, 40 mol% POPE, 20 mol% TOCL), add 0.2 mL of
POPC, 0.19 mL of POPE, and 0.2 mL of TOCL. This corre-
sponds to 5.0 mg POPC, 4.8 mg POPE, and 5.0 mg TOCL.

2. Evaporate the chloroform under a gentle nitrogen stream in a

fume hood (see Note 51).

3. Cover the tube with Parafilm with small hole on top and place

in vacuum desiccator (rotary evaporator in stationary desicca-
tor mode) for a minimum of 2 h to remove all traces of organic
solvent.

4. Hydrate the lipid film by adding 0.8 mL of ND butffer B, vor-

texing lipids into solution, and placing in a bath sonicator for a
total of 4 x 1 min cycles until suspension is clear (see Notes 52
and 53).

1. Prepare a 2 mL lipid-only nanodisc assembly reaction in a

15 mL conical tube by assembling cholate-solubilized lipids
(from Subheading 3.4.1) and MSP (from Subheading 3.3)
with ND bufter A as shown in Table 3. Incubate assembly at
room temperature for 30 min (see Note 54).

2. Prepare BioBeads by adding 1.5 g of dry beads to a 15 mL

conical tube and hydrating with 1.0 mL of ND buffer A
on laboratory rotisseric at room temperature for 30 min.

Table 3

Lipid-only biomimetic nanodisc assembly reaction

Component Volume (pL) Final concentration
20.5 mM lipid blend 590 2.4 mM POPC

2.4 mM POPE

1.2 mM TOCL
200 pM MSP1E3D1 500 50 uM
ND buffer A 910
Total 2000
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Table 4
Nanodisc affinity purification buffers

ND column buffer 1

ND column buffer 2

Buffer

Wash 1 (no imidazole)
Wash 2 (20 mM imidazole)
Wash 3 (50 mM imidazole)

Volume (mL)
25.00

23.75

21.87

0

Volume (mL)
0

1.25

3.13

25.00

Elution (400 mM imidazole)

3.4.3 Cotranslational 1.

Assembly of Target Protein
in Nanodiscs

Carefully remove as much butfer as possible by pipetting; it is
fine if the beads retain a small amount of bufter.

. Initiate the self-assembly reaction by adding the nanodisc

assembly mixture to the conical vial containing pre-hydrated
BioBeads. Incubate reaction on laboratory rotisserie at room
temperature for 2 h (see Note 55).

. Affinity purify assembled nanodiscs via batch purification with

Ni-NTA agarose by adding 1 mL of Ni-NTA beads (equili-
brated with ND butffer A) to the assembly reaction and incu-
bating for 45 min at room temperature. Add the slurry to
chromatography column. Prepare wash and elution buffers as
shown in Table 4, and add 2 CV of wash 1 buffer, 2 CV of
wash 2 buffer, and 2 CV of wash 3 buffer, and elute with elu-
tion buffer in 4 x 1 mL fractions (see Note 56).

. Perform nanodisc concentration and buffer exchange by

adding elution fractions to 5 mL. Amicon Ultra centritugal fil-
ter units (3000 MWCO), pre-equilibrated with ND storage
bufter. Perform the following four times: centrifuge sample at
3500 x g for 15-20 min at 4 °C, discard eluate, add 3.0 mL
ND Storage Buftfer to nanodisc sample in filter device, and,
finally, concentrate the sample to approximately 0.5 mL
(see Note 57).

. Purified nanodiscs can be used immediately in translation

reactions. Alternatively, they may be stored long term by flash-
freezing in liquid nitrogen and store at —80 °C.

Assemble translation reaction with nanodiscs (Table 5) in a
1.5 mL microfuge tube, and incubate the reaction at 26 °C for
40 min (see Note 58).

. Centrifuge the reaction mixture at 20,000 x g for 10 min to

pellet precipitated protein, and transfer clarified supernatant
containing nanodiscs with target protein to a new microfuge
tube.
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Table 5
Translation reaction

With nanodiscs

No nanodiscs

Component Volume (pL) Volume (puL) Final concentration
Nuclease-free H,O 146 .4 73.2 n/a
10x translation buffer 50 25 20 mM HEPES, pH 7.5
100 mM KOAc, pH 7.5
2.5 mM Mg(OAc),
200 pM spermidine
8 pM S-adenosylmethionine
100 mM DTT 5 2.5 1 mM
200x protease inhibitors 2.6 1.3 1x
20 U/pL RNasin 2.6 1.3 0.1 U/pL
EGS 40 20 7.2 mM HEPES, pH 7.5
1.2 mM ATP, pH 7.5
1.2 mM GTP, pH 7.5
9.6 mM creatine phosphate
9.6 U/mL creatine phosphokinase
30 pM amino acids (-Met)
Wheat germ extract® 100 50 20% (v/v)
10 pCi/pL [**S]methionine  13.4 6.7 0.25 pCi/pL
3—4 pg/pl Tim23 mRNA® 40 20 240-320 ng/pL, 8% (v/v)
Purified nanodiscs® 100 n/a 20% (v/v) nanodiscs
ND storage buffer n/a 50 20% (v/v) bufter
Total 500 250

“Typical preparations of wheat germ extract have Ay values from 0.5 to 0.8 and Ayg:Asg ratios of ~1.6
"Stock concentrations of purified mRNA will vary depending on the transcript
“Typical preparations of nanodiscs will contain approximately 0.5 mg/mL protein and 3 mg/mL lipid

3. To repurify and concentrate the [3*S]Tim23-containing nano-
discs, the sample can be subjected to a second round of Ni-
NTA-based chromatography, exactly as detailed in Subheading
3.4.2, steps 4 and 5 (see Note 59).

3.4.4 Posttranslational
Assembly of Target Protein
in Nanodiscs

1. Assemble translation reaction without nanodiscs (Table 5) in a
1.5 mL centrifuge tube and incubate the reaction at 26 °C for
40 min (see Note 58).

2. Prepare a 2 mL target protein-nanodisc assembly reaction in a
15 mL conical tube by assembling cholate-solubilized lipids
(from Subheading 3.4.1) and MSP (from Subheading 3.3) at
optimized molar ratios and adjusting the volume with ND
buffer A as shown in Table 6. Incubate assembly at room tem-
perature for 30 min.
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Table 6
Target protein-biomimetic nanodisc assembly reaction

Component Volume (pL) Final concentration
20.5 mM lipid blend 590 2.4 mM POPC
2.4 mM POPE
1.2 mM TOCL
200 pM MSP1E3D1 500 50 pM
[**S]Tim23 translation 250 12.5% (v/v)
200x Protease inhibitors 20 2x
ND buffer A 640
Total 2000
A. Co-translational B. Post-translational C. Post-translational control (no MSP)
wash elution = wash elution wash elution
kDa =FT 1 2 3 1 2 3 4 ND1 kDa S FT 1 2 31 2 3 4 ND2 kDa§n1231234N02
46 46 46
30 e Fa— “(?\é 30 -_—— —— ‘—-4?\‘; 30 - 1%
143 | ™ 14.3] == : 14.3 | =
=z wash elution = wash elution
kDa EFT 1 2 3 1 2 3 4 ND1 kDa £ FT1 2 31 2 3 4 ND2
37 a7
25 “% 25| “‘%
20 20

Fig. 3 Analysis of nanodisc assembly and purification for (a) cotranslational assembly, (b) posttranslational
assembly, and (¢) negative control (lacking MSP). Samples were resolved by SDS-PAGE on 12.5% gels and
visualized by radioisotope scanning (upper gels) to image [**S]Tim23 and by Coomassie staining (lower gels)
to detect MSP. Individual flow-through, wash, and elution fractions are indicated. ND1 and ND2 denote the final
combined samples for co- and posttranslational assembly reactions, respectively

3. Perform self-assembly of nanodiscs in the presence of the target
protein and affinity purify the nanodiscs by following exactly
steps 3—6 of Subheading 3.4.2 above.

3.5 Gel-Based 1. Set up the electrophoresis apparatus according to the manufac-
Analysis of Assembly turer’s instructions.

2. In separate microfuge tubes, premix 5 pL. nanodisc purification
fractions (flow-through, wash steps, elution steps, and concen-
trated samples) with an equal volume of SDS-PAGE sample
buffer, and heat at 65 °C for 10 min prior to gel loading. For
gels in radioisotope scans, add 5 pL of radiolabeled molecular
weight markers to an equal volume of SDS-PAGE sample buf-
fer; for Coomassie gels, add 5 pL of all blue markers to an
equal volume of SDS-PAGE sample buffer. Quantitatively load
all samples onto gel. See Fig. 3 for a loading schematic.
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. Run gels at 125 V until the bromophenol blue dye front

reaches the bottom of the separating gel.

. Prepare gels used for radioisotope scans by washing in 100 mL

of destain solution for 10 min followed by two 10 min washes
in water. Dry gels for 40 min at 80 °C and place on phosphor
imaging screen (see Note 60). Perform radioisotope scan on
the molecular imager using the appropriate settings.

. Stain gels used for Coomassie stain by incubating in 100 mL

of Coomassie stain solution for 30 min followed by multiple
20 min washes in 100 mL destain solution. Continue destaining
until signal from protein bands are sufficiently contrasted with
background.

4 Notes

. All glassware should be autoclaved and baked overnight to

eliminate nucleases. Ceramic pieces (Buchner funnel, mortar,
pestle) are also autoclaved. All solutions should be prepared
with Milli-Q (or double-distilled) water, sterilized by filtration,
and stored long term at 4 °C,

. Wheat germ (typically from Triticum aestivum 1..) can also be

sourced from commercial mills but note that different strains
of wheat will have variable activity and should be tested.
Activity is best retained if wheat germ is stored in small batches
in a vacuum desiccator at 4 °C.

. We use a six inch mortar and pestle set. Any set large enough

for homogenization of the wheat germ will suffice.

4. Add DTT from prepared stocks (1 M DTT) just prior to use.

. Packed Sephadex columns can be used repeatedly if washed

and stored correctly between preparations. Columns with
packed gel medium should be stored with antimicrobial agents
to prevent contamination (e.g., 0.02% sodium azide or 20%
ethanol).

. As an alternative to the transcription protocol described here,

one may use commercially available kits to synthesize mRNA
transcripts.

. We commonly use plasmids designed for in vitro transcription,/

translation, such as pSP65 (Promega) with the open reading
frame (ORF) of interest subcloned into the multicloning site.
Plasmid stocks are stored at concentrations of about 100 ng/
pL in TE buffer at —20 °C.

. Primer stocks are stored at concentrations of 50 pM in TE

buffer at =20 °C.



172

Ketan Malhotra and Nathan N. Alder

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

The forward primer should allow for the inclusion of the SP6
promoter, and the reverse primer is downstream of the termi-
nation codon of the ORF. For constructs subcloned into the
EcoRI/BamHI sites of the pSP65 plasmid, one can use
upstream primer 5'-TGTATCATACACATACGATTTAGGT
GACACTATAG-3" and downstream primer 5-GAATTGT
GAGCGGATAACAATTTCAC-3'.

For these PCR reactions, we typically use Bio-Rad iTaqg DNA
polymerase (Bio-Rad #170-8870) and dNTP mix (#170-
8874). Comparable products from other vendors will suffice.

For purification of PCR products, we typically use the QIAquick
PCR Purification Kit (Qiagen #28106). A comparable kit form
another vendor will suffice.

We use a Bio-Rad C1000 thermal cycler and low tube strip
individual PCR tubes.

SP6 polymerase is available commercially from vendors such as
New England Biolabs; however, we prepare our own stocks
in-house with a typical stock concentration of 5 pM. Commercial
vendors typically quantify SP6 polymerase as defined units of
enzyme activity. If polymerase is obtained from a commercial
vendor, the amount added for optimal transcription must be
determined empirically.

Media, excluding antibiotic, should be sterilized by autoclave
(121 °C). Kanamycin from 50 mg/mL stock can be added to
medium stock once it is cooled.

Media, excluding glucose, should be sterilized by autoclave
(121 °C). Filter-sterilized glucose can be added to medium
stock once it is cooled.

We prepare our own competent cells for transformation. If one
desired cells from a commercial source, One Shot® BL21 Star™
(DE3), chemically competent E. coli (Thermo Fisher Scientific
#C601003) is one suitable option.

This plasmid (the MSP1E3D1 gene in the pET28a vector
backbone) is available from the Addgene plasmid repository
(plasmid #20060).

Kanamycin is dissolved to 50 mg/mL in sterile water, filter-
sterilized using a 0.22 micron filter, divided into 1 mL aliquots
for convenience, and stored at —20 °C.

Prepare the growth medium just prior to use by adding glucose
to a final concentration of 0.2% (w/v) (a 100-fold dilution of
the stock of 20% (w/v) glucose) and by adding kanamycin to a
final concentration of 25 pg/mL (a 2000-fold dilution of the
stock of 50 mg,/mL kanamycin).

We use a QSonica Q700 sonicator equipped with a stepped
coupler assembly that hasa 1 /8" tapered microtip. Comparable
equipment from another manufacturer would suffice.
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Phospholipids supplied in organic solution are stored in amber
glass containers with Teflon-lined closures. The container with
lipid stocks is layered with an inert gas (nitrogen or argon) and
stored at —20 °C. Never store organic lipid stocks in polymer
or plastic containers or expose them to plastic pipette tips or
Parafilm. With proper storage, lipids stocks can be stored for
up to 2 months. Alternatively, lipids can be purchased as pow-
der stocks and resuspended in detergent-containing buffer to
the desired concentration.

Stocks of L-amino acids can be prepared from analytical grade
kits (e.g., Sigma LAA21).

We obtain L-[3S] methionine from PerkinElmer (product
#NEGO009A005MC), in shipments of 5 mCi, stored in 50 mM
tricine and 10 mM beta-mercaptoethanol. Stocks are stored
at =80 °C.

We cast all gels for SDS-PAGE in-house using standard proce-
dures. Bio-Rad Mini-PROTEAN precast gels, or comparable
gels from another vendor, are optional if one does not want to
prepare homemade gels.

We use a Bio-Rad Pharos FX Plus Molecular Imager with external
lasers. Other imaging instrumentation (e.g., the Bio-Rad PMI
system) can be used for the detection of radiolabeled samples.

We use a Bio-Rad Hydrotech system including Model 583 gel
dryer and vacuum pump. Comparable equipment from another
supplier would suffice.

Floated wheat germ will become much lighter in color
when dry.

The organic solvent mixture can be reused for the second set
of wheat germ.

If overnight storage is necessary at this step, the wheat germ
can be stored in a plastic beaker covered with Parafilm and
aluminum foil at —80 °C. Although longer-term storage is pos-
sible at this stage, we have not tested the activity of wheat
germ lysate prepared from active embryos stored longer than
overnight at this step.

If the yield of floated wheat germ is much less than 30-40% of
the starting material, it is possible that the source contains a
low fraction of intact, viable embryos. In this case, it is sug-
gested to seek an alternate supplier.

Grinding the wheat germ in liquid N, minimizes enzymatic
degradation during cell disruption.

As a rule of thumb, the amount of extraction buffer should be
2x weight of dried wheat germ. For example, if 20 g of floated,
dried wheat germ was obtained, then 40 mL of homogeni-
zation buffer would be used. Extra buffer may be added to
maintain the consistency of the paste.
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40.
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42.

43.
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. There will be a yellowish floating layer of lipid. Take care to
avoid transferring this layer into the new tube.

A supernatant volume of 25-30 mL should be obtained fol-
lowing the two centrifugation steps.

The opaque, brown solution eluting just after the void volume
contains the target product. The slower-running yellowish
lipid-rich layer is discarded.

If desired, the combined fractions can be normalized to a
specific Ay by adjusting concentration with column buftfer.
Typical preparations of active wheat germ lysate can have Ay
values ranging from 0.5 to 0.8. Aliquot sizes of stored wheat
germ extract can vary (e.g., from 50 to 200 pL); however, after
thawing lysate, any remaining stock should be discarded
and not re-frozen. The activity of lysate stocks will remain
unchanged for several months when stored at —80 °C.

Reagent concentrations have been optimized for the Bio-Rad
iTaq polymerase system; optimal concentrations of reagents,
particularly for MgCl,, should be tested empirically for differ-
ent enzymes, plasmid templates, and primers.

Optimal temperatures and time lengths of the PCR reaction
will vary for different constructs. Extension times will vary
based on the length of the amplification product, and tempera-
tures will vary based on factors such as polymerases and
primers used. These parameters should be optimized for each
construct.

Purification of PCR products is done in accordance with
the manufacturer’s protocol. We typically run PCR DNA on a
1.8% agarose gel alongside DNA standards to confirm success-
tul amplification of the desired product.

To enhance the incorporation of diguanosine triphosphate,
add one-tenth the concentration of GTP initially and then sup-
plement the reaction with 4 mM GTP after 1 h.

Alternatively, the RNA can be isolated and purified using a
commercially available kit such as the QIAgen RNeasy Mini
Kit (Qiagen #74100).

mRNA in TE can be stored in an ultracold freezer for several
months and can withstand multiple freeze /thaw cycles. Typical
yields of mRNA synthesized and purified by this method range
from 3 to 4 pg/pL, but will vary depending on the transcript.

All constructs bearing a hexahistidine affinity tag will be puri-
fied using the same basic protocol outlined here. If the amount
of purified scaffold protein is sub-optimal, several variables of
the purification step can be modified, including detergent
concentrations, ionic strengths of the buffers, and imidazole
concentrations of the column steps.
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Typical growth time for the overnight step is 12-14 h. Longer
growth times could be used, but the culture should not reach
an ODggp > 0.8 at this point. We inoculate several overnight
cultures at this step to ensure that there are sufficient starter
cultures of approximately equal ODy for each larger culture.

Under these conditions, growing the 500 mL cultures to
ODgqp 0.8 to 1.0 takes approximately 3-3.5 h.

Throughout the purification, samples should be kept on ice
when possible and steps should be conducted at 4 °C.

These sonication settings work for our sonicator and microtip
used in this protocol and may need to be modified if ditferent
ultrasonic processors are used. Following sonication, the lysate
should clarify slightly and appear much less viscous upon
swirling.

This affinity chromatography step can be conducted using
gravity flow. If preferred, it could also be performed using a
peristaltic pump or automated liquid chromatography system.

For our dialysis steps, we use Slide-A-Lyzer dialysis cassettes
(Thermo Fisher Scientific). Similar products from other ven-
dors would suffice.

To measure the protein concentration using the A,g, value,
dilute the sample sufficiently so that the measured Ay < 1.0.
With a 25-fold dilution of protein, an Aygy of 0.24 corresponds
to a typical MSP1E3D1 concentration of 200 pM. For this
protocol, this amounts to approximately 20 mg of purified
protein per liter of culture.

This step can be performed by clamping the glass tube at a
slight angle relative to the nitrogen stream and rotating peri-
odically. Flush-dry the lipids until the first dry residue appears
and continue drying for an additional 15 min. Overdrying the
lipids at this stage, visualized by cracking of the lipid film, can
make resuspension difficult.

During nanodisc preparation steps, make sure that the sample
temperature is above the melting temperature (T,,) of the
highest melting lipid. This ensures that all lipids are in the
liquid crystalline phase and is especially important for long
chain, saturated lipids with high T,,. Ensure that all solutions
are warmed to the proper temperature prior to exposing them
to lipids. In the case of the lipid blend used here, PE has the
highest T,, of 25 °C. For a comprehensive listing of T}, values
for commercially available lipids, refer to the manufacturer’s
website (e.g., www.avantilpids.com).

During lipid hydration, the concentration of cholate should be
at least twice the concentration of the lipid.


http://www.avantilpids.com

176 Ketan Malhotra and Nathan N. Alder

54. This lipid /MSP molar ratio (120:1) was empirically optimized
for this nanodisc preparation; the optimal molar ratios of lipid
and scaffolding protein will differ depending on MSP type and
lipid composition. Molar ratios of other scaffolding protein

and lipid compositions, and the theoretical considerations
behind them, have been described (e.g., [28]).

55. Alternatively, the 2 mL self-assembly reaction can be done by
extensive dialysis against a 2000x volume of ND butffer A.

56. Alternatively, assembled nanodiscs can be purified by size
exclusion chromatography (e.g., by fractionation on a Superdex
200 10,/300 GL column equilibrated with ND buffer A).

57. Following nanodisc concentration, it is advisable to determine
the final protein concentration (e.g. using a Bradford assay [37])
and/or the final lipid concentration (e.g., using the ferrothio-
cyanate assay [38]) in order to normalize the amount of discs
in subsequent reactions. Following concentration to 0.5 mL, a
typical nanodisc sample contains approximately 0.5 mg/mL
MSP protein and 3 mg,/mL lipid.

58. To enhance the readout of endogenous mRNA prior to addi-
tion of the [¥S]methionine label, we incubate reactions at
26 °C for 5 min prior to mRNA addition.

59. Alternatively, in order to enrich for only those nanodiscs that
contain the target protein, one may perform affinity chroma-
tography against a tag engineered onto the target protein.

60. Sufficient signal from 3S-labeled protein can generally be
obtained after K-screen exposure for a few hours, depending on
the efficiency of translation and [3*S ]methionine incorporation.
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Chapter 11

Detection of Dual Targeting and Dual Function
of Mitochondrial Proteins in Yeast

Reut Ben-Menachem and Ophry Pines

Abstract

Eukaryotic cells are defined by the existence of subcellular compartments and organelles. The localization
of a protein to a specific subcellular compartment is one of the most fundamental processes of a living cell.
It is well documented that in eukaryotic cells molecules of a single protein can be located in more than one
subcellular compartment, a phenomenon termed dual targeting, bimodal targeting, or dual localization.
Recently, growing evidence started to accumulate for abundant dual targeting of mitochondrial proteins,
which are localized to a second location in the cell, besides this specific organelle. We have termed these
dual localized proteins echoforms or echoproteins (echo in Greek denotes repetition). As the research on
dual targeting of proteins is developing and evidence is accumulating for high abundance of the phenom-
enon, there is a growing need for new methods that would allow the identification of dual localized pro-
teins and analysis of their functions in each subcellular compartment. This is particularly critical for single
translation products that are encoded by the same gene and are actually derived from the same protein but
nevertheless distribute between different subcellular compartments. The above considerations have led us
to develop several approaches for studying dual localized proteins and their dual function. These include
an a-complementation-based assay, specific depletion, and selection of the individual echoproteins.

Key words Dual-targeting, Dual-function, Mitochondria, Saccharomyces-cerevisine, Mitochondrial
targeting sequence (MTS)

1 Introduction

Eukaryotic cells are defined by the existence of subcellular com-
partments and organelles. This allows the partitioning of various
biochemical pathways out of the cytosolic milieu into discrete
organelles. Mitochondria are one such example. They are respon-
sible for energy production and essential metabolic pathways in the
cell and have also been implicated in other fundamental processes
such as apoptosis, aging, and cancer. The localization of a protein
to a specific subcellular compartment is one of the most fundamen-
tal processes of a living cell. Like transcription and translation, pro-
tein localization is one of the steps by which the information
encoded in the DNA is expressed, and is thus a function that must

Dejana Mokranjac and Fabiana Perocchi (eds.), Mitochondria: Practical Protocols, Methods in Molecular Biology, vol. 1567,
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be accomplished by all life forms. Sorting of a protein to an
organelle involves two main steps: targeting directed by informa-
tion within the protein, that is specifically recognized by an intra-
cellular membrane-associated apparatus, and translocation through
this membrane. For example, mitochondrial precursor proteins are
imported into mitochondria in a multistep process mediated by
translocation systems in the outer and inner membranes [1-3].
These proteins usually harbor an amino-terminal mitochondrial
targeting sequence (MTS), which is recognized by the organelle
receptors and import machinery.

It is well documented that in eukaryotic cells molecules of a
single protein can be located in more than one subcellular com-
partment, a phenomenon termed dual targeting, bimodal target-
ing, or dual localization [4-6]. There is growing evidence for
abundant dual targeting of mitochondrial proteins. A combination
of genome-wide screens and bioinformatics suggests that about a
third of the yeast mitochondrial proteome is dual localized [7-9].
We have named these dual localized proteins echoforms or echo-
proteins, indicating forms of the same protein that are present in
the distinct compartments of the cell. This term replaces the terms
“isoproteins” or “isoenzymes” that are reserved for proteins with
the same activity but different amino acid sequences. Echoforms
are identical or nearly identical, even though in some cases, surpris-
ingly, they have completely different functions in different com-
partments. With regard to mitochondria, our operational definition
of dual localized proteins refers to situations in which one echo-
form is translocated across or inserted into one of the two mito-
chondrial membranes while the other echoform is present in a
different compartment.

Dual localization of mitochondrial proteins can be achieved by
different mechanisms, which can be principally divided into two
groups, based on whether they involve synthesis of a single or two
translation products. In the latter and simpler case, one of the two
translation products harbors an MTS while the other lacks it. The
production of two translation products can be accomplished at the
level of the DNA (two or more genes), mRNA (alternative tran-
scription initiation or splicing), or translation initiation [10, 11].
As the research on dual targeting of proteins is developing and
evidence is accumulating for high abundance of the phenomenon,
there is a growing need for new methods that would allow the
identification of such proteins and analysis of their functions in
cach cellular compartment. This is particularly critical for single
translation products that distribute between two subcellular com-
partments. In this regard, several mechanisms of dual distribution
of single translation products have been described [11, 12].
Importantly, in all these cases, both populations are encoded by
the same gene and are actually derived from the same protein.
Hence, traditional genetic approaches, such as knockout of the
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1.1 Detection of Dual
Targeting

gene of interest or knockdown of its mRNA, are not applicable for
their analysis since these methods deplete all protein products of
the gene.

Several methods have been developed to identify dual localiza-
tion of proteins. The classical method to detect the localization of
a specific protein involves subcellular fractionation followed by
probing of each fraction for the presence (e.g., immunoblot) or
the activity of the protein under study. However, this tedious
method is limited to subcellular compartments that can be frac-
tionated and is subject to artifacts resulting from impurities in the
preparation of fractions. To this end, several methods have been
developed to more easily probe protein localization. These meth-
ods are based on fusion of a reporter protein or an epitope tag to
proteins, which allows them to be visualized within cells. Fusion of
B-galactosidase may be detected by its enzymatic activity (by add-
ing an appropriate substrate) or indirectly using immunofluores-
cence. Green fluorescent protein (GEP) fusions have the advantage
that they can be visualized in living cells and do not need the addi-
tion of external substrates. In yeast Saccharomyces cerevisine, epit-
ope tagging and GFP fusions were used to annotate the cellular
location of the majority of the proteome [13, 14]. f-galactosidase
and GFP fusions, however, involve long attachments (1024 and
238 amino acids respectively), which may perturb the function and
affect the localization of the modified proteins. Epitope tagging
diminishes this problem, yet it cannot be applied in living cells
since it requires cell fixation and permeabilization for immunofluo-
rescence. A limitation of both reporter fusion and epitope tagging
described above is that they require the visualization of individual
cells to identify proteins that are localized to a specific subcellular
compartment. Another major problem is “eclipsed” distribution,
when a large amount of an echoprotein in one compartment
eclipses the detection of the second echoprotein in the other com-
partment [15, 16]. The eclipsed population of such proteins,
therefore, cannot be detected using traditional methods. We pre-
dict that this phenomenon is abundant [7, 8]; however, in most
genome-wide screens it is likely overlooked, due to experimental
limitations.

Theabove considerations have led usto develop an a-complementation-
based assay, which has proved to be a simple and sensitive method for
probing dual protein localization within yeast cells [7, 17-19]. In the
yeast Saccharomyces cerevisine a-complementation was used as a model
for protein assembly mediated by molecular chaperones [20]. In our
laboratory, this method was modified to specifically probe dual pro-
tein localization within yeast cells. The basis of this approach is the
requirement for localization of two complementing p-galactosidase
fragments (—77 amino acids; ®—993 amino acids) within the same
compartment to achieve enzymatic activity. In this approach, the
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1.2 Detection of Dual
Function

Fig. 1 Schematic illustration of the a-complementation assay. This assay is
based on co-localization of p-galactosidase fragments, o and w, within the same
compartment. If the two fragments are localized to the same subcellular com-
partment, enzymatic activity should be detected by the production of blue colo-
nies on X-gal plates (left scheme). In the case that the two fragments are in
separate compartments white colonies should appear (right scheme; Cyt, cyto-
sol; Mit, mitochondria)

a-fragment is attached to the C terminus of the protein of interest and
co-expressed within yeast cells with a compartmentalized o fragment.
Upon growth on plates containing X-gal, the colonies exhibit a color
phenotype reflecting the localization of the a-fused protein, as illus-
trated in Fig. 1. This method was demonstrated to be highly sensitive,
as it enabled detection of eclipsed dual distribution of the proteins
aconitase and Nfsl in yeast [16, 19]. Moreover, we have used
a-complementation to screen the yeast mitochondrial proteome,
which detected many new dual targeted proteins and supports the
notion that dual targeting of mitochondrial proteins is highly abun-
dant. In fact, as mentioned above, we estimate that a third of the
mitochondrial proteome is dual targeted [7, 8].

One possible approach to prove localization is to elucidate a
function of proteins in each compartment. Interestingly, such
proteins can perform the same or distinct activities and functions
in each location [15, 12, 21]. One way to analyze whether a pro-
tein has a function in a specific compartment is to specifically
deplete the protein from one, and only one, of the compartments.
While achieving mitochondrial depletion is sometimes simple
(e.g., by expressing a version of the protein lacking the MTS),
creating an exclusively mitochondrial targeted active protein may
be a harder task. One scheme that was developed in our labora-
tory is based on fusing the protein of interest to a degron [22],
which causes degradation of the cytosolic echoprotein in the pro-
teosome while the mitochondrial population of the protein is
protected in the organelle (and remains intact), as illustrated in
Fig. 2. Thus, using this scheme, one can specifically deplete a
protein from a specific subcellular location. The results of such an
experiment are shown in Fig. 3 in which the yeast enzyme aconi-
tase is analyzed; Acol-SL17 (aconitase tagged with the degron
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Fig. 2 The strategy of location-specific depletion of a dual localized protein. The
SL17 degradation signal is fused to the C-terminus of a dual-distributed protein.
The fusion protein is recognized by the ubiquitin-proteasome system and is
degraded only in the cytosol or nucleus, while its mitochondrial population
remains stable
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Fig. 3 Aco1-SL17 fusion protein can complement the mitochondrial but not the cytosolic function of aconitase.
Wild-type and Aacof strains harboring the indicated plasmids were grown on galactose or ethanol-acetate
plates. Strains lacking cytosolic aconitase (Aaco7 + Aco1-SL17, panels 4) cannot grow on ethanol-acetate (/eft
panel) indicating a defect in the glyoxylate shunt. Accordingly, introduction of cytosolic aconitase into such a
strain (Aaco7 + Aco1-SL17 + AMTS-Aco1, panels 5, 6) restores its ability to grow on ethanol-acetate plates
(compare /eft panels 5, 6 to left panel 4)

SL17) can complement the mitochondrial but not the cytosolic
function of aconitase in Aacol yeast strain background.

Another way to deplete an echoprotein from one of its subcel-
lular compartments is to use a genetic selection. For this, we fused
the protein of interest to the yeast Ura3 protein. If such a fusion
protein is even partially localized to the cytoplasm, the respective
yeast strain will be sensitive to 5-fluoroorotic acid (5-FOA).
However, if mutations in the gene of interest or elsewhere in the
yeast genome cause the Ura3 fusion protein to be targeted
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Ethanol-
Acetate

Galactose

(Aaco1)
pAco1-WT

(Aaco1)
pAco1-URA3

Fig. 4 Loss of cytosolic aconitase causes a glyoxylate shunt defect. Yeast strains
expressing pAco1-Ura3 (which is exclusively mitochondrial) in a Aaco? back-
ground show a glyoxylate shunt defect as indicated by the yeast mutant’s inabil-
ity to grow on ethanol-acetate plates, in contrast to the wild-type strain or Aaco7
strain expressing the wild-type protein

exclusively to mitochondria, the strain will be resistant to 5-FOA.
This allowed us to select for strains in which the fusion protein is
exclusively targeted to mitochondria, as illustrated in Fig. 4 [16]. We
have used the “degron” and “genetic selection” approaches to dem-
onstrate that the enzyme aconitase in yeast is eclipsed distributed
between the mitochondria, containing the vast majority of the pro-
tein, and the cytosol with a very low level [16, 22]. Typical experi-
mental setups for the three methods, we refer to above, are described
in the next section. While the approaches above work for most pro-
teins that we have looked at, they do not apply for all (se¢ Note 1).

2 Materials

2.1 VYeast
Transformation

Transformation Mix. PEG 3350 (50% W/V): 50 g PEG 3350 dis-
solved in 100 mL DDW, Stirred and autoclaved. 1 M LiAc:
66.59 g/mol, dissolved in DDW and filter sterilized. SS-DNA
(Testes DNA, Sigma cat # D-7656): 1 mL of 2 mg/mL of testes
DNA in Sterile DDW, mixed and divided into aliquots in Eppendorf
tubes, boiled for 5’ and put on ice before adding to the transfor-
mation mix.
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AmpR (9135-8476)

ColE1 Ori
(8378-7696)

LEU(5321-7744)

2u0ri (1-2142)

Yep51-Aco-o
Gal10 Promoter

(2239-2717)

ACO1 ORF(2723-5067)

o-ORF(5068-5320)

Fig. 5 lllustration of Yep51-Aco1-« tagged expression plasmid. LEU2, S. cerevisiae gene; AmpR, E. coli ampicil-
lin resistance gene; ORF, Open Reading Frame of the indicated genes. Ori, origin of replication of the indicated
episomes; GAL10 Promoter, promoter of the S. cerevisiae gene GAL10

2.2 Detection of Dual
Localization by the
Complementation
Assay

1. Plasmids: The open reading frames of the genes of interest are

C terminally tagged with the o fragment sequence and cloned
into yeast episomal plasmids under the GAL promoter (as illus-
trated in Fig. 5) such as pYEp51 or p425Gal which are com-
mercially available, or specifically into pYEp51-Aco-a which
we can provide (see Note 2). For controls, one must choose an
exclusive mitochondrial protein such as KGD2-« and an exclu-
sive cytosolic protein such as HXKI -a, both accordingly cloned
in pYEp51 or p425Gal. In order to detect the localization of
your chosen gene product, you must separately co-express it
with cytosolic and mitochondrial omega (o, and ,, respec-
tively) which can be obtained from our lab [19]. Purify all plas-
mids (50-300 ng/pL) to transform them into wild-type yeast
strains such as BY4741 or W303 (EUROSCAREF).

2. Synthetic depleted (SD) medium: 0.67% (w/V) yeast nitrogen

base without amino acids (Difco Laboratories), 2% glucose /2%
galactose (w/v), 630 mg/liter CSM dropout mix (Qbiogene)
(Adenine-10 mg/mL; L-Arginine-50 mg/mL; 1-Aspartic Acid-
80 mg/mlL; r-Isoleucine-50 mg/mlL; r-Lysine-50 mg/mlL;
L-Phenylalanine-50  mg/ml; 1-Threonine-100 mg/mlL;
L-Serine-50 mg/mL; 1-Tyrosine-50 mg/mL; Valine-140 mg/
mL). Sterilize by autoclave. For agar plates, add 2% agar before
autoclaving and pour plates after letting the liquid cool to 50 °C.

3. X-gal (5-bromo-4-chloro-3-indolyl-p, D-galactopyranoside)

plates: SD medium containing, 2% galactose, CSM dropout
mix (Qbiogene) supplemented with the appropriate amino
acids (630 pg/mL) and 2% agar. After autoclaving, cool to
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2.3 Detection of Dual
Function

2.3.1  Location-Specific
Depletion of Dual-
Localized Proteins

50 °C, add raffinose to 1% (stock 10% raffinose (w/v), filter
sterilized), X-gal (4 mL of 20 mg/mL dissolved in 100% N, N-
dimethylformamide in a glass tube covered with aluminum
foil) to 0.008% and BU salts to a 1x concentration (25 mM)
(10x stock; 250 mM Sodium Phosphate bufter titrated to pH
7), mix thoroughly and pour plates. Cover plates with alumi-
num foil to prevent X-gal from decomposing.

. Plasmids: The open reading frames of the genes of interest are

C terminally tagged with the sequence encoding the SL17
degradation signal from plasmid pBRR88-SL.17, which can be
obtained from our lab or from RG Kulka [23]. This tagged
gene sequence is cloned into a yeast episomal plasmid (pYEp51
or p425Gal) under the GAL promoter (see Note 2) and as a
control without the Mitochondrial Targeting Sequence (MTS).
Additional controls are the wild-type gene with and without
the MTS, cloned into the same vectors without adding the
SL17 degradation signal. Purify plasmids (50-300 ng/pL) to
transform them into chromosomal knockout yeast strains of
your gene of interest. In some cases, to obtain chromosomal
knockout strains expressing the cloned tagged gene of interest,
plasmid shuffling is performed; transform the knockout strain
harboring a vector expressing wild-type gene of interest with a
plasmid encoding the tagged form of the genes. Subsequently
cure the resultant strain of the wild-type plasmid. If your
selected gene is essential, use TetO7-Promoter Strains that are
promoter-shutoft strains and those can overcome the problem
of deleting your gene [24].

. Ethanol-Acetate Plates: 0.67% (w/v) yeast nitrogen base with-

out amino acids (Difco Laboratories), 3% Ethanol (v/v), 2% K
acetate  (w/v), 630 mg/liter CSM dropout mix
(Adenine-10 mg/mL; 1-Arginine-50 mg/mL; 1-Aspartic
Acid-80 mg/mL; r-Isoleucine-50 mg/mL; r-Lysine-50 mg/
mL; r-Phenylalanine-50 mg/mL; 1-Threonine-100 mg,/mL;
L-Serine-50 mg/mL; - Tyrosine-50 mg,/mL; Valine-140 mg/
mL), 2% agar. Sterilize by autoclaving and pour after letting
the liquid cool down to 50 °C.

. TE buffer: 0.1 M Tris—-HCI, pH 7.5, 1 mM EDTA, pH 8.0.
4. 4xTENN: 50 mM Tris-HCI, pH 8.5, 5 mM EDTA,

NonidetP-40 (NP 40) 0.5% (v/v), 150 mM NaCl.

. IXTENNS: 50 mM Tris-HCI, pH 7.5, 5 mM EDTA, 1.0%

(v/v) NP-40, 500 mM NaCl, 5% (w/v) Sucrose.

. Metabolic Ilabeling: [**S] 1-Methionine, Cysteine (Perkin

Elmer, catalog number-NEG772007MC).

. 4x sample buffer: 200 mM Tris—-HCI, pH 6.8, 40% (w/V)

Glycerol, 8% (w/v) SDS, 0.04% (w/v) bromophenol blue,
400 mM DTT.
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2.3.2 Genetic Selection
Using the Fusion
with URA3 Gene

8.

1.

10x cold methionine and cysteine: Methionine-0.03% (w/v),
Cysteine-0.04% (w/V).

. 100 mM PMSF: 17.42 gin 1 L DDW.
10.
11.

Protein A magnetic Dynabeads: (Novex Life Technologies).

Glass beads: 0.5 pm in diameter.

Plasmids: Clone your gene of interest into a high copy plasmid
with a GAL promoter, (YEp51, p425GAL, se¢ Note 2).
Purified plasmids (50-300 ng/pL) containing the gene of
interest are transformed into a yeast strain harboring a
chromosomal knockout of that gene. In some cases, to
obtain chromosomal knockout strains expressing the cloned
tagged gene of interest, plasmid shuffling is performed.
Transform the knockout strain harboring a vector express-
ing wild-type gene of interest with a plasmid encoding the
tagged form of the genes. Subsequently, cure the resultant
strain of the wild-type plasmid. If your selected gene is
essential, use TetO7-Promoter Strains that are promoter-
shutoff strains and those can overcome the problem of
deleting your gene [24].

. 5-FOA plates: For a 1-L. medium, prepare a 5-FOA solution by

mixing 1 g 5-FOA in 495 mL of water and 5 mL of a 2.4 mg/
mL uracil solution. Stir with low heat until completely dis-
solved and filter sterilize (5-FOA is sensitive to light so one
should keep plates and solutions in the dark).

To a separate flask add: 0.17% (w/v) yeast nitrogen base
without amino acids and ammonium sulfate, 0.5% (w/V)
(NH,),SOy, 2% galactose (w/v), 630 mg,/L CSM dropout mix
(Adenine-10 mg/ml; L-Arginine-50 mg/mlL; L-Aspartic
Acid-80 mg/mL; L-Isoleucine-50 mg/mL; L-Lysine-50 mg/
mL; r-Phenylalanine-50 mg/mlL; 1-Threonine-100 mg,/mL;
L-Serine-50 mg/mL; L-Tyrosine-50 mg,/mL; Valine-140 mg/
mL), add the appropriate amino acids for the selection of the
specific vector (1-Histidine-20 mg/mL; 1-Leucine-100 mg/
mL; L-methionine-20 mg/mL; .- Tyrosine-50 mg,/mL and no
uracil), 2% agar and 500 mL of water. After autoclaving and
cooling down to 50 °C, add the 5-FOA solution and pour
plates. Plates should be kept in the dark.

3 Methods

3.1 Yeast
Transformation
Protocol

. Grow a 2 mL culture overnight in YPD or SD at 30 °C.
. Next day dilute the cells to an ODggo = 0.5 in 10 mL fresh

YPD. Grow until ODgy = 0.9-1.2 (approximately 2 h).
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3.2 Detection of Dual
Localization by the «
Complementation
Assay

3.

Spin cells (5’, 4500 x g at room temperature). Resuspend pel-
let in 5 mL sterile DDW. Spin under the same conditions,
resuspend in 1 mL of 0.1 M LiAc, transfer to an Eppendorf
tube, and spin (1 min, 4000 x g at room temperature).

. Resuspend in 25 pL of Sterile DDW for each reaction (maxi-

mum 150 pL).

. Prepare Eppendorf tubes with a transformation mix: 240 pL

PEG (50% W /V PEG 3350 in DDW, autoclaved), 36 pL of 1 M
LiAc, 25 pL SS-DNA (Testes DNA, 2 mg/mL; Sigma cat #
D-7656. Boiled for 5" and put on ice before adding to the trans-
formation tube) and 5 pL plasmid DNA (100-300 ng/pL).

. Add 25 pL of cells to the transformation mix, vortex, and incu-

bate tubes in 30 °C for 30" with shaking (1000 rpm).

7. Heat shock (15, 42 °C).

. Spin (1’, 4000 x g) and remove the supernatant.
. Resuspend the pellet in 100 pL Sterile DDW and plate on a

selective plate.

. Amplify by PCR the corresponding ORFs, using yeast genomic

DNA as a template with the following primers: Fw-primer-
cgegtcgacATG-[16-18 base pairs following the first methio-
nine ] Rev-primer- ctccegggtt-[last 18-20 base pairs without
the stop codon]. Sall and Smal are within the Fw and Rev
primers respectively. Cut the amplified PCR fragments with
Sall and Smal and clone into pAcol-a cut with Sall and Smal
which fuses the amplified sequences to the N'-terminus of the
a-peptide (the a-peptide coding sequence corresponds to the
first 81 amino acids of wild-type Escherichin coli p-galactosidase)
(see Notes 3 and 4).

. Transformation into yeast strains: Follow steps 1-10 in

Subheading 3.1 to produce required yeast strains. For transtor-
mation, the following combination of plasmids is used to pro-
duce the strains required for the assay: wc+KGD2-a,
om+KGD2-a, oc+HXKl-a, om+HXKl-a, oc+gene of
interest-a, ®m+ gene of interest-a.

. Plate transformants on SD-glucose plates without uracil or leu-

cine, choose individual transtormants, and plate them on fresh
SD plates without uracil and leucine. One should take into
consideration that if using different wild-type strains or differ-
ent plasmids, different selective markers may be required.

. Grow the transformed strains overnight with shaking at 30 °C

in 2 mL of liquid SD-glucose medium without uracil and
leucine.

. Dilute the cultures to an optical density (OD) of ODgpp = 0.6 in

2 mL of fresh SD medium without uracil and leucine and
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3.3 Location-
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3.3.1 Attachment

of Ubiquitin/Proteasome
Degradation Signal

and Preparation of Yeast
Strains

incubate them with shaking at 30 °C for 1-2 h to let the strains
recover (there is no change in OD). Spin 1 mL of each culture
in a table top centrifuge for 3 min, 4500 x g at room tempera-
ture, and resuspend cell pellets in 100 pL of sterile water.

6. Plate 7 pL of each culture on X-gal plates and incubate at 30 °C
for 72 h. Plate the appropriate controls for cytosolic and mito-
chondrial localization. If a color does not appear after 3 days,
you can incubate the plates for an additional 24-48 h. The
results should appear as blue or white colonies as illustrated in
Fig. 6 (see Note 5).

In order to eliminate a specific echoprotein from the yeast cyto-
sol, we fused a previously defined degradation signal that is
termed “SL17” to the C-terminus of aconitase, a protein that we
have shown is distributed between mitochondria and cytosol
[16]. This degradation signal is 50 amino acids long
(SISEFVIRSHASIRMGASNDFFHKLYFTKCLTSVILSKF
LIHLLLRSTPRV) and is recognized by the ubiquitin/protea-
some system. The cytosolic and nuclear populations of the fusion
protein are eliminated following degradation by the proteasome
system, while the mitochondrial population of the protein remains
stable [22].

1. Amplify SL17 degradation signal from a pBRR88-SL.17 plas-
mid [kindly provided by [23]], using primers Fw: 5-TCCCCC
GGGATCGATTAGTTTCGTAATACG-3 and Rev: 5-CCGG
GCCCTTAAACTCTTGGCGTACTCC-3. Add your favorite
restriction sites to both primers.

2. Clone your favorite gene into a yeast expression vector such as
p425Gal or YEp51 (see the previous sections).

Fig. 6 o-complementation assay for aconitase mutants. Yeast wild-type cells co-
expressing cytosolic o (wc) or mitochondrial » (mm), together with the indicated
fused-a proteins, were grown on galactose medium containing X-gal. Blue colo-
nies detect alpha fragments that are associated with the indicated w fragments.
Kgd2-a, mitochondrial marker, shows a blue phenotype exclusively in mitochon-
dria; HXK1-a, cytosolic marker, shows a blue phenotype exclusively in cytosol
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3. Cut the SL17-PCR product and clone it downstream to the

C-terminus of your favorite gene (Other gene cloning meth-
ods can be applied, e.g., Gibson assembly [25]).

4. Ascontrols, clone your favorite gene without the Mitochondrial

Targeting Sequence (MTS) into a yeast expression vector such
as p425Gal or YEp51, and add the SL17 degradation signal. In
addition, clone the wild-type gene with and without the MTS
into the same vectors without adding the SL17 degradation
signal. These controls will allow you to evaluate the efficiency
of the degradation of your protein due to the degron signal.

. Transform your plasmids harboring the cloned hybrid SL17

tagged protein and the respective control into a yeast strain
harboring a chromosomal knockout of its endogenous gene as
described in Subheading 3.1, steps 1-10. Select for transtor-
mants (using the appropriate selection). If your selected gene
is essential, use TetO7-Promoter strains that are promoter-
shutoft strains and which can overcome the problem of delet-
ing an essential gene [24].

3.3.2  Examination In order to show that the elimination of the protein of interest
of the Stability from the cytosol results from its degradation, one can examine its
of the Tagged Protein stability employing pulse-chase labeling experiments.

by Pulse-Chase

1.

Grow vyeast cultures in SD-galactose (as described in
Subheading 2.2, item 3) to ODgy = 1.5 (5 mL culture for
each sample) to activate the promoter. Harvest the cells (5,
4500 x g, at room temperature), resuspend pellet in sterile
DDW (1 mL for each 5 mL culture), wash and resuspend the
pellet in fresh galactose synthetic depleted medium lacking
methionine (5 mL for each 5 mL original culture). Incubate
at 30 °C for 1 h, shaking at 200 rpm to eliminate methionine
pools from the cells.

. Harvest the starved cultures (5', 4500 x g), resuspend in galac-

tose SD medium lacking methionine (400 plL for each 5 mL
starved cells), and add 6.5 pCi of [¥S]methionine/cysteine.
Incubate for 15 min at 30 °C while gently shaking, in order to
label newly synthesized proteins (see Note 6).

. Stop labeling by the addition of excess “cold” methionine and

cysteine to a final concentration of 0.003 and 0.004% respec-
tively (40 pL of'a 10x solution to each 400 pL of labeled cells).
Incubate cultures at 30 °C with gentle shaking.

. Aliquots are taken as a function of time (e.g., every 5 min,

400 pL at each time point), 100 mM sodium azide is added to
a final concentration of 10 mM (40 pL for 400 pL time point)
and the cells are placed on ice (see Note 7).

. Labeled cells are collected by centrifugation (1, 4500 x g),

and washed twice with ice cold 10 mM sodium azide.
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Fig. 7 Cytosolic Aco1-SL17 is degraded in the cell. Yeast strains harboring the indicated plasmids were induced
in galactose medium and pulse labeled with [*S] methionine—cysteine for 15 min in the presence or absence
of CCCP that blocks import, followed by a chase (addition of cold methionine—cysteine and cycloheximide) for
the times indicated. Total cell extracts were prepared, immunoprecipitated with aconitase antiserum, and
analyzed by SDS-PAGE and autoradiography. Aco1-SL17 retained in the cytosol is rapidly degraded (second
and fourth panels, upper bands) while the endogenous protein remains stable, (panels 1, 2, and 4, lower
bands). Aco1-SL17 in mitochondria (pane/ 1 upper band) and Aco1 without the SL17 degradation signal (pane/
3, upper band) are stable

3.3.3  Examination
of the Compartment-
Specific Deletion
Phenotype

10.

11.

. Resuspend the pellet in 350 pL ice cold TE buffer, pH 8.0,

containing 1 mM phenylmethylsulfonyl fluoride (PMSF).

. Brake with glass beads for 20 min of vigorous shaking at 4 °C,

and centrifuge (5 4500 x g at 4 °C) to obtain the supernatant
fraction.

. Denature protein in the supernatants by boiling for 5 min in

the presence of 1% SDS.

. Immunoprecipitate overnight at 4 °C in the presence of one-

fourth of the total volume of 4x TENN bufter, with the appro-
priate antiserum and protein A magnetic Dynabeads (Novex
by Life technologies).

Wash three times with ice cold 1x TENNS buffer and resus-
pend the pellet in 50 pL of 1x sample bufter.

Analyze by SDS-PAGE followed by autoradiography as illus-
trated in Fig. 7.

After establishing a subcellular knockout of the protein of interest
from the cytosol, one can assess a specific phenotype resulting from
the absence of the cytosolic population of the protein. Such a phe-
notype would provide further evidence for the presence of the pro-
tein in the cytosol and for its specific cytosolic function.
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3.4 Genetic Selection
Using the URA3 Gene

3.4.1 Attachment
of URA3 Gene
to the Protein of Interest

In order to examine the effect of compartment-specific dele-
tion, the SL17-tagged version of the protein is expressed in the
deletion background and a phenotype of such a strain is analyzed
under conditions that presumably require the cytosolic echopro-
tein (e.g., ethanol-acetate medium that requires cytosolic aconi-
tase). The controls are plasmids encoding the wild-type protein
without the MTS and tagged with SL17, and plasmids encoding
the wild-type protein without the MTS and without the SL17 tag.
Both controls are transtormed into the specific gene deletion strain.
These controls will allow you to examine the eftect of the compart-
ment specific depletion. One example of such an analysis, per-
formed for aconitase, is shown in Fig. 3 (see Note 8).

1. Transform plasmids encoding the wild-type protein and the
SL17-tagged wild-type protein, each into the deletion back-
ground strain. Also co-transform the AMTS protein with the
SL17-tagged wild-type protein.

2. Streak out the transformed strains and examine the growth
phenotype on appropriate agar plates (e.g., ethanol-acetate
medium that requires cytosolic aconitase).

An alternative approach to deplete a dual-localized protein from
the cytosol is to use a genetic selection. We have used the hybrid
Ura3 gene product, which even when it is partially localized to the
cytoplasm, such yeast strains are sensitive to 5-FOA. However, if
mutations in the protein of interest or mutations elsewhere in the
yeast genome cause the Ura3 fusion protein to be targeted exclu-
sively to mitochondria, the strain will be resistant to 5-FOA. This
can be exploited to select for strains that express the fusion protein
exclusively in mitochondria, thereby producing a functional
cytosolic knock-out strain. A specific phenotype of such a strain
can then be analyzed as described below.

1. Amplify URA3 (orotidine-5'-phosphate decarboxylase) gene
open reading frame (ORF) from any URA3 containing vector,
using primers 5’-CCCCCGGGGGATCCCAAGATCCAAGC-3’
and 5’-CCCTCGAGTTAGTTTTGCTGGCCGCATC-3'. Use
a two-step PCR procedure to fuse the N’ terminus of URA3
gene to the C’ terminus of the chosen gene lacking the stop
codon (other gene cloning methods can be applied, e.g., Gibson
assembly [25]). Add your favorite restriction sites to both
primers.

2. Cut this PCR fragment with the appropriate restriction
enzymes and clone into p425Gal or any high copy number
plasmid with a GAL promoter, cut with the same restriction
enzymes. Do not use Ura3 as a plasmid selective marker since
it is used for our genetic selection.
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3.4.2 ldentification
of a Phenotype

1 Transform your plasmid encoding the hybrid Ura3 protein
into a yeast strain harboring a chromosomal knockout of the
specific chromosomal gene and select for transformants (using
an appropriate plasmid marker selection, e¢.g., plates lacking
leucine for p425GAL).

2 Grow the transformants on SD-galactose agar plates contain-
ing 5-FOA (0.1%) (see Note 9).

3 Isolate 5-FOA resistant strains that were presumably selected
for misdistribution of the hybrid protein and express it exclu-
sively in mitochondria. The frequency of ura3 gene reverse
mutations is negligible.

4 Examine for a specific phenotype associated with the loss of a
cytosolic function of the protein (see, for example, Subheading
3.4.2 and Note 8).

4 Notes

1. While the approaches above work for most proteins that we
have looked at, they do not apply for all. For example, addition
of the « tag or the SL17 degradation signal to the C terminus
of a protein may obscure a C-terminal targeting signal or may
aftect the structure and function of the protein. Thus, in cer-
tain cases, more laborious approaches are required. An illustra-
tion of such a situation was our attempt to specifically deplete
the enzyme fumarase from the cytosol. We were unsuccesstul
using all the approaches above. To achieve specific subcellular
location-depletion of this protein, the Fuml gene was
chromosomally deleted and an adjusted Fum1 gene was trans-
formed into the mitochondrial genome. The result was exclu-
sive mitochondrial localization of the gene product [26].

2. In all the above approaches, we initially recommend inducible

overexpression by using plasmids with the GALI0 promoter
such as pYEp51 or p425GAL. The reasons for this are: (i)
Using this strong promoter enables detection of low abundant
proteins, which would be missed for many proteins under nor-
mal levels of expression. (ii) The inducible GALI0 promoter
enables expression at much lower levels on other carbon
sources such as raffinose or glycerol.

3. For the o complementation screen, all ORF DNAs are cloned

under the GALIO promoter. Proteins whose distribution is
achieved by alternative transcription initiation, alternative
splicing, or alternative translation initiation may be missed if
they require the authentic promoter and /or upstream untrans-
lated sequences. Fusion of the a fragment, by homologous
recombination, to the chromosomal copy of such genes may
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solve some of these problems as well as problems arising from
overexpression. This approach will obviously be at the expense
of reduced sensitivity, due to lower expression levels.

. When cloning the a tagged proteins, one should remember to

exclude the stop codon from the reverse primer. In addition,
add a linker such as glycine or alanine between the gene ORF
and the a tag. This linker improves separation of domains, that
the chosen protein and that of a tag, which in turn improves
the « complementation activity. After cloning and sequencing
the vectors, we recommend examining fusion protein expres-
sion by Western blot using a-antiserum.

. The o complementation method can also be used to screen for

mutations that affect dual localization of a specific protein of
interest. Using this approach, we discovered that the C-terminal
domain of aconitase is necessary and sufficient for dual target-
ing, constituting an independent dual targeting signal [27].

. For pulse-chase experiments, cells are labeled with 1-[3%S]

Methionine, Cysteine (Perkin Elmer, catalog number-
NEG772007MC). The total concentration is 0.83 mCi/mL
and we recommend using between 5 and 8 pL for each label-
ing reaction. Refer to general and specific safety precautions
when dealing with radioactivity.

. When planning the timing of taking aliquots in pulse chaise

experiments, we recommend initially trying 5 min intervals
including time 0 (immediately after adding cold cysteine-
methionine). According to the results obtained changes in the
intervals should be reconsidered.

. To detect a phenotype upon subcellular “compartment-spe-

cific depletion” or in the case of genetic selection for subcel-
lular “compartment-specific depletion,” one must choose a
specific functional assay for each protein based on previous
unpublished research or published data.

. For agar plates containing 5-FOA, it is better to use YNB-AA/

AS (yeast nitrogen base without amino acids and ammonium
sulfate). From our experimental experience, we get better
results when adding ammonium sulfate (AS) separately.
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Chapter 12

Localizing mRNAs Encoding Mitochondrial Proteins
in Yeast by Fluorescence Microscopy and Subcellular
Fractionation

Dmitry Zabezhinsky, Hannah Sperber, and Jeffrey E. Gerst

Abstract

Mitochondria are thought to have evolved from ancestral proteobacteria and, as a result of symbiosis,
became an indispensable organelle in all eukaryotic cells. Mitochondria perform essential functions that
provide the cell with ATP, amino acids, phospholipids, and both heme and iron-sulfur clusters. However,
only 1% of mitochondrial proteins are encoded by the mitochondrial genome, while the remaining 99% are
encoded in the nucleus. This raises a logistical challenge to the cell, as these nuclear-encoded proteins have
to be translated, delivered to the mitochondrial surface, and translocated to its various compartments.
Over the past decade, it was shown that subsets of mRNAs encoding mitochondrial proteins (mMPs) are
localized to the mitochondrial surface in both yeast and mammalian cells. Moreover, factors (e.g., RNA-
binding proteins) have been discovered that facilitate mMP targeting, and their loss leads to RNA mislo-
calization and defects in mitochondrial function (e.g., deficient respiration). Therefore, there is a demand
in the field of mitochondrial biology to accurately measure mMP localization to the mitochondrial surface.
In this chapter, we describe two techniques that allow for the visualization of mMPs using single-molecule
fluorescent in situ hybridization and preparation of a highly enriched mitochondrial fraction followed by
quantitative real-time PCR. Together, these techniques constitute powerful tools to link changes in mMDP
trafficking to defects in mitochondrial physiology.

Key words RNA trafficking, Mitochondria, Real-time PCR, MS2, Single-molecule fluorescence in
situ hybridization, Subcellular fractionation

1 Introduction

1.1 mRNA In recent years, increasing evidence has shown the importance of
Trafficking intracellular mRNA targeting and localized protein synthesis—a
mechanism widely used across the eukaryotic kingdoms to localize
proteins [ 1-6]. Targeted mRNA transport restricts the localization
of proteins to specific subcellular sites (e.g., organelles, domains),
thus allowing for the temporal and spatial regulation of protein syn-
thesis and function. RNA targeting is determined by intrinsic czs-
acting sequence elements (also called “zipcodes”) and trans-acting
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factors, such as RNA-binding proteins (RBPs), which recognize
and bind to the different cis elements [7-9]. Together, the RNA
and protein factors assemble to ribonucleoprotein complexes
(RNPs) that are transported to their final destination within the cell
either directly via the cytoskeleton [10, 11] or in association with
cellular membranes [12-16], the latter possibly necessitating the
involvement of endomembrane transport factors [17, 18]. Since
mRNA localization contributes to the intracellular distribution of
proteins to specific assembly sites, membrane domains, or organ-
elles (as shown for mRNAs encoding peroxisomal [16], secreted/
membrane [19], or mitochondrial proteins [20]), regulated RNA
trafficking defines protein sorting at an early step of gene expres-
sion. Importantly, RNA trafficking was shown to be relevant for
many cellular processes, including cell division [21], polarity [22],
and differentiation [23].

For mitochondria, in particular, the correct targeting and
import of mitochondrial proteins (MPs) is essential for organellar
and, ultimately, cellular physiology. Mitochondria originally devel-
oped from a proteobacterial ancestor that was engulfed and co-
opted by ecukaryotic predecessors. Subsequently, it became
indispensable for cellular energy production, amino acid and lipid
synthesis, and other processes that are crucial for cell viability.
Although mitochondria harbor their own inherited genome, about
99% of MPs are encoded in the nucleus [24]. Thus, proper mito-
chondrial function and biogenesis rely heavily on the correct
expression and translocation of MPs at the appropriate mitochon-
drial target sites. Defects in MP sorting and localization lead to
mitochondrial dysfunction and may cause severe diseases, in par-
ticular neurodegenerative diseases [25-27].

Previous studies focused mainly on posttranslational mecha-
nisms to unravel protein import into mitochondria [28, 29]. In
this context, N-terminal or internal protein targeting motifs, which
are exposed during translation, were found to be responsible for
the import of many MPs [28], as also shown for proteins targeted
to the endoplasmic reticulum (ER). In contrast, co-translational
mechanisms for protein import into mitochondria and the influ-
ence of mRNA localization are still poorly understood. The pres-
ence of transcriptionally active membrane-bound ribosomes at the
mitochondrial surface was shown many years ago [30, 31], and
recent studies reveal that mRNAs encoding mitochondrial proteins
(mMPs) indeed associate with mitochondria-bound ribosomes
[32-34]. In support of this idea, numerous mMPs were found to
be enriched in the vicinity of mitochondria, rather than being dis-
tributed randomly within cells [13, 14, 33].

Different experimental approaches have been used to explore
mMP trafficking and its impact upon restricted translation at the
mitochondrial surface. We describe here the combination of two
commonly used techniques: single-molecule fluorescence in situ
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hybridization (smFISH) and mitochondrial fractionation followed
by biochemical analysis that can be used to help broaden our
understanding of mMP localization and its involvement in MP
import. Together, these methods provide a useful toolset to com-
prehensively evaluate mMP quantity and localization at the mito-
chondrial surface.

In situ hybridization is the most commonly used method to simul-
taneously localize and quantify specific mRNAs. In the single-
molecule approach, multiple short and nonoverlapping
oligonucleotides (about 20 nts long) are labeled with a fluoro-
phore and used to collectively hybridize with the target transcript
to produce a bright, dot-like fluorescence signal. Here we detail
the use of smFISH in yeast to detect mMPs, quantify their expres-
sion levels, and analyze their subcellular distribution with respect
to mitochondria and other compartments.

In general, smFISH can be easily applied to any sufficiently
accessible target transcript using a unique, but not inexpensive,
synthetic probe set designed against the native gene. We also use
smFISH probes targeted against an RNA aptamer sequence (e.g.,
bacteriophage MS2 stem loops, MS2L) that has been integrated
between the open reading frame (ORF) and 3'UTR of the gene of
interest in the yeast genome. The genomic insertion of a multiple
RNA aptamer cassette is performed using m-TAG, a genome-
tagging procedure that enables aptamer integration by homolo-
gous recombination while leaving the 3’ UTR intact in the expressed
mRNA [35]. Thus, a single probe set can be used to target any
coding RNA in the yeast genome that has been tagged with MS2
aptamers. In addition, aptamer tagging further enables the applica-
tion of other MS2-based techniques, like live-cell imaging of
endogenously tagged mRNAs [36, 37] or aptamer-based mRNA
affinity purification [38], which facilitates the purification of spe-
cific target RNAs and allows for the identification of coprecipitated
RBPs, as well as cohort RNAs.

The decision of which approach to employ is individual—while
conventional smFISH using a unique probe set might be carried
out quicker and yield basic RNA localization information, smFISH
based on detection of the aptamer tag allows for more opportuni-
ties to address other questions and to strengthen results obtained
in situ. Here we describe the use of smFISH probes that are tar-
geted against the MS2 aptamer sequence and allow for the visual-
ization of the MS2-tagged RNAs.

The main successive steps of the procedure (described in detail
under Subheading 3.1) are depicted in Fig. 1. Briefly, yeast cells
expressing the MS2-tagged target RNA are fixed and permeabi-
lized. Next, fluorescent-labeled antisense oligonucleotides designed
to recognize the MS2 aptamer are added and hybridized to the
MS2-labeled target RNA. Stringent washing thereafter removes
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Fig. 1 A schematic illustration of the smFISH procedure used to localize endogenously expressed MS2
aptamer-tagged RNAs in yeast. (@) m-TAG procedure. Initially, the RNA of interest is endogenously tagged with
MS2 aptamer (MS2L) repeats via genomic integration, as described in [35, 36]. If desired, yeast strains
expressing the tagged RNA can be transformed with other cellular (e.g., organellar) fluorescent-tagged mark-
ers to subsequently investigate RNA localization. ORF open reading frame, Nuc nucleus, Cyt cytoplasm. ()
Main steps of the smFISH protocol. See Subheading 2.2 for details. (¢) Detection of SDH2 mRNA in yeast by
smFISH. A representative image of MS2 aptamer-tagged SDH2 mRNA obtained by performing smFISH with
probes targeting the MS2 aptamer (red). Cells were also transformed with a plasmid expressing the MTS-GFP
mitochondrial marker (green). See Subheading 3.1 for details. Twenty-two RNA granules of varying size are
noted in the z section shown, of which 15 overlap clearly with the MTS-GFP marker, indicating a relatively high
level of co-localization (~70%) between the smFISH and GFP signals. Line = 2um

unbound oligonucleotides, reduces false-positive signals, and
improves the signal-to-noise ratio obtained during subsequent flu-
orescence microscopy. Scoring of the fluorescent puncta allows for
quantitation of the amount and localization of the target RNA
within the cell.

1.3  Quantification FISH is a useful tool to investigate the intracellular localization of
of mRNAs endogenous mRNAs on the single-cell level, but the number of
at the Mitochondrial different mRNA species that can be visualized is relatively limited.

Surface This is principally due to the amount of time-consuming
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fluorescence microscopy and image analysis, but also considers the
high cost of synthesizing multiple labeled probe sets. A comple-
mentary low-cost approach to FISH is subcellular fractionation,
which yields a highly enriched mitochondrial fraction, followed by
quantitative reverse transcription-PCR (qRT-PCR; qPCR; real-
time PCR) that enables the simultaneous quantification of multiple
RNA species.

Fractionation and detection assays have been shown to be a
suitable tool for the analysis of mRINAs at different subcellular
compartments. Previous studies using either RT-PCR or microar-
ray analyses successfully revealed the enrichment of numerous
mRNAs on ER membranes [19, 22], as well as the association of
mMPs with mitochondria [20, 39]. The fractionation procedure
described here allows for the preparation of a highly enriched
mitochondrial fraction from yeast cells to identify mRNAs associ-
ated with the mitochondrial surface by either RT-PCR or qPCR. By
employing this method, the localization of mRNAs assayed by
smFISH can be verified and quantitated through biochemical anal-
ysis. Moreover, additional RNA species can be investigated using
inexpensive pairs of detection oligonucleotides.

The basic procedure described in detail in Subheading 3.2 is
outlined in Fig. 2. Briefly, yeast strains are grown overnight under
the desired conditions and the following day harvested, washed,
and treated with enzymes to create spheroplasts. Next, the sphero-
plasts are homogenized, and the lysate is subsequently centrifuged
in consecutive steps to obtain a crude mitochondrial fraction.
Finally, this fraction is loaded on top of a discontinuous sucrose
gradient and further centrifuged to yield an enriched mitochon-
drial fraction that is relatively free of cytosol and other subcellular
compartments. The purity of the mitochondrial fraction can be
validated through protein extraction and Western blot analysis
(Fig. 3), while mRNAs can be detected and measured via RT-PCR
or qPCR (Fig. 4).

2 Materials

2.1 Single-Molecule
Fluorescent In Situ
Hybridization

1. Phosphate-buffered saline (PBS): Mix 0.1 volumes of PBSx10
with 0.9 volumes of double distilled water (DDW) and
autoclave.

2. 1 M lithium acetate (LiOAc): Dissolve 6.6 g lithium acetate in
100 mL DDW and titrate to pH 7.5 with 2 M acetic acid.

3. 0.1 M LiOAc: Mix 0.1 volumes of 1 M LiOAc with 0.9 vol-
umes of PBS buffer.

4. 50% (wt/vol) polyethylene glycol (PEG) 3350: Dissolve 250 g
of PEG 3350 in 300 mL of PBS buffer while stirring and
warming to 50 °C; fill to 500 mL and filter sterilize.
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Fig. 2 Biochemical localization of mRNAs to the mitochondrial surface. Graphical illustration of individual steps
performed to isolate highly purified mitochondria and analyze copurifying mRNAs (see Subheading 3.2 for
details on the growth of the yeast strains, spheroplasting, homogenization, preparation of the crude and
enriched mitochondrial fractions by differential centrifugation and density gradient fractionation, and isolation
of the enriched mitochondrial fraction for protein extraction and Western analysis or RNA extraction and gPCR)

TCL Cytosol Mito
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Fig. 3 Analysis of mitochondrial purification. Western blots of samples of the total
cell lysate (TCL), cytosolic fraction (cytosol), and enriched mitochondrial fraction
(Mito) are shown. Samples that were electrophoresed and separated on SDS-
PAGE gels and detected using polyclonal antibodies against Aco1 (1:10,000 dilu-
tion), a mitochondrial matrix protein, and Sec61 (1:5000), a marker of the
endoplasmic reticulum, are shown. The molecular mass marker sizes are given

5. 45% (wt/vol) PEG in PBS buffer: Mix 0.9 volumes of 50%
PEG 3350 with 0.1 volumes of 1 M LiOAc.

6. 10 mg/mL salmon sperm DNA (ssDNA): Use ssDNA (Sigma
Aldrich, Cat. #D8899) sheared by sonication and boiled, as
prepared using standard procedures [41].
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Fig. 4 qPCR analysis of CYB2 mRNA extracted from the enriched mitochondrial fraction derived from wild-type
cells and a COPI mutant. Amplification curves of CYB2 mRNA derived from mitochondria purified from either
wild-type (WT) cells or a COPI mutant (sec26-2) grown on YPglycerol medium. Note the late emergence of
CYB2 mRNA during amplification of RNA derived from the sec26-2 mutant. This shows that a lower amount of
CYB2 mRNA is present on the mitochondria under conditions where COPI is inactivated [40]

7.

10.

11.

12.

13.

14.

15.
16.

17.
18.

Plasmid DNA for yeast transformation (1 pg/transformation),
e.g., pMTS-GFP (GFP tagged with a mitochondrial targeting
sequence).

. Synthetic growth medium (SC) lacking essential amino acids

and/or nucleotide bases to allow for the selective growth of
yeast [41].

. 16% (w/v) paratormaldehyde (PFA) aqueous solution

(Electron Microscopy Sciences, Hatfield, PA, Cat. #15710).

4.5% sucrose solution: Dissolve 4.5 g of ultrapure sucrose in
DDW to reach a final volume of 100 mL.

Fixation buffer: Mix 2.5 mL of 16% PFA with 7.5 mL volumes
of 4.5% sucrose solution.

1 M K,HPO,: Dissolve 87 g of potassium phosphate dibasic in
500 mL of DDW and filter sterilize.

1 M KH,POy,: Dissolve 34 g of potassium phosphate monoba-
sic in 500 mL of DDW and filter sterilize.

Bufter B: Buffer B is 0.1 M potassium phosphate, pH 7.4, 1.2 M
sorbitol. Mix 80.2 mL of the IGHPO, solution with 19.8 mL of
the KH,PO, solution, add 218.6 g of sorbitol, and fill to 11 final
volume with DDW. Filter sterilize and store at 4 °C.

Ribonucleoside vanadyl complexes (VRC complex) 200 mM.

Dithiothreitol (DTT) 1 M stock. Add 1.54 g DTT to 10 mL
of DDW, filter sterilize, and store at —20 °C.

Protease inhibitor cocktail (Roche, cat# 11836170001).

Spheroplast buffer: Buffer B with added (to a final concentra-
tion) 4 mM VRC complex, 40 U/mL RNasin, and 20 U/mL
lyticase (Sigma Cat. #1.2524; 20 units/sample). Add protease
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2.2 Quantification
of mRNAs at the
Mitochondrial Surface

2.2.1 Preparation
of a Mitochondria-Enriched
Fraction

19.

20.

21.
22.

23.
24.

25.

26.

inhibitor cocktail (Roche Cat. #11836170001; prepared
according to manufacturer’s instructions; dilute 25x stock to
1:25). Use 1 mL of fresh spheroplast buffer per sample.

2% sodium dodecyl sulfate (SDS): Dissolve 2 g of sodium
dodecyl sulfate in DDW to reach a final volume of 100 mL.

20x SSC buffer (3 M sodium chloride, 300 mM sodium
citrate): Dissolve 175.3 g of NaCl and 88.2 g sodium citrate
dihydrate, titrate to pH 7 with HCI, and adjust the volume to
1 L with DDW. Autoclave and store at room temperature.

70% Ethanol.

Hybridization buffer: Mix 1 mL of 20x SSC with 1 g dextran
sulfate (Sigma Aldrich, Cat. #D6001), 1 mL formamide
(Sigma, Cat. #F9037), and 100 pL of VRC complex, and
adjust the volume to 10 mL with ultrapure (e.g., RNAse-free,
DNase-free) DDW. Mix, filter sterilize, aliquot to 1 mL, and
store at —20 °C. Final concentrations in the buffer are 10%
dextran sulfate, 2x SSC bufter, 10% formamide, and 2 mM
VRC complex.

TE buffer: 10 mM Tris-HCI, 1 mM EDTA, pH 8.

Single-molecule fluorescent in situ hybridization (smFISH)
primers labeled with Cy5: Design the primers for conjugation
with the Cy5 fluorophore for either the native mRNA or the
MS2 loop sequence using the Stellaris Probe Designer
(https: / /www.biosearchtech.com /stellarisdesigner/). Upon
arrival, dilute primers in 1x TE buffer according to manufac-
turer’s instructions to achieve a final concentration of 25 pM,
aliquot 10 pL samples, and store at —20 °C (see Note 1).

Wash buffer: Mix 0.1 volumes of 20x SSC bufter with 0.1 vol-
umes of formamide and add 0.8 volume of ultrapure DDW.
Fluorescent microscope with filters suitable for excitation and
emission of the DAPI, FITC, CY3, and CY5 fluorophores. In
addition, it is highly advisable to employ a microscope with a
programmable stage that allows for sampling z-stack images.

. YPD medium: 1% yeast extract (w/v) (Becton Dickinson,

Franklin Lake, NJ; Cat. #212750), 2% peptone (w/v) (BD,
Cat. #211677), and 2% d-glucose (w/v) (J. T. Baker, Cat. #50-
99-7). Autoclave and store at room temperature.

. YPglycerol medium: 1% yeast extract (w/v), 2% peptone

(w/v), and 3% glycerol (v/v). Autoclave and store at room
temperature.

. Lyticase buffer: 20 mM potassium phosphate, pH 7.4, and

1.2 M sorbitol. Store at 4 °C for no longer than 1 month.

. DTT buffer: 100 mM TRIS-H,SO,, pH 9.4, and 10 mM

dithiothreitol. Prepare fresh each time.


https://www.biosearchtech.com/stellarisdesigner/
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2.2.3 RNA Extraction
and Real-Time PCR
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. Lyticase dissolved in lyticase buffer: Add 1.5 units per 1 O.D .49

unit of yeast cells. Prepare fresh each time.

. Homogenization buffer: 10 mM Tris—-HCI, pH 7.4, 0.6 M

sorbitol, 1 mM EDTA, and 0.2% BSA (w/V)). Store at 4 °C for
1 month.

. SEM bufter: 10 mM MOPS-KOH, pH 7.2, 250 mM sucrose,

and 1 mM EDTA. Store at 4 °C for up to 1 month.

. Ultracentrifuge with rotor for swinging buckets (e.g., Beckman

Coulter Ultracentrifuge with SW41 Ti Rotor).

. EM buffer: 10 mM MOPS-KOH, pH 7.2, and 1 mM EDTA.
10.
11.
12.
13.
14.
15.

Sucrose: The sucrose should be of the highest purity possible.
60% w /v sucrose in EM buffer.
32% w /v sucrose in EM bulffer.
23% w /v sucrose in EM buffer.
15% w /v sucrose in EM buffer.

WT yeast strain (e.g., BY4741) and strains bearing a mutation
or deletion in the gene of interest.

. Yeast lysis bufter: 20 mM Tris-HCI, pH 7.5, 150 mM NaCl,

0.5% (v/v) Triton X-100, and 1.8 mM MgCl,.

. Complete yeast lysis buffer: Supplement yeast lysis buffer with

1 mM phenylmethanesulfonyl fluoride, 1 mM DTT, and com-
plete EDTA-free, protease inhibitor cocktail according to
manufacturer instructions (Roche, Basel, Switzerland; Cat.
#11873580001).

. Glass beads, 0.5 mm in diameter.

4. BCA protein assay kit (Pierce, USA, Cat. #23225).

. 5x protein sample bufter: 400 mM Tris—HCI, pH 6.8, 50% v/v

glycerol, 10% (w/v) SDS, and 0.5% (w/v) bromophenol blue.
Add freshly prepared 10% (v/v) p-mercaptoethanol. Warning!
B-mercaptoethanol may be harmful upon inhalation or skin
contact; use hood while preparing buffers containing this agent.

. Standard equipment for sodium dodecyl sulfate polyacryl-

amide gel electrophoresis (SDS-PAGE) and Western blotting
experiments.

. MasterPure™ Yeast RNA purification kit (Epicentre

Biotechnologies, San Diego, CA; Cat. #MPY03100).

. RQ1l RNase-free DNase (Promega, Madison, WI; Cat.

#M6101).

. M-MLV Reverse Transcriptase (Promega, Cat. #M1701).

. 100 mM random hexamer primers.
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5. 5 mM dNTP mixture: Prepare from 100 mM stocks of each

dATP, dCTP, dGTP, and dTTP using ultrapure water in a
100 pL final volume. Store at —20 °C.

. Specific qPCR primers for your gene of interest—it is highly

advisable to utilize qPCR primer design software, e.g., real-time
PCRtool (IDT): https: / /eu.idtdna.com/scitools /Applications /
RealTimePCR/ or Primer 3 Plus (http: //primer3plus.com /cgi-
bin/dev/primer3plus.cgi). First, design specific primers for
COX1, COX2, or COB mRNAs in order to identify the most
stable mitochondria-encoded transcript (whose mRNA levels
should not be altered in crude cell lysate between yeast strains)
for normalization of nuclear-encoded mRNAs encoding mito-
chondrial proteins. Second, design primers for nuclear-encoded
genes of interest (e.g., CYB2) (see Note 2).

. SYBR Green PCR Master Mix (Applied Biosystems, #43-349-

73) or any other intercalating dye-based mix used in real-time
PCR machines.

. LightCycler® 480 Instrument (Roche).

3 Methods

3.1 Single-Molecule
Fluorescent In Situ
Hybridization

. Transformation of yeast is performed using a standard LiOAc-

based procedure [41]. Each strain should be transformed with
a plasmid expressing a fluorescent mitochondrial marker (e.g.,
pMTS-GEFP) for scoring co-localization of the mRNA of inter-
est with the mitochondrial surface.

. Inoculate a single colony picked from the transformation plate

into a 50 mL test tube with 5 mL of selective medium and
grow overnight with moderate shaking at 26 °C.

. Measure the absorbance of the culture at O.D.gy, and transfer

an amount of the grown culture into 250 mL Erlenmeyer flask
containing 25 mL of the selective growth medium (containing
the carbon source of choice, see Notes 3 and 4). Yeast should
reach the mid-log phase (0.5 O.D.4p per mL) in about 6 h (~3
generations).

. Centrifuge mid-log phase yeast cultures at 1000 x g for 3 min

and discard the medium.

. Wash the cells once in 10 mL of PBS, and centrifuge at

1000 x g for 3 min.

. Discard PBS and resuspend the cell pellet in 500 pL of fixation

buffer, transfer to a 1.5 mL microfuge tube, and let stand at
room temperature for 45 min for proper fixation.

. Centrifuge at 2500 x g for 4 min at 4 °C, and remove superna-

tant using a pipettor.


https://eu.idtdna.com/scitools/Applications/RealTimePCR/
https://eu.idtdna.com/scitools/Applications/RealTimePCR/
http://primer3plus.com/cgi-bin/dev/primer3plus.cgi
http://primer3plus.com/cgi-bin/dev/primer3plus.cgi

12.
13.

14.

15.

16.
17.
18.
19.

20.
21.
22.

23.

24.

25.

26.
27.

28.
29.

30.
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. Wash the pellet with 1 mL of ice-cold buffer B, and do not

resuspend.

. Repeat steps 7 and 8.
10.
11.

Repeat step 7.

Resuspend the pellet in 1 mL spheroplast buffer supplemented
with 1.5 units lyticase /O.D.4 units of yeast.

Incubate at 30 °C for 30 min.

Examine for the extent of spheroplast formation by taking two
2 pL samples and mixing one with 2 pL of 2% SDS and the
other with 2 pLL 1.2 M sorbitol on separate microscope slides.
Verify the loss of intact cells (due to lysis) in the sample treated
with 2% SDS using a light microscope. If <50% lysis is observed,
continue incubation for another 15-30 min and recheck.

From now on it is advisable to use cut tips (with a widened
opening) and to gently resuspend the spheroplasts, where pre-
scribed below.

Centrifuge spheroplasts at 1300 x g for 4 min at 4 °C, and
decant supernatant.

Wash with 1 mL ofice-cold buffer B, and do not resuspend.
Centrifuge spheroplasts at 1300 x g for 4 min at 4 °C.
Repeat step 15.

Gently resuspend spheroplasts with 1 mL ice-cold 70%
ethanol.

Let stand on ice for at least 1 h for proper fixation.
Centrifuge at 1300 x g for 4 min at 4 °C.

Decant supernatant and wash gently with 1 mL wash buffer
(do not resuspend) and let stand at room temperature for
5 min.

Centrifuge at 1300 x g for 4 min at 4 °C.

Gently resuspend spheroplasts with 1 mL of hybridization buf-
fer supplemented with 0.5 pL (12.5 pmol) of labeled oligo-
nucleotide probes per sample.

Incubate at 30 °C overnight in a dark lightproof chamber, box,
or the like.

Centrifuge at 1300 x g for 4 min at 4 °C.

Pipette oft the hybridization buffer and add 1 mL wash bufter
(do not resuspend).

Incubate at 30 °C for 30 min in a dark chamber.

Centrifuge at 1300 x g for 4 min at 4 °C and pipette off
supernatant.

Wash with 1 mL wash bufter (do not resuspend).
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3.2 CQuantification
of mRNAs at the
Mitochondrial Surface

3.2.1 Preparation
of a Mitochondria-Enriched
Fraction

31.

32.

33.

34.

35.

36.

37.

Centrifuge at 1300 x g for 4 min at 4 °C, and pipette off’
supernatant.

Add 200 pL of wash buffer and keep the samples at 4 °C
wrapped in the aluminum foil up to 2 weeks.

Apply 2 pL of the sample to a clean microscope slide and cover
gently with a coverslip.

Use a bright-field fluorescence imaging system to locate yeast
cells of interest. Find the middle of the sample manually or
utilizing an autofocus mode.

Record images in z-stack mode (15 focal planes with 0.2 pm
spacing per plane).
Record at least 15 different fields for statistical analysis after-
ward and score at least 100 dots (puncta) per treatment/
mutant/condition.

Score total number of mRNA granules (i.e., fluorescent
puncta) versus number of mRNA granules that overlap with
the labeled mitochondria in same cells. See Note 5.

. For each strain to be examined, inoculate a single colony

picked from solid medium into a 50 mL test tube containing
5 mL of YPD medium.

2. Grow at 26 °C with shaking for 6-10 h.

. Measure absorbance of the cultures at O.D.4, and transfer an

amount of the grown culture into a 2 or 3 L Erlenmeyer flask
containing 500 mL of YPD or YPglycerol (se¢ Note 3). It is
advisable to inoculate the culture such that it will not exceed
O.D.go0 = 1.0. For example, for overnight culture, take 1
O.D.gp0 unit (from a mid-log phase culture) at 5 p.m., and
transfer to 500 mL of growth medium.

. Grow overnight with shaking at 26 °C. By 9 a.m. the next day,

the culture will be at mid-log phase and reach a total amount
of ~250 O.D.60() units.

. Measure absorbance of the culture at O.D.49, and calculate

the total O.D. of the culture—the optimal O.D.4 is between
0.5 and 0.8.

. Collect the cells by centrifugation at 3000 x g for 5 min at

4 °C, and discard the growth medium.

. Resuspend the cell pellet in 250 mL DDW.
. Centrifuge again at 3000 x g for 5 min at 4 °C and discard

supernatant.

. Repeat steps 7 and 8.
10.

For each strain, resuspend the cells in 8 mL DTT buffer, and
transfer cells to a 50 mL conical tube.
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Rotate the cells at 30 °C for 30 min at approximately 70 rpm.

Pellet the cells at 3000 x g for 5 min at 4 °C; discard
supernatant.

Resuspend cells in 20 mL lyticase buffer without added
lyticase.

Pellet the cells at 3000 x g4 for 5 min at 4 °C; discard
supernatant.

Resuspend the cell in 20 mL lyticase buffer with added lyticase
(1.5 units lyticase per 1 O.D.4 unit of cells).

Rotate the cells at 30 °C for 45 min at approximately 70 rpm.

Examine extent of spheroplast formation; see Subheading 3.1,
step 13 for details.

Centrifuge spheroplasts at 2200 x g for 8§ min at 4 °C.

Gently resuspend spheroplasts in 12 mL of ice-cold homogeni-
zation buffer using a 25 mL pipette (do not vortex).

Repeat steps 18 and 19.

Transfer resuspended spheroplasts to prechilled zight-fit
homogenizer.

Homogenize slowly with 15 strokes and transfer the homog-
enate to a chilled 50 mL conical tube.

Add an additional 12 mL ofice-cold homogenization buffer to
the homogenizer and rinse and transfer the 12 mL to the same
50 mL tube (total = 24 mL).

Centrifuge homogenate at 1500 x g4 for 5 min at 4 °C. The
pellet contains unbroken cells, nuclei, and other cellular debris.

Take 1 mL of the supernatant (total cell lysate; TCL) and store
at =20 °C.

Transfer the remainder of the supernatant to a new 50 mL
conical tube.

Centrifuge at 3000 x g for 5 min at 4 °C.

Transfer supernatant to a new 50 mL tube.

Centrifuge at 12,000 x g for 5 min at 4 °C.

Take 1 mL of the supernatant (cytosolic fraction) and store at
-20 °C.

Discard the rest of the supernatant and gently resuspend pellet
in 12 mL ofice-cold homogenization buffer.

Centrifuge at 3000 x g for 5 min at 4 °C.

Transfer supernatant to a new 50 mL conical tube.

Centrifuge at 12,000 x g for 5 min at 4 °C.

Discard supernatant and resuspend the pellet containing both
mitochondria and endoplasmic reticulum (i.e., the crude mito-
chondrial fraction) in 3 mLL SEM butffer.
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3.2.2 Protein Analysis

36.

37.

38.

39.

40.

10.

Using a glass Pasteur pipette, build a discontinuous sucrose
gradient prepared using sucrose dissolved in EM buffer by lay-
ering. See Note 6. Layer 1.5 mL of 60% sucrose, followed by
4 mL of 32% sucrose, followed by 1.5 mL of 23% sucrose, and
finish with 1.5 mL of 15% sucrose.

Layer 3 mL of crude mitochondrial fraction on top of the dis-
continuous gradient, and centrifuge at 134,000 x g for 1 h at
4 °C.

After centrifugation, remove successive fractions from the top
and carefully collect and save the brownish cloud at the inter-
face between the 32 and 60% layers. This contains the highly
enriched mitochondrial fraction (note: the volume of the mito-
chondrial fraction is approximately 1-2 mL).

Gently add the mitochondrial fraction to 10 mL of ice-cold
SEM butffer, mix slowly, and centrifuge at 10,000 x g4 for
30 min at 4 °C.

Discard supernatant and either flash-freeze mitochondrial pel-
let or proceed directly to protein (Subheading 3.2.2) or RNA
(Subheading 3.2.3) extraction.

. Place either the frozen or fresh mitochondrial pellet on ice, and

add 1 mL of'ice-cold complete yeast lysis buffer.

. Split the resuspended mitochondrial fraction equally between

two 1.5 mL microfuge tubes each containing a 500 pL bed
volume of glass beads.

. Vortex vigorously for 10 min at 4 °C.

. Using a hot needle, puncture the bottom of the microfuge

tube and place the tube inside a 15 mL conical tube.

. Centrifuge at 960 x g for 1 min at 4 °C.
. Transfer the lysate from 15 mL tubes to a 1.5 mL microfuge

tube and centrifuge at 10,000 x g4 for 10 min at 4 °C.

. [In parallel to steps 1-6] Thaw on ice the samples from total

cell lysate (TCL) and cytosolic fraction, and supplement with
PMSF (2 mM), DTT (1 mM), and protease inhibitors cocktail
(according to manufacturer’s instructions).

. Transfer the supernatant of the mitochondrial fraction to a

new 1.5 mL microfuge tube.

. Measure the protein concentration of all of three fractions

(e.g., TCL, cytosol, and mitochondria) using the BCA protein
assay kit.

Take the same amounts of protein from each of the TCL, cyto-
solic, and mitochondrial fraction samples. Add Laemmli sam-
ple buffer (1x final) and DDW to reach a final volume of
40 pL, and incubate at 100 °C for 10 min.



3.2.3 RNA Extraction
and Real-Time PCR

11.

12.

13.

14.
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Prepare a standard SDS-PAGE mini gel (e.g., 7 x 8 cm) using
a polyacrylamide concentration most suitable for the separa-
tion of the protein of interest.

Load the same amount of protein (e.g., 30-60 pg per lane)
from TCL, cytosolic, and mitochondrial fraction samples onto
the gel.

Electrophorese samples until sufficient protein separation is
achieved; transfer proteins to nitrocellulose membranes using
the voltage and time conditions recommended by the manu-
facturer of the transfer unit employed.

Block the membrane for 1 h in 5% bovine serum albumin dis-
solved in PBS (x1). Use standard procedures for protein detec-
tion with antibodies against the protein of interest.

. Extract the RNA using an Epicure MasterPure™ Yeast RNA

kit. Steps 2—-12 are performed according to the manufactur-
er’s instructions.

. Resuspend the mitochondrial pellet in 300 pL RNA extraction

buffer supplemented with 1 pL Proteinase K (50 pg/pL).
Note: If using a frozen pellet, let it thaw on ice before
resuspension.

. Mix at 800 rpm in a thermomixer for 10-15 min at 70 °C.
. Transfer to ice and let cool for 5 min.

. Add 175 pL of MPC precipitation reagent and vortex thor-

oughly for 10 s.

. Centrifuge at 10,000 x g for 10 min at 4 °C.

. Transfer the supernatant to a new 1.5 mL microfuge tube.
. Add 500 pL of isopropanol and vortex for 10 s.

. Centrifuge at 10,000 x g for 10 min at 4 °C.

10.

Discard supernatant and remove liquid completely using a
micropipettor.

Dry the pellet for 10 min at 50 °C (note: leave cap open).

Add 30 pL of ultrapure water and let stand at 50 °C till dis-
solved completely (10 min). Note: using a thermomixer at
800 rpm speeds up the process.

Measure RNA concentration by determining the absorbance at
260 nm using a NanoDrop spectrophotometer (or the like); an
absorbance of 1.0 corresponds to about 40 pg,/mL. See Note 7.
Mix 1 pg RNA with 1 pL of 10x DNase buffer and 1 pL of
DNase, and add ultrapure water to 10 pL final volume.

Incubate at 37 °C for 1 h.

Add 1 pL DNase stop buffer (a component of the DNase kit)
and incubate for 15 min at 65 °C.
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17.

18.
19.

20.
21.
22.

23.

24.

25.

26.

27.

28.

29.

Add 1.3 pL. of random hexamer primers to the solution and
4.1 pL of ultrapure water.

Incubate at 70 °C for 5 min and then immediately transfer to ice.

Add 5 pL of 5x RT bufter, 2.6 pL. 5 mM dNTPs, and 1 pL of
reverse transcriptase enzyme.

Mix and incubate at 37 °C for 1 h.
Add 75 pL of ultrapure water.

c¢DNA samples can be used directly in real-time PCR (steps
23-30) or can be stored at —20 °C.

Prepare several dilutions of the ¢cDNA samples (e.g., 1:10,
1:20, and 1:40).

Design a 96-well reaction plate that includes an ultrapure
water control for each primer pair used, as well as primers to
at least one mitochondrial gene (e.g., COX1, COX2) for
normalization.

The example reaction for the qPCR should include 1 pL of the
c¢DNA sample, 0.2 pL of each primer (200 nM final concentra-
tion), 3.6 pL of ultrapure water, and 5 pL. of SYBR Green x2
Mix.

Load triplicate samples in the 96-well real-time PCR plate, and
spin down at 1000 x g for 1 min at 4 °C.

Apply the plate to a real-time PCR machine, and apply a stan-
dard PCR protocol followed by melting curve measurement.

Analyze the data using the built-in software, check the melting
curve for single amplicon occurrence, and extract the C, val-
ues. See Note 8.

Extrapolate the C, values to one of the following mathematical
methods (e.g., see references [42] and [43]). See Notes 8 and 9.

4 Notes

. We typically use single-molecule FISH primers coupled to Cy5

fluorophores from the far-red spectra. This allows for
fluorophore-based sample visualization in at least three chan-
nels in the same experiment (e.g., GFP, mCherry, and Cy5).
Thus, one can observe alternative sites of mRNA localization
(aside from the mitochondria) in the same experiment, when
employing an additional intracellular marker.

. One should perform a preliminary real-time PCR experiment

in which the levels of different mRNAs (e.g., COX1, COX2,
COB, and UBCO) in the total cell lysate fraction of the WT
strain and mutant strains are tested. Here, UBCG6 is used as a
gene for RNA normalization [44] and allows for identification
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of the most stable mitochondria-encoded mRNA (e.g., COX1)
for later use in the normalization of mRNAs derived from the
mitochondria-enriched fraction (e.g., CYB2).

COX]1 primers:
COX1 qPCR E: 5’ getctaatccatggtggttcaa 3’
COX1 qPCR R: 5" agctaaggcaacaccagttaaa 3’

COX2 primers:
COX2 qPCR E: 5’ aggtattaaagttgatgctactect 3’
COX2 qPCR R: 5’ tcagaacatgctccatagaagac 3’

COB primers:
COB qPCR F: 5’ ggttctcagtatctaaccctctaate 3
COB qPCR R: 5’ agatgaaccatgaatatgtaatgec 3’

UBC6 primers:
UBC6 qPCR F: 5’ ccatacaaaccaccggcetat 3’
UBC6 qPCR R: 5’ cagccaggattccaagtatca 3’

CYB2 primers:
CYB2 qPCR F: 5’ gaagcagcaccctctgataaa 3’
CYB2 qPCR R: 5’ ggagcatccacagtgacaaata 3’

. Growth on different carbon sources may alter mitochondrial
morphology, mitochondrial mass, and mMP localization. We
recommend performing experiments using both a fermentable
carbon source (e.g., glucose) and a non-fermentable carbon
source (e.g., glycerol), if possible. We advise working with cul-
tures grown to mid-log phase and not exceeding an O.D .40 > 1.
The use of cultures with higher O.D.4 values increases the
chance of starvation and the onset of phenotypes unrelated to
the mutation in the gene of interest [45].

. In our hands, we achieved best results in terms of the number of
mRNA puncta visualized and best preservation of mitochondrial
morphology using the following growth and fixation condi-
tions: yeast cells were grown in a culture volume of 25 mL in a
250 mL Erlenmeyer flask with shaking at 220 rpm at 26 °C and
fixed when they reached O.D.49 = 0.5 (mid-log phase).

. Co-localization is performed manually by counting the number
of puncta localized (not juxtaposed) with the mitochondria
marker. Typically, more than 100 yeast cells for each sample to be
tested are scored. The percentage of co-localization is an abso-
lute value and can be used to compare between different mutants
without further need for normalization. In addition, one can use
a freeware program (e.g., Image]) to facilitate analysis of the co-
localization between an mRNA and a mitochondrial marker.

. We recommend preparation of the different sucrose solutions a
day before the planned mitochondrial isolation procedure and
to prechill them to 4 °C. Best results are obtained when the gra-
dient is built just before layering of the crude mitochondrial
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extract. When creating the gradient by hand, we advise using a
glass Pasteur pipette and an automated pipettor set to a lowest
speed for layering; one should observe crisp bands between the
60%,/32%, 32%,/23%, and 23%,/15% interphases. Employ cen-
trifuge tubes suitable for use with a Beckman SW41 Ti ultracen-
trifuge rotor.

7. The A260/28() ratio should be = ~2 and A260/230 =~2-2.2. ngh

value ratios of RNA purity will ensure more reliable reverse
transcription and subsequent real-time PCR measurements.

8. The C, values of genes used for normalization (e.g., COXI)

may be extremely low (indicating high levels of mRNA) and in
the range of 10-20 cycles. We advise to first check the C, levels
of such genes and to dilute the cDNA equally between all the
samples in order to achieve C, values between 20-30 cycles.

9. An additional method to normalize mMP levels on mitochon-

dria is to extract RNA from the total cell lysate (TCL). From
the 1 mL of the TCL fraction that was saved, extract the RNA
(using the same RNA extraction kit as for the mitochondrial
fraction), measure the amount of RNA, and proceed to reverse
transcription. The idea is to use TCL levels of'a given mMP of
interest for normalizing values obtained under different growth
conditions or from the different mutants tested. This may

eliminate the need for assaying genes transcribed from mito-
chondrial DNA.
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Chapter 13

Assessing Mitochondrial Bioenergetics in Isolated
Mitochondria from Various Mouse Tissues Using
Seahorse XF96 Analyzer

Arcangela luso, Birgit Repp, Caroline Biagosch, Caterina Terrile,
and Holger Prokisch

Abstract

Working with isolated mitochondria is the gold standard approach to investigate the function of the elec-
tron transport chain in tissues, free from the influence of other cellular factors. In this chapter, we outline
a detailed protocol to measure the rate of oxygen consumption (OCR) with the high-throughput analyzer
Seahorse XF96. More importantly, this protocol wants to provide practical tips for handling many different
samples at once, and take a real advantage of using a high-throughput system. As a proof of concept, we
have isolated mitochondria from brain, heart, liver, muscle, kidney, and lung of a wild-type mouse, and
measured basal respiration (State IT), ADP-stimulated respiration (State IIT), non-ADP-stimulated respira-
tion (State IV,), and FCCP-stimulated respiration (State III,) using respiratory substrates specific to the
respiratory chain complex I (RCCI) and complex II (RCCII). Mitochondrial purification and Seahorse
runs were performed in less than eight working hours.

Key words High-throughput, Seahorse XF96, Mitochondrial coupling assay, Respiratory control
ratio (RCR), Mouse tissues

1 Introduction

To investigate the function of the electron transport chain in ani-
mal tissues there are two approaches. One approach is to measure
the rate of oxygen consumption (OCR) directly in small biopsies
permeabilized with detergents; the other is to isolate mitochondria
from the tissue of interest and measure respiration in an isotonic
buffer supplemented with respiratory substrates and ADP. When
working with permeabilized tissues there are many variables influ-
encing the measurement, such as the accessibility of substrates and
inhibitors throughout the tissue, the limited diffusion of oxygen
(O,), the coexistence of various types of cells, the variable number
of mitochondria per cell, the availability of endogenous substrates,

Dejana Mokranjac and Fabiana Perocchi (eds.), Mitochondria: Practical Protocols, Methods in Molecular Biology, vol. 1567,
DOI 10.1007/978-1-4939-6824-4_13, © Springer Science+Business Media LLC 2017
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and the rate of ATP utilization. Moreover, effective protocols to
measure O, consumption directly in permeabilized tissues are
available only for a few tissues [1-3]. Instead, working with iso-
lated mitochondria has the advantage of disconnecting the mito-
chondrial respiration from cellular factors. In isolated mitochondria
the OCR relies only on the activity of the RCCs and on the sub-
strates and ADP exogenously added to the system.

Measuring oxygen consumption in isolated mitochondria is
not a new concept. This is carried out routinely by traditional O,
electrode-based methods [4, 5]. However, those systems require a
large amount of mitochondria for each measurement, between
0.01 and 0.5 mg, depending on the tissue, and long running times,
between 1 and 2 h, per replicate. Large amount of mitochondria
and the challenge to perform a significant number of replicates in
a timely manner to preserve mitochondrial coupling represent a
major limitation when working with precious biological materials.
The advance of high-throughput microplate respiratory measure-
ments has overcome this limitation [6-8]. The protocol described
in this chapter uses only 0.3—4 pg of mitochondria per measure-
ment (i.e., per well) and it allows performing at least 4-6 replicates
for each sample in only 70 min. We will indicate how to quickly
isolate mitochondria from brain, heart, liver, muscle, kidney, and
lung of'a wild-type mouse and how to measure OCRs for States 11,
II1, IV,, and III,. Furthermore, we suggest how to analyze the
Seahorse data to get values of respiratory control ratios (RCRs), as
an indicator of mitochondrial coupling.

2 Materials

2.1 Equipment

Homogenizer EUROSTAR 20 IKA 0004442000
digital
Potter-Elvehjem PTFE pestle Sigma P7859-1EA
and glass tube
Centrifuge Sigma 4K15
Plate rotor QIAGEN 09100
Centrifuge Sigma 6K15
Swing-out rotor Sigma 11150
Seahorse XF96 analyzer Seahorse Biosciences,
Inc.

Inverted Fluorescent Microscope — Leica DM IRE2
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2.2 Gonsumables

2.3 Buffers

15 mL Polypropylene Tubes
ADP

Antimycin A

d-Mannitol

Dulbecco’s Phosphate
buffered saline

EGTA

Fatty acid-free BSA

FCCP

Glutamate

HEPES

Hydrochloric acid 37% (HCI)
KH,PO,

Magnesium chloride (MgCI2)
Malate

Mito Tracker® Green FM
Oligomycin

Pasteur Pipettes

Petri dish 60 x 15 mm
Potassium chloride (KCl)
Potassium hydroxide (KOH)

Protein Assay Dye Reagent
Concentrate

Rotenone

Succinate

Sucrose

Surgical Disposable Scalpels
Tween-20

XF96 Cell Culture Microplate
XF96 Sensor Cartridge

Falcon
Sigma-Aldrich
Sigma
Sigma-Aldrich
Gibco

Sigma-Aldrich
Sigma

Sigma
Sigma-Aldrich
Sigma-Aldrich
Merck

Sigma
Sigma-Aldrich
Sigma-Aldrich
Molecular Probes
Sigma
BRAND
Nunc
Sigma-Aldrich
Sigma-Aldrich
Bio-Rad

Sigma
Sigma-Aldrich
Sigma
BRAUN
Sigma

Seahorse Bioscience

Seahorse Bioscience

352059
A2754
A8674
M9546
14190-094

E3889
A3803
C2920
G8415
H3784
1E+09
P9791
M9272
M6413
M-7514
04876
7477-55
150288
P9541
221473
500-0006

R8875
S$2378
S0389
BBA215
P9416
100850-004
102416-100

1. Prepare the mitochondrial isolation bufter (MIB1), by dissolv-
ing 210 mM of d-Mannitol, 70 mM of sucrose, 5 mM of
HEPES, 1 mM of EGTA, and 0.5% (w/v) of fatty acid-free BSA
in ultrapure H,O and adjust the pH to 7.2 with KOH. Prepare

aliquots and store them at —20 °C (see Note 1).



220 Arcangela luso et al.

24 ADP
and Respiration
Reagents

2.

Prepare the mitochondrial assay solution (MAS1) by dissolv-
ing 220 mM of d-Mannitol, 70 mM of sucrose, 10 mM of
KH,PO,, 5 mM of MgCl,, 2 mM of HEPES, 1 mM of EGTA,
and 0.2% (w/Vv) of fatty acid-free BSA in ultrapure H,O and
adjust the pH to 7.2 with KOH at 37 °C. Prepare aliquots and
store them at —20 °C (see Note 1).

. Prepare mitochondrial substrates by dissolving 0.5 M of suc-

cinate, 0.5 M of malate, 0.5 M of glutamate in ultrapure H,O
and adjust the pH to 7.2 at 37 °C with KOH. Prepare aliquots
and store at —20 °C (see Note 2).

. Prepare ADP by dissolving 40 mM of ADP in MASI and

adjust the pH to 7.2 with KOH. Perform serial dilutions to
obtain stocks of 20, 10, 5, 2.5, and 1.25 mM of ADP in MAS1
(see Note 3).

. Prepare stocks of inhibitors and uncouplers by dissolving

10 mM of FCCP, 2 mM of rotenone, 5 mg,/mL of oligomy-
cin, and 40 mM of antimycin A in DMSO. Prepare aliquots
and store at —20 °C. Prevent freezing and thawing of Rotenone
and FCCP stocks. On the day of the experiment, dilute them
with MAS]1 to working concentrations of 40 uM (see Note 4 ),
20 mM, 25 pg/mL, and 40 mM for FCCP, rotenone, oligo-
mycin, and antimycin A, respectively.

It is recommended to thaw all reagents on ice and keep
them on ice during the whole experiment.

3 Methods

3.1 Rehydrating
the Cartridge (Day
Before the Experiment)

32 Set

Up the Experimental
Protocol

in the Seahorse XF96
Analyzer (Day Before
the Experiment)

S O I S I

. Hydrate the XF96 Sensor Cartridge by adding 0.2 mL of XF

calibrant in each well of the utility plate (lower transparent
plastic plate).

. Carefully place the cartridge (upper green plate containing

ports) back onto the utility plate (fluorophores at the bottom
of the cartridge can be easily damaged).

. Incubate the plate in a non CO, incubator at 37 °C overnight

(see Note 5).

. Open the Seahorse XF96 software (see Note 6).
. Select “Standard” assay.
. Wait for the initialization of the system.

. Go to “Assay Wizard” to fill in the project information under

“General.”

. Fill in the information concerning each mitochondrial sample

under “Cell information.” Select “Cell Layout” submenu to



Assessing Mitochondrial Bioenergetics in Isolated Mitochondria from Various Mouse... 221

0.5p1uscleD:S 1 i1 M iusciel2il
_ o.s'—u:s—b.s 1M—uls$ 1 2 —'J_z
0.5 (iver,0:5 1 Liverid 2 Liver—2 0.5 | ungt 05 1 lung_1 2_Lung.2
D.5™™ 0.5 17— Fim—_ ) 5 - S e ] 7. m—
BK BK BK BK BK BK BK BK BK BK BK BK
BK BK BK BK BK BK BK BK BK BK BK BK

Fig. 1 Layout of the 96-well Seahorse plate for the optimization of the mitochondrial amount. Up to three dif-
ferent amounts of mitochondria for a specific substrate and tissue can be tested by using this layout. Each
measurement is carried out in quadruplicate. The last two rows are filled in with MAS1 and represent the
background (BK)

define how mitochondrial samples will be seeded in the 96-well
plate (see Fig. 1). Assign a different color to each group in the
“Groups & Labels” submenu.

6. Fill in the information concerning the run under “Protocol.”
You can adjust the parameters by selecting the commands on
the display. The protocol used to test mitochondrial coupling
is summarized in Table 1.

7. Save the file as template (.xls). Unless specified, the file will be
automatically saved in the folder XFReader96.

8. End wizard.

3.3 Preparation 1. Mice are killed via instant cervical dislocation (se¢ Note 8)
of Mouse Organs (Day without prior anesthesia such as CO,, since this influences
of the Experiment) mitochondrial respiration.

2. Subsequent organ withdrawal should be completed within
max. 30 min per mouse and each organ is kept in a different
Petri dish on ice upon withdrawal.

3. If necessary, carefully remove hair and fat residues from organs,
as these interfere with the subsequent isolation of

mitochondria.
3.4 Isolation This protocol can be applied to isolate mouse mitochondria from
of Mouse liver, heart, lung, brain, kidney, and hindlimb skeletal muscle tis-
Mitochondria (Day sues. Start with 30-50 mg wet-weight tissue.
of the Experiment) 1. Prepare on ice six Petri dishes with 1 mL of MIBI.

2. Place each tissue in a different Petri dish.
3. Cut tissues into very small pieces with disposable scalpels (see
Note 9).

4. Collect pieces with a disposable 1 mL plastic Pasteur pipette
and place them in 15 mL polypropylene tubes containing
5 mL of MIBI.
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Table 1
Experimental outline to test mitochondrial coupling (see Notes 6-7)

Command Time (min) Port

Start protocol

Calibrate ~30

Mix 1

Wait 3

Mix 1

Wait 3

Mix 0.5

Measure 3

Mix 1

Measure 3

Mix 0.5

Inject A(ADP)
Mix 0.5

Measure 6

Mix 1

Inject B(Oligomycin)
Mix 0.5

Measure 3

Mix 1

Inject C(FCCP)
Mix 0.5

Measure 3

Mix 1

Inject D(Rotenone or Antimycin A)
Mix 0.5

Measure 3

Mix 0.5

Measure 6

End Protocol

Total time 72.5
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3.5 Loading

the Cartridge

with Compounds
and Run

the Galibration (Day
of the Experiment)

3.6 Testing

of Optimal
Mitochondrial
Amounts (Day

of the Experiment)

5.

10.
11.

12.
13.

14.

Transfer the suspension into the glass tube of the Potter-
Elvehjem PTFE for homogenization.

Disrupt tissue pieces by 30 strokes at 500 rpm in the
Homogenizer EUROSTAR 20 digital, except the muscle that
is homogenized at 600 rpm.

Centrifuge the homogenate at 800 x g for 10 min at 4 °Cina
swing-out rotor.

Collect the supernatant.

Centrifuge the supernatant at 8000 x g for 10 min at 4 °C in
a swing-out rotor.

Discard the supernatant.

Carefully remove fat and lipids from the pellet, especially in
the liver sample (see Note 10).

Wash the pellet twice with MIBI.

Resuspend the final pellet, which contains mitochondria, in a
small volume of MAS1 containing the appropriate respiratory
substrate. Use 10 mM of Glutamate and 5 mM Malate for

complex I-driven respiration, and 10 mM Succinate for
Complex II (see Note 11).

Determine the total protein amount by Bradford assay (see
Note 12).

. Load 10-fold concentrated compounds in the ports of the car-

tridge, with the help of the “loading helper” plate. Inject
20 pL of ADP (40 mM) (see Note 13) into port A, 22 pL of
oligomycin (25 pg/mL) into port B, 24 pL. of FCCP (40 pM)
into port C, and 26 pLL of antimycin A (40 pM) or rotenone
(20 pM) into port D.

2. Open the folder XFReader96 in the Seahorse machine.

Select the files “XF Data & Template.xls.”

. Select the appropriate template file and set it as “default assay”

for the subsequent run.
Click “Run.”

. Insert the XF96 Sensor Cartridge into the Seahorse XF96 ana-

lyzer and hit “start” to run the calibration. Calibration run
takes around 30 min.

The amount of mitochondria to use in the assay varies according
to the tissue of origin, the respiratory substrate (se¢ Note 14), and
the purity and intactness after the isolation. Therefore, it is
recommended to run an initial plate on the day of experiment to
test the optimal mitochondria amount to use in the subsequent
experiments. To this goal, run a mitochondrial coupling test
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experiment using glutamate/malate or succinate/rotenone as
respiratory substrates.

1.

2.

Dilute all mitochondria to 1 pg/pl. with MAS1 containing
the appropriate respiratory substrate.

Prepare three different master mixes for each tissue, contain-
ing various amounts of mitochondria/well. Consider using
larger volumes for the master mixes, to minimize pipetting
errors. For example:

Mix 0.5 ug — in 250 pL of mixture, add 2.5 pL. of mito-
chondria (1 pg/pL) and 247.5 pL. of MASI with substrates.

Mix Iy — in 250 pL of mixture, add 5 pL of mitochondria
(1 pg/pl) and 245 pl. of MAS1 with substrates.

Mix 2 ug — in 250 pL of mixture, add 7.5 pL of mitochon-
dria (1 pg/pL) and 242.5 pL. of MAS]1 with substrates.

Keep the mitochondrial samples and solutions on ice.

Clean the outer surface of the pipette tip after aspiring
mitochondria and before adding it to the MAS]1 buffer. Ensure
that mitochondrial samples are well resuspended to minimize
variations in the measurements.

. Deliver mitochondria as a 50 pL suspension to each well of the

plate (see Fig. 1; see Note 15), except the wells intended for
the background correction. In these wells add only MASI1
with substrates. Keep the plate on ice while pipetting. The
background correction is monitoring changes in O,, pH, and
temperature due, for example, to the injection step and it is
used to correct the measurement values from this noise.
Therefore, different injection strategies need an independent
background correction. Unfortunately, the wave program still
misses the possibility to sort the background wells to specific
wells in case you measure several conditions within the same
plate. This should be carried out by the user during data
analysis.

Transfer the plate to a centrifuge with a swinging bucket
microplate adaptor. Spin down the mitochondria to the bot-
tom of the plate by centrifuging the plate at 2000 x g for
20 min at 4 °C.

. During the 20 min of centrifugation, start the calibration plate

in the Seahorse machine (see Subheading 3.5).

After the centrifugation, inspect mitochondria briefly under
the microscope to ensure consistent adherence to the bottom
of the wells (see Note 16).

Add 130 pL of pre-warmed (37 °C) MAS1 with substrates
(glutamate /malate or succinate /rotenone) to each well.

. Warm up the plate at 37 °C in a non-CO, incubator for

5-10 min.
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3.7 Run

of the Experiment
Using the Optimal
Mitochondria Amount
(Day of the
Experiment)

3.8 Verification

of Mitochondrial
Integrity After the Run
(Day of the
Experiment)

9. At this stage the calibration step should be ready. Remove the
utility plate from the machine. The cartridge is automatically
retained in the instrument.

10. Put the microplate in the analyzer and start the run at the end
of the calibration (se¢ Note 17).

11. At the end of the run, open the .xfd file, select Display>Group,
Y1>Level, Y2>0,. The optimal mitochondrial amount is the
amount that never makes the absolute O, tension decline to
zero, especially in State III or State IIIy (see Note 18).

Test mitochondrial coupling as described in Subheading 3.4, using
the proper mitochondria amount for each tissue.

1. After the run, recover the plate from the machine.

2. Dispense ~180 pL of MAS + BSA, 1x bufter + 40 nM
MitoTracker Green FM.

3. Incubate 15 min at 37 °C.

4. Acquire pictures with an inverted fluorescent microscope (see
Fig. 2). Intact mitochondria are able to uptake the probe,
therefore fluoresce.

Heart + MTG

Fig. 2 Isolated mitochondria remain attached to the plate and coupled throughout the assay. The figure shows
a representative picture of mitochondria isolated from heart, plated at 1 pg/well on the XF96 cell culture
microplate and stained with 20 nM of MitoTracker Green (+MTG). The fluorescent signal in the pictures +MTG
indicates that mitochondria are still able to uptake the probe, suggesting that the mitochondrial membrane
potential is still intact. Pictures were acquired using an inverted microscope with 20x magnification
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3.9 Data Analysis 1.
(Any Day 2
After the Experiment)

3

Open the .xfd files with the XF*Wave software.

. Select Modity>Normalization>Apply to normalize the OCR

values of each well to pg of mitochondria.

. Select Display>Well, Y1>Rate, Y2>None to visualize outliers

due to incorrect injection of reagents or uneven distribution
of mitochondria and exclude them from the analyses by click-
ing on the trace.

4. Select Display>Group, Y1>Rate, Y2>None.

600

500

400

300

200

100

OCR
(pmol 0,/min/ug mitochondrial protein)

. Right click on the line chart area and export graph data in an

Excel sheet. You will get a list of OCR values, expressed as
pmol 0,/min/pg mitochondrial proteins, at different time
points (1, 6, 13, 20, 25, 31, and 35 min) and the S.E.M.
values.

. Calculate the basal respiration, which represents the respira-

tion of mitochondria in the presence of substrates but without
ADP, by subtracting the OCR values at minute 35 (non-
mitochondrial O, consumption) from the values at minute 1
(see Fig. 3).

Calculate State I1I, which represents the formation ATP from
ADP and inorganic phosphate, by subtracting the OCR values
at minute 35 from the values at minute 13 (see Fig. 5 for cal-
culation; see Figs. 4 and 5 for reference values).

. Calculate State 1V, which represents the proton leak due to

the inhibition of the ATP synthase by oligomycin, by subtract-
ing the OCR values at minute 35 from the values at minute 20
(see Fig. 3 for calculation; see Figs. 4 and 5 for reference
values).

Calculate the State III,, which represents the status of maxi-
mal respiratory capacity, by subtracting the OCR values at

13 oligomycin FCCP 25 Rotenone

P
--------0
-l

1
:I 31 35
5 10 15 20 25 30 35
min

Fig. 3 Representative trace of a coupling experiment using isolated mitochondria
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10.

minute 35 from the values at minute 25 (see Fig. 3 for calcula-
tion; see Figs. 4 and 5 for reference values).

Calculate the respiratory control ratio, RCR, which is the
index of mitochondrial coupling, by dividing the corrected
values of State III,/State IV, (see Figs. 4 and 5 for reference
values).

4 Notes

. Buffers can be prepared up to 2-3 weeks in advance and ali-

quots stored at —20 °C. However, on the day of the assay, the
pH has to be remeasured and eventually readjusted to 7.2 with
KOH.

2. Substrates are stable for long periods (>1 year) at =20 °C.

10.

. 40 mM of ADP and serial dilutions should be prepared on the

day of the assay or at the earliest, one the day before.

The concentration of FCCP depends on the BSA content in
the MAS buffer, the amount of mitochondria, and the type of
mitochondria. If using a different concentration of BSA in the
MAS buffer, or using mitochondria isolated from tissues not
described in this protocol, a preliminary FCCP titration is
mandatory.

. The hydration step is required for proper functioning of the

sensors when measuring OCR. Cartridges can be used within
3—4 h of hydration, as well as up to 72 h after the addition of
the calibrant solution. The incubator must be humidified if
you are hydrating for longer periods of time to prevent the
evaporation of the calibrant solution. Remember to hydrate as
many cartridges as required for the whole experiment.

. The protocols described here are adapted for the XF Reader

version 1.4.2.3. Be aware that latest versions might have dif-
ferent user interfaces.

Extend measurement times for rotenone and antimycin A to
6 min because those measurements are going to be used as
“not mitochondrial respiration,” hence background, to be
subtracted from all respiratory states.

. Attain to your local laws for animal handling. In our experi-

ments mice are sacrificed by cervical dislocation in accordance
with the German Animal Welfare Act (§7, §8, and §8a).

Rinse liver, heart, and kidney several times with MIB1 to
remove blood.

Use a cotton swab to remove fat and lipids from the outer part
of the mitochondrial pellet. You may recognize this fraction
from the typical whitish /pale-yellow color.
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18 pl MAS + BSA

18 pl ADP 1.25 mM
18 pl ADP 2.5 mM
18 pl ADP 5 mM

18 ul ADP 10 mM
18 pyl ADP 20 mM
18 pl ADP 40 mM
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Fig. 6 Layout of the 96-well Seahorse plate for the optimization of the ADP concentration. Using the present
layout you can test up to seven different concentrations of ADP for a specific substrate and tissue. Every mea-
sure is carried out in six replicates. The /ast row s filled with MAS1 and represents the background (BK)

11. Choose the volume according to the size of the pellet. Usually,

100 pL for muscle and lung, 200 pL for brain, 500 pL for liver
and kidney, if starting from 30 to 50 mg of tissue.

. Prepare the reagent “blank” with MAS] since BSA in the buf-

fer will interfere with the Bradford measure of your samples.

. Using an appropriate concentration of ADP is essential for

determining OCR during State III. The optimal ADP concen-
tration should not be necessarily determined on the day of the
assay. It can be measured at any time before the assay, by using
isolated mitochondria from a wild-type mouse. We tested
ADP concentrations in the range of 0.125—4 mM, as described
in (6) and we found that most of the tissues included in this
chapter were stimulated by 2—4 mM of ADP. If you need to
test the correct ADP amount in a different tissue, we recom-
mend testing mitochondrial coupling using glutamate /malate
or succinate/rotenone as respiratory substrates at increasing
concentrations of ADDP as described here:

e Distribute the optimal amount of mitochondria for two
different tissues on the same plate.

e Inject different amounts of ADP through port A: 0,0.125,
0.25,0.5,1, 2, and 4 mM (see Fig. 6). Proceed by loading
ports B-D as described in Subheading 3.3.

e At the end of the run analyze the .xfd file and select the
optimal ADP concentration as the concentration giving a
clear increase in respiration, still responding to the oligo-
mycin and the FCCP.

e The molarity of ADP to be injected is 10 times higher
(10x) than the final molarity in the well. In our hands, a
final concentration between 2 and 4 mM of ADP is suffi-
cient to induce a stable State III. Insufficient amounts of
ADP will result in the exhaustion of ADP during one mea-
surement cycle.

. As a rule of thumb, the amount of mitochondria to use for

RCCI-dependent respiration is 3—4 times higher than
the amount of mitochondria to use for RCCII-stimulated
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respiration. Perform pilot experiments for testing different
concentrations of mitochondria for each tissue. Use a range of
0.5-2 pg mitochondria/well for succinate-dependent respira-
tion and of 1-5 pg mitochondria/well for glutamate /malate-
dependent respiration.

15. It is not recommended to use large suspension volumes as it
will result in lower OCRs probably due to attached mitochon-
dria at the sides of the wells.

16. Mitochondria should appear evenly distributed in each well.

17. Start the calibration run as soon as you start centrifuging the
microplate with mitochondria.

18. A good indication is to keep the basal respiration between 40
and 80 pmol O,/min/well.
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Chapter 14

Application of FRET-Based Biosensor “ATeam”
for Visualization of ATP Levels in the Mitochondrial
Matrix of Living Mammalian Gells

Tomoki Yoshida, Soaad Alfagaan, Norio Sasaoka, and Hiromi Imamura

Abstract

Genetically encoded biosensors utilizing the Forster resonance energy transfer (FRET) are powerful tools
for live cell imaging of various cellular processes. Our group has previously developed a series of FRET-
based biosensors, named “ATeam,” for visualization of ATP levels inside a single living cell. ATeam not
only provides a window of insight into a single cell but also allows for visualization of ATP levels in mito-
chondrial matrix of a single living cell. This novel tool is able to monitor alterations in cellular AT in
response to various treatments in real time. Here we present a method for the evaluation of ATP levels in
mitochondria in living cells by using ATeam. At the end of this chapter, an example of experimental results
is described for a better understanding of the presented procedure.

Key words Fluorescent biosensor, FRET, Live imaging, ATP, ATeam

1 Introduction

Genetically encoded biosensors utilizing the Forster resonance
energy transfer (FRET) principle with fluorescence proteins have
been extensively applied for live cell imaging of various cellular
processes. FRET is an electrodynamic phenomenon between a
donor fluorophore and an acceptor molecule. An overlap between
the emission spectrum of a donor and the absorption spectrum of
an acceptor, and a donor and an acceptor are in close proximity,
then the energy of the excited donor can be transferred to the
acceptor. The efficiency of FRET depends on factors including: the
extent of the spectral overlap, and the relative distance and orienta-
tion between the donor and the acceptor. A thorough description
of the principle can be found in “Principles of Fluorescence
Spectroscopy” textbook [1]. In general, genetically encoded
FRET-based biosensors are composed of donor and acceptor fluo-
rescent proteins, separated by a sensory protein. A conformational
change of the sensory protein, induced by, for example, ligand

Dejana Mokranjac and Fabiana Perocchi (eds.), Mitochondria: Practical Protocols, Methods in Molecular Biology, vol. 1567,
DOI 10.1007/978-1-4939-6824-4_14, © Springer Science+Business Media LLC 2017
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binding, alters the relative distance and orientation between the
two fluorophores. Thus, a change in the cellular environment can
be correlated to the changes in FRET efficiency between two fluo-
rescent proteins. The detailed procedure for designing biosensors
based on fluorescent fusion proteins can be found in “Live Cell
Imaging; Methods and Protocols” [2] previously published by
Method in Molecular Biology. One major advantage of FRET-
based biosensors is their highly quantitative nature. The output
signal is typically a ratio of the donor-to-acceptor emissions, or a
fluorescence lifetime of the donor, which are both almost insensi-
tive to the expression level of the biosensor itself.

Our group has previously developed a series of FRET-based
biosensors for visualization of ATP levels inside a single living cell,
named “ATeam” (ATP indicator based on Epsilon subunit for
Analytical Measurement) [3]. The ATP imaging technique using
ATeam provides an alternative method by which disadvantages in
conventional ATP quantification methods can be overcome. For
example, measurements of ATP by using luciferase [4] or chroma-
tography [5] can only provide average ATP concentrations of the
cell extract. In addition, they carry the risk of loss and decomposi-
tion of ATP during the extraction processes. Although valid
attempts to monitor ATP levels in real-time using chemilumines-
cence with intracellular expression of firefly luciferase have been
reported [6, 7], their applications are limited as they depend on
the level of expression and activity of luciferase. Moreover, con-
sumption of ATP by luciferase itself may disturb intracellular ATP
levels.

A schematic of the mechanism of ATeam for measurement of
ATP is illustrated in Fig. 1. An original ATeam (ATeaml.03)
employs the € subunit of the bacterial F F,-ATP synthase as an
ATP sensory domain sandwiched between two fluorescence pro-
teins—a variant of cyan fluorescent protein (mseCFEDP) [8] as the
donor fluorophore present N-terminally to the € subunit and a
circularly permuted monomeric Venus having the 173rd amino

Fig. 1 Mechanism of ATeam for measurement of ATP. (a) Schematic of ATeam. (b) ATP-dependent fluorescence
spectra of purified ATeam1.03 in 50 mM MOPS—KOH (pH 7.3), 50 mM KCI, 0.5 mM MgCl,, 0.05% Triton X-100
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acid as its N terminus (cpl73-mVenus) [9] as the acceptor at the
C-terminus of the € subunit (Fig. 1a). The bacterial € subunit is an
ATP-binding protein (14 kDa) composed of an N-terminal f-barrel
domain and two C-terminal a-helices [10]. The € subunit binds to
ATP by bundling a-helices without hydrolysis, and greatly changes
its conformation. In the absence of ATP, the € subunit extends and
adopts a flexible conformation, resulting in the separation of the
two fluorescence proteins. Conversely, in the presence of ATD, the
e subunit binds to ATP and contorts, drawing the two fluorescence
proteins closer to each other. Thus, ATP alters the fluorescent
spectra of ATeam by changing the FRET efficiency between CFP
and YFP (Fig. 1b). In turn, this allows the ATP levels to be quan-
titatively measured by calculating the emission ratios of YFP-
FRET/CFP from ATeam, although it is still challenging to
determine absolute intracellular ATP concentrations of living cells.

There are several variants of ATeam with different binding
affinities for ATP and the fluorescent spectra. The properties of
these ATeams are summarized in Table 1 [3, 11, 12]. Properties of
the spectra are altered by fluorescent proteins used as the donor
and the acceptor fluorophores. It should be noted that temperature
highly affects the atfinity of the biosensors [3]. ATP measurements
using ATeam can be properly achieved by applying a suitable
ATeam selected from the series with the appropriate properties for
the experimental conditions. For example, AT1.03, AT1.03YEMK,
GO-ATeam]l, or GO-ATeam2 biosensors are suitable for mamma-
lian cells that are maintained at 37 °C, while AT1.03NL biosensor

Table 1

Properties of ATeam series
Name Donor Acceptor K; References
ATeam1.03 mseCFP (CA1l) cpl73-mVenus 3.3 mM
ATeam1.03YEMK mseCFP (CAIl) cpl73-mVenus 1.2 mM

ATeam1.03R122K/

R126K
ATeam3.10

ATeam3.10MGK

GO-ATeaml
GO-ATeam2
GO-ATeam3

ATeam1.03NL

mseCFP (CA11)

cpl73-mVenus

no detectable

Imamura et al. [3]

binding
mseCFP (CA10) mVenus 7.4 pM
mseCFEP (CA10) mVenus 14 uyM
cpl73-mEGFP mKOx 7.1 mM
cpl73-mEGEFP mKOx 2.3 mM Nakano et al. [11]
cpl73-mEGEFP mKOx no detectable

mseCFP (CA10)

cpl73-mVenus

binding

1.8 mM (24 °C) Tsuyama et al. [12]

The value of Kj represents apparent dissociation constants for ATP of ATeam at 37 °C. CA10 and CA11 represent the
deletion of 10 and 11 residues of C-terminal domain, respectively
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works best for organisms with much lower body temperatures,
such as C. elegans and D. melanogaster.

ATeam is a useful tool for investigating the relationship
between cellular functions and ATP levels in each cell. Additionally,
it enables for visualization of ATP levels in subcellular compart-
ments of a single living cell [3]. Fluorescence imaging assay with
ATeam revealed that ATP levels in the mitochondrial matrix are
significantly lower than those in the cytosol and nucleus [3], and
positively correlate with mitochondrial membrane potential [13]
in Hela cells. A recent report using ATeam has successfully visual-
ized a decrease in mitochondrial ATP levels after a decrease in Ca?*
transporting ATPase activity during activation of cellular protective
machinery in the inflammatory processes [14]. Employing ATeam
and an ATDP production assay, another study successfully illustrated
an increase in mitochondrial ATP production in response to
hypoxic stress as a means to protect cells from a critical energy crisis
[15]. Furthermore, our group succeeded in elucidating the role of
increased cytosolic ATP on Ca** oscillation trends in glucose-
stimulated pancreatic islet by using a combination of ATeam and a
fluorescent Ca?* dye [16].

Herein, we describe the method for the evaluation of ATP lev-
els in the mitochondrial matrix of living mammalian cells using
ATeam1.03. The procedures described below consist of three
steps: (1) preparation of cells that are stably or transiently express-
ing ATeam in mitochondria, (2) acquisition of fluorescent images
of cells expressing ATeam in mitochondria and (3) processing of
fluorescent images. At the end of this chapter, an example of exper-
imental results is described for a better understanding of the pre-
sented procedure.

2 Materials

2.1 CGell Culture

2.2 Transfection
of Cells

1. Growth Medium: Dulbecco’s modified Eagle’s medium
(DMEM, high glucose) containing 10% fetal bovine serum
(FBS) supplemented with 100 pg/mL penicillin  and
streptomycin.

2. HEK293A cells are routinely cultured in growth medium in
90 mm dishes at 37 °C in 5% CO,. At 80% confluence, cells are
trypsinized and used to seed for transfection.

. D-PBS without Ca?* and Mg?*.
. Trypsin—EDTA (0.25%) containing phenol red solution.
. DMEM (high glucose).

. 35 mm glass bottom dish: P35-1.5-14C (MatTek Corp.,
Ashland, MA).

[E O S NS ]
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2.3 Imaging

2.4 Processing
Images

5.

Cellmatrix Type I-C (Nitta-Gelatin Co. Ltd, Osaka, Japan).

6. Lipofectamine® Transfection reagent (Invitrogen, San Diego,

11.
12.
13.
14.
15.

CA).

. Lipofectamine® 2000 Transfection reagent (Invitrogen, San

Diego, CA).

. 1x Opti-MEM® medium (Gibco/BRL, Bethesda, MD).
. PLUS™ reagent (Invitrogen, San Diego, CA).
10.

pcDNA-mitAT1.03 [3]: Expression plasmid for AT1.03 with a
tandem repeat of a mitochondrial targeting signal of cyto-
chrome ¢ oxidase subunit 8 at N-terminus. To obtain the plas-
mid, please contact corresponding author.

G418 (Geneticin®).

Cloning cylinders (8§ mm x 8 mm).
Sterile silicon grease.

24-well plate.

Fluorescence microscope.

. Microscope: Eclipse Ti-E inverted microscope with a perfect

focus system (PES), a motorized stage, a xenon light source,
and filter wheels (Nikon Instrument Inc., Tokyo, Japan) (see
Note 1).

. Objective lens: CFI Plan Apo VC 60x oil (NA 1.40) (Nikon

Instrument Inc., Tokyo, Japan).

. Stage-top incubator: INUBG2-TIZB (Tokai Hit Co. Ltd,

Fujinomiya, Japan).

. Electric shutter: SmartShutter (Sutter Instruments, Novato,

CA).

. Camera: Zyla 4.2 sCMOS camera (Andor Technology Ltd,

Belfast, UK) (see Note 2).

. Optical filters for FRET imaging (Semrock, Rochester, NY):

FF01-438 /24 filter for excitation, FF458-Di01 dichroic mir-
ror, FF01-483 /32 filter for CFP emission and FF01-542 /27
filter for YFP-FRET emission.

. Optical filter set for YFP: YFP-A-Basic filter set (Semrock,

Rochester, NY).

. System controlling software: NIS-Elements 4.2 (Nikon

Instrument Inc., Tokyo, Japan).

. Immersion oil.

. MetaMorph 7.6 (Molecular Devices, Sunnyvale, CA) (see

Note 3).
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3 Methods

3.1 Preparation 1. Prepare HEK293A cells in 60 mm dish at 70% confluency in
of Cells Expressing 3 mL growth medium.

ATeam in Mitochondria 2. Dilute 4 pLL PLUS™ reagent and 2 pg pcDNA-mitAT1.03 in
311 Stable Transfection 250 pL DMEM. In another tube, dilute 6 pL Lipofectamine®
of Cells in 250 pI. DMEM and incubate both mixtures for 15 min at

room temperature (25 °C).

3. After incubation, combine the two reagent mixtures together
and ensure blending by pipetting about 10 times. Incubate the
mixed solution at room temperature (25 °C) for 15 min.

4. Add the mixed solution to the 60 mm dish (in addition to the
3 mL medium in the dish).

5. Incubate at 37 °C in 5% CO, for 3 h.

6. Change the medium to fresh growth medium and incubate at
37 °Cin 5% CO, for 24 h (see Note 4).

7. Wash the cells with 3 mL D-PBS.

8. Add 1 mL 0.25% trypsin—EDTA and swirl the solution around
the plate gently for 30 s.

9. Remove =750 pL of trypsin—EDTA leaving 2250 pL remain-
ing in the dish.
10. Incubate at 37 °C in 5% CO, for 1 min.
11. Suspend the cells in 1 mL growth medium.

12. Transfer the cell suspension into 10 mL of growth medium
containing 0.75 mg/mL G418 onto 90 mm dish (se¢ Note 5).

13. Routinely culture the transfected cells in growth medium con-
taining 0.75 mg/mL G418 in 90 mm dishes at 37 °C in 5%
CO, for 2 weeks.

14. Re-passage the cells in 10 mL of growth medium in a 90 mm
dish at a density of 1 x 102 cells/dish (Five dishes prepared as
specified are adequate for making a stable transfection cell
line).

15. Incubate at 37 °C in 5% CO, for 72 h.

16. Using fluorescence microscopy, individually select a single col-
ony (about 10-20 cells/colony) expressing the fluorescent
emission of ATeam in the mitochondria (se¢ Note 6). To iden-
tify the location of the selected colonies, mark the bottom of
the dish with a permanent marker at the selected areas.

17. Remove the medium from the dish and wash once with 3 mL
D-PBS.



Application of FRET-Based Biosensor “ATeam” for Visualization of ATP Levels... 237

3.1.2 Transient
Transfection of Cells

18.

19.
20.
21.

22.

23.

Isolate each individual colony using a cloning cylinder greased
with sterile silicon grease on one end to allow the cylinder to
seal to the plate.

Place 100 pL 0.25% trypsin—EDTA into the cloning cylinder.
Incubate the dish at 37 °C in 5% CO, for 3 min.

Gently pipette the solution within the cloning cylinder to allow
the cells to detach. Individually remove the cells in suspension
and transfer them to a 24-well plate with 2 mL growth medium
(see Note 7).

At this stage, the stable transfection is complete and cells can
be re-passaged onto larger plates after 3 days of incubation.
Routinely culture the cells permanently expressing ATeam in
mitochondria in growth medium and incubate at 37 °C in 5%
CO..

For imagining purposes, cells must be re-passaged onto 35 mm
collagen coated glass bottom dish (se¢ Note 8) in 2 mL of
growth medium at desired density (see Note 9).

. Wash the cells at 80% confluence in a 90 mm dish with 3 mL

D-PBS.

. Add 1 mL 0.25% trypsin—EDTA and swirl the solution around

the plate gently for 30 s.

. Remove ~750 pL of trypsin—EDTA leaving ~250 pL remain-

ing in the dish.

4. Incubate at 37 °C in 5% CO, for 1 min.

. Suspend the cells in 3 mL growth medium.

6. Transfer aliquots of the cell suspension into 2 mL of growth

10.

11.

12.
13.

medium onto a 35 mm collagen coated glass bottom dish at a

density of 4-6 x 10* cells/dish.

. Gently rock the dish in a back-to-forth and side-to-side man-

ner for 20 s at room temperature (25 °C).

. Incubate cells at 37 °C in 5% CO, for 24 h.
. Individually dilute 3 pL Lipofectamine® 2000 and 1 pg

pcDNA-mitAT1.03 in 150 pl. Opti-MEM® medium, and
incubate both mixtures for 5 min at room temperature (25 °C).

Mix the solutions well, and incubate at room temperature
(25 °C) for 5 min.

Add 300 pL of the mixed solution directly into the medium
and incubate cells at 37 °C in 5% CO, for 1 h (see Note 10).
Change the medium to fresh growth medium.

Incubate at 37 °C in 5% CO, for 1-3 days (se¢e Notes 9 and
11).
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3.2 Acquisition

of Fluorescent Images
of Cells Expressing
ATeam in Mitochondria

For fluorescent live imaging in our experiments, images in CFP
and YFP-FRET channels are captured from cells expressing ATeam
in mitochondria by using a Nikon Ti-E-PES inverted microscope
equipped with a 60x oil-immersion objective (Nikon), a sCMOS
camera (Andor), and stage-top incubator (Tokai Hit) as shown in
Fig. 2. To illuminate the cells, a 75-W xenon lamp with 12.5 and
25% neutral density filters and an excitation filter (426450 nm)
was used. Excitation light was controlled by an electric shutter. To
achieve dual-emission ratio imaging of ATeam, we used a motor-
ized filter wheel to alternate between two (CFP and YFP-FRET)
emission filters. The microscope system was controlled with NIS-
Elements software. The detailed procedure for capturing fluores-
cent images is described below.

1. Stabilize the stage-top incubator at 5% CO, at 37 °C and warm
the oil-immersion lens to 37 °C by wrapping it with the lens
warmer (see Note 12).

2. Stabilize the xenon lamp for more than 30 min before starting
the imaging assay.

3. Change the medium to 2 mL phenol red free DMEM (low
glucose) pre-warmed at 37 °C (see Note 13).

4. Add a drop of immersion oil onto the warmed lens.

5. Place and fix the dish on the stage. For treatment that requires
the addition of an external reagent such as oligomycin (see
Note 14).

6. Turn on the perfect focus system.

Fig. 2 Fluorescent microscope system for imaging of ATeam. (a) General view of the fluorescence microscope
system used in our experiments. The numbers represent the parts as following; (/) Zyla 4.2 sSCMOS camera, (i)
filter wheel (emission), (iij) stage-top incubator, (ix) electric shutter, (x) filter wheel (excitation), (xj) xenon lamp.
(b) Stage-top incubator with a sample prepared for imaging of ATeam
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3.3 Processing
of Fluorescent Images

7.

11.
12.

13.

Find ATeam-expressing cells by visual detection, using a YFP-
filter set. Adjust xy position and focus (see Note 15).

. Readjust the xy positions and refocus using a CFP or YFP-

FRET fluorescent image obtained by sCMOS camera by using
NIS-Elements (see Note 12).

. Input the xy positions to NIS-Elements.
10.

Repeat steps 8-10 in order to select multiple view fields. Typically,
5 or more cells should be imaged to obtain reliable results.

Input the time interval between each shot (see Note 16).

Set the exposure times for both CFP and YEP-FRET channels
(see Note 17).

Start image acquisition.

According to the principle of ATeam described in the introduction,
ATP levels in mitochondria can be evaluated by ratiometric changes
of YEP-FRET per CFP emission signals from ATeam. In our exper-
iments, MetaMorph (Molecular devices) has been used for calcula-
tion of the ratio value by processing fluorescent images in each
channel as described below.

1.

Open the image files of CFP and YFP-FRET channel by using
processing software MetaMorph.

. Select a region-of-interest (ROI) at the same position in CFP

and YFP-FRET images within the area where no cells exist.

. Subtract a constant background intensity value estimated from

statistics of a selected ROI in CFP and YFP-FRET images,
respectively, by using the “statistical model” function equipped
in MetaMorph.

. Select a ROI to surround a single mitochondria expressing

ATeam in CFP and YFP-FRET images subtracted background
signal, respectively.

. Calculate integrated intensities of CEFP and YFP-FRET emis-

sions within a ROI.

. Calculate the emission ratio of YEP-FRET /CFP by using the

integrated intensity of YFP-FRET emission and CFP emission
in ROI.

. If a photographic display of the cellular ATP levels is desired,

intensity modulated display (IMD) images can be obtained
from background-subtracted images generated at step 3.

An example of the presented methods for evaluation of ATP

levels in mitochondria is shown in Fig. 3. The experimental results
display a mitochondrial ATP depletion as judged by a decrease in
emission ratio of FRET-YFP /CFP in HEK293A cells permanently
expressing ATeam1.03 in mitochondria after treatment with oligo-
mycin A, inhibitor of oxidative phosphorylation.
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Fig. 3 Monitoring mitochondrial ATP levels in HEK293A cells. (a) Time course of averaged YFP-FRET/CFP emis-
sion ratio of ATeam1.03 expressed in the mitochondrial matrix of HEK293A cells. The cells treated with 0.1%
DMSOQ (blue, n = 6) and 0.1 (red, n = 6) and 1.0 (green, n = 5) pg/mL oligomycin for 30 min at 5% CO, at
37 °C. Error bars indicate SD. (b, ¢) Sequential pseudocolored images of YFP-FRET/CFP emission ratio of the
mitochondria of HEK293A cells. DMSO (b) or 0.1 pug/mL oligomycin A (¢) was added at time = 0 (min). The
numbers represent time in minutes. Scale bar represents 30 pm
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4 Notes

10.

11.

12.

. A PES is quite useful if long-term imaging is required, and a

motorized stage enables to obtain data from many cells in one
experiment. But they are not indispensable. A xenon light
source may be replaced by a mercury, metal-halide or LED
light source.

. A cooled CCD or EMCCD camera may be used. It is impor-

tant to use a camera with high sensitivity, high linearity, and
low noise.

. Other image processing software, such as ImageJ, may be

used.

. When changing the medium, make sure to pre-warm the

medium to 37 °C.

. For effective selection, cells should be passaged with an antibi-

otic (G418) to weed out cells not expressing ATeam.

. On average, 5 colonies of ~10-20 cells expressing ATeam in

the mitochondria per plate are selected.

. Each colony is to be plated individually in 24-well plate. For

instance, if you select 5 colonies, you will have 5 wells.

. For regular re-passaging, cells can be plated on regular non-

coated plates.

. We usually perform imaging at 50-80% confluency when the

desired condition is a single cell analysis. This is due to the fact
that at this confluency, cells can be captured in a single state
and not crowded by other cells. On the other hand, when
investigating cell communication for instance, a confluency of
90% is desirable due to the overlapping of the cells. Re-passage
of cells to new glass bottom dishes may be required to adjust
confluency.

Transfection procedure using Lipofectamine® 2000 requires
an incubation of 1-3 days. However, incubation for just 1 h
has proven to yield successful transfection efficiency in our lab-
oratory. Thus, by our recommendation, exposure of 1 h is
optimal and should not exceed 3 h as it might decrease cell
viability.

The cells can be used for imaging assay between 1 and 3 days
post-transfection. Prior to this time, the fluorescent protein
goes through several stages until it becomes functional, termed
maturation. Although the protein is already synthesized, it is
not fluorescent until completion of maturation. Three days
post-transfection, expression decreases, thus not allowing for
accurate measurements.

It is critical to maintain the temperature of the culture dish
during imaging via a stage-top incubator. The temperature
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significantly affects the affinity of ATeam to ATP and hence
the values of YEP-FRET /CFP emissions ratio.

13. Other culture media can be used for the imaging. However,
culture media containing components displaying higher back-
ground signal at the imaging, such as phenol red, should be
avoided.

14. When adding an external reagent to the medium during time-
lapse imaging, this can be done while the dish is on the stage
followed by very gentle pipetting to homogenize the mixture.
Calculation of final concentration of the reagent in the medium
must take into account the volume already present in the dish.
Reagent solutions should be pre-warmed to 37 °C.

15. Excess exposure of the cells to excitation light causes photo-
bleaching of fluorescent proteins, especially YFP, resulting in
ATP-independent decrease in YFP-FRET /CFP emission ratio.
Thus, it is important to reduce excitation light using neutral
density filters and to minimize opening the excitation shutter
when adjusting xy positions and focuses.

16. We usually use the time interval of 1 min or longer to avoid
photobleaching of ATeam. It should be noted that a shorter
interval (e.g., 10 s) can be applied for GO-ATeam, since GO-
ATeam is much less subject to photobleaching than ATeam
[11].

17. We typically use the same exposure time for both channels,
ranging from 200 to 700 ms. In the situation where protein
expression levels are low, a longer exposure time of 700 ms is
recommended. Alternatively, if the expression levels are high, a
shorter exposure time of 200 ms is recommended.
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Chapter 15

A Microplate-Based Bioluminescence Assay
of Mitochondrial Galcium Uptake

Maria Teresa Alonso, Paloma Navas-Navarro, and Javier Garcia-Sancho

Abstract

Mitochondrial Ca?* homeostasis is crucial for regulating vital functions such as respiration or apoptosis.
Targeted aequorins are excellent probes to measure subcellular Ca?*. Ca?* concentration in mitochondria
([Ca*]y) is low at rest (about 1077 M) and can increase to the micromolar or even approach the millimolar
range, upon cell activation. Here we describe a new quantitative luminescent protocol to directly measure
mitochondrial Ca?* uptake, optimized for high throughput. The sensitivity of the method allows detection
of changes in either the capacity or the affinity of mitochondrial Ca?* transport.

Key words Aequorin, Screening, Calcium uniporter, Plate-reader

1 Introduction

Dynamic changes in mitochondrial Ca** levels are essential for reg-
ulating critical cell functions such as respiration or apoptosis [1].
Ca?* accumulates into the mitochondrial matrix through the mito-
chondrial Ca?* uniporter (MCU), a calcium channel located at the
inner mitochondrial membrane [2, 3]. This low-affinity /high
capacity transporter is driven by the mitochondrial membrane
potential and is inhibited by ruthenium red. MCU activity is coun-
teracted by mitochondrial Ca?* exit through Na*/Ca?* and H*/
Ca?* exchangers [4, 5], both sensitive to CGP-37157. [Ca?* ]y is
low at rest (about 10~ M) and can increase up to micromolar, or
even millimolar levels [6], following the rise in cytosolic Ca** con-
centration upon cell activation.

Quantification of mitochondrial Ca?* levels depends on the
selective localization of the Ca?* probe. In contrast to fluorescent
synthetic dyes, genetically encoded Ca?* indicators can be targeted
to specific subcellular locations, including the mitochondrial matrix
[7]. Aequorin is a calcium-sensitive photoprotein isolated from the
jellyfish Aequorea victoria, which has been used as a calcium indica-
tor for decades [8]. The apoprotein is reconstituted to the active

Dejana Mokranjac and Fabiana Perocchi (eds.), Mitochondria: Practical Protocols, Methods in Molecular Biology, vol. 1567,
DOI 10.1007/978-1-4939-6824-4_15, © Springer Science+Business Media LLC 2017
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protein in the presence of molecular oxygen and coelenterazine.
Binding of Ca** ions to the three highly conserved EF-hand motifs
of'aequorin induces a conformational change that leads to the oxi-
dation of the cofactor coelenterazine and the emission of blue light.

Although several fluorescent assays to monitor Ca?* dynamics
have already been developed for high-throughput screening, the
use of aequorin bioluminescence ofters several advantages: (1)
Unlike fluorescent probes, acquorin does not require excitation by
light, thus avoiding cytotoxic effects caused by radiation. (2)
Fluorescent compounds that could potentially interfere in a
fluorescence-based assay, can be used in a luminescence screening.
(3) Aequorin displays a high signal-to-noise ratio, typically in the
range of 100-1000, in comparison with 5-10 for fluorescent sen-
sors. This is due to the combination of a very low background—
mammalian cells do not contain bioluminescent proteins—and a
high dynamic range. (4) The affinity of aequorin for Ca?* can be
engineered to conform to the expected concentration by combin-
ing aequorin mutants of reduced affinities with different synthetic
coelenterazines. These combinations permit to cover a Ca** con-
centration range from 1078 to 5 x 10=* M. (5) Aequorin can be
specifically targeted to a given subcellular location by fusing its
gene to a minimal targeting sequence. In this protocol, GFP-
aequorin is targeted to the mitochondrial matrix by fusing it to the
signal peptide of the cytochrome c oxidase.

Here we describe a luminescent-based protocol developed for
high-throughput screening of mitochondrial Ca?* uptake. The
novel assay offers a number of advantages: First, it is based on
mitochondrial-targeted apo-aequorin reconstituted with coelen-
terazine 7, a combination that allows measuring Ca?* levels in the
range expected in the mitochondrial matrix (1-50 pM) during
moderate increases of [Ca?]c. Second, selective permeabilization
of the plasma membrane allows direct experimental access to the
mitochondrial membrane and avoids potential false positive hits
caused by chemical compounds whose targets are upstream
MCU. Finally, the method provides quantitative measurements,
allowing the luminescence signal to be calibrated in [ Ca* ]y;.

2 Materials

2.1 CGell Culture

1. Hel.a cells stably expressing mitochondrially targeted GFP-
aequorin (mitGA) [9]. The original GFP—aequorin fusion gene
was obtained from Dr. Brilet [10] and modified by PCR to
tuse it in frame to the mitochondrial targeting sequence con-
sisting of the first 31 residues of the subunit VIII of the human
cytochrome ¢ oxidase (se¢ Note 1).



2.2 Equipment

2.3 Biolumine-
scence Assay

2.3.1

Stock Solutions
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. Culture media and additives: Dulbecco’s Modified Eagle’s

Medium; HyClone fetal bovine serum; penicillin—streptomycin.

. Trypsin—EDTA 0.05%.
. Geneticin. Prepare 100 mg,/mL stock in H,O. Store at =20 °C.

. 96-well microplates. White-walled, white-bottom plates are

recommended for luminescence measurements; however,
clear-bottom plates are useful for visual inspection of adherent
cells under the microscope.

. Eight-channel pipette for dispensing/washing cells in 96-well

plates.

. Genios Pro (TECAN) Plate reader. Other bioluminescence

plate readers with at least two injectors would also be
appropriate.

. KCI. Prepare 1.5 M solution.
. Prepare 1 M KH,PO, and 1 M K,HPO,. Blend 71.7 mL of

K,HPO, and 28.3 mL KH,PO, in 1 L H,O to make a solution
of 0.1 M (pH 7.2 with KOH).

. Volumetric 1 M MgCl,.

4. Na-HEPES. Prepare 1 M solution in H,O adjusted with

NaOH (pH 7.2).

. Glucose. Prepare 1 M stock in H,O. Store at =20 °C.

6. EGTA (ethylene glycol-bis(2-aminoethylether)- N, N, N',N'-

11.

12.

13.
14.

tetraacetic acid) 0.5 M, pH 8.0.

. Thapsigargin. Prepare 1 mM stock in anhydrous DMSO; store

at —20 °C. CAUTION: tumor promoter; wear gloves.

. Sodium succinate. Prepare 1 M solution.
. Sodium pyruvate. Prepare 1 M solution.
10.

Digitonin. Prepare 100 mM stock in anhydrous DMSO; store
at =20 °C.

Coelenterazine z. Prepare 200 pM stock in methanol and ali-
quot in 30 pL on ice. Gas briefly with nitrogen before closing
the tubes. Wrap with aluminum foil and store at —80 °C for up
to 6 months.

Phosphate-buffered saline (PBS), without calcium or magne-
sium, pH 7.2.

Volumetric 1 M CaCl,.

Mg-ATP (0.1 M). Dissolve 5.51 g adenosine 5’-triphosphate
disodium salt hydrate in 10 mL. MgCl, of volumetric 1 M
stock. Adjust pH to 7.0 with NaOH. Add H,O to 0.1 L final
volume.
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2.3.2  Working Solutions

15.

16.

Mg-EDTA (0.25 M). Dissolve 93.1 g EDTA-Na,-2H,0 and
50.8 g MgCl,-6H,0 in ~800 mL H,O. EDTA will not dis-
solve till pH is adjusted to 8.0 by the addition of NaOH
(~110 mLL 5 M NaOH). Make up to 1 L final volume with
H,O (see Note 2).

Ru360. Prepare 1 mM stock in H,O.

The given volumes are appropriate for one full 96-well plate.
Adjust according to the number of individual wells or multiwell
plates.

1.

Complete DMEM. DMEM containing 10% (vol/vol) FBS,
0.1 mg/mL streptomycin, 100 U/mL penicillin, and 0.2 mg/
mL geneticin.

. 2x Coelenterazine » medium. Prepare a 2 pM coelenterazine

n working solution (of 200 pM stock) in Complete DMEM.
Final well concentration: 1 pM.

. 2x IM (Intracellular Medium). Prepare 20 mL solution in

H,0O by mixing 3.73 mL of 1.5 M KCI, 0.4 mL of 0.1 M
KH,PO, 0.04 mL of 1 M MgCl,, and 0.8 mL of 1 M
Na-HEPES, pH 7.2.

. 1x Thapsigargin solution. To make a final volume of 10 mL,

take 5 mL of 2x IM and add 0.1 mL of 1 M glucose, 2 pL of
0.5 M EGTA and 2 pL of 1 mM thapsigargin stock. Make up
to final volume with H,O. Final concentrations: 140 mM KCl,
1 mM KH,PO,, 1 mM MgCl,, 10 mM glucose, 0.1 mM
EGTA, 0.2 pM thapsigargin, and 20 mM Na-HEPES, pH 7.2.

. 4x Digitonin solution. To prepare 5 mL, take 2.5 mL of 2x IM

and add 0.04 mL of 1 M Na-succinate, 0.02 mL of 1 M Na-
pyruvate, 0.2 mL of 0.1 M Mg-ATP and 0.012 mL ot 100 mM
digitonin. Make up to final volume with H,O. Final concentra-
tions: 8 mM Na-succinate, 4 mM Na-pyruvate, 4 mM Mg-ATP
and 240 pM digitonin. Final well digitonin concentration:
60 pM.

. 0.1 M CaCl, solution diluted of volumetric 1 M CaCl, stock in

H,O0.

. 5x Calcium solutions. To make 10 mL, take 5 mL of 2x IM

and add 0.02 mL of 1 M Na-succinate, 0.01 mL of 1 M Na-
pyruvate, and 0.1 mL of 0.1 M Mg-ATP. Add 0.2 mL of
0.25 M Mg-EDTA stock and the corresponding volume of
0.1 M CaCl, solution given in the Table 1 to prepare each of
the Calcium solutions (see Note 3).

. 5x Ru360 Calcium solution. Prepare Ru360 50 pM of 1 mM

stock in the 5x Calcium solution with the chosen final CaCl,
concentration. In Fig. 1 Ru360 is added to the maximal [ Ca?*]
(6.4 x 10-° M). Final well concentration of Ru360: 10 uM
(see Note 4).
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Table 1
Calcium solutions used to trigger mitochondrial Ca?* uptake
Added volume of 0.1 M [CaCl,] in 5x Calcium [CaCl,]ita in well [Ca?*]iee in well
CaCl,(10-5 L) solution (10—* M) (10-* M) (10-5 M)
86.5 8.6 1.7 2
108.5 10.8 2.1 3
128.5 12.8 2.5 4
165 16.5 33 6.4

Each Calcium solution with the indicated [CaCl,] is prepared by diluting the indicated volume of 0.1 M CaCl, solution
(left-most column) to 10 mL final volume containing 5 mM EDTA as described in Subheading 2.3.2, item 7. The
second column indicates the concentrations of CaCl, in the solutions loaded in reservoir 1. The third and fourth col-
umns indicate, respectively, the total and free final Ca?* concentrations in the well, after a 1:5 dilution. Estimations of
[Ca**] were made using the MaxChelator software [13] with the following parameters: 7.2 pH; 25 °C; 0.15 M ionic
strength; 2 x 1073 M total magnesium; and, 60 x 10-* M EGTA

. 6x Calibration solution: To make 10 mL add 0.93 mL of

1.5 M KCl and 0.6 mL of 1 M CaCl,. The final well concentra-
tions are: 140 mM KCI and 10 mM CaCl,.

3 Methods

3.1 Preparation
of Cells for Ca**
Measurements

3.2 Bioluminescent
Assay

. HelLa cells stably expressing mitGA are routinely cultured in

75 cm? flasks in Complete DMEM in 5% CO, at 37 °C (see
Note 5) and sub-cultured at a splitting ratio of 1:10 when they
are 70-80% confluent.

. The day of the assay, trypsinize and resuspend cells in approxi-

mately 5 mL Complete DMEM medium, well dispersed by
thorough pipetting.

. Count cells by using a hemocytometer and adjust the density

to 10° cells/mL.

. Seed 100 pL (10* cells) in each well of a 96-well microplate

using a multichannel pipette. Culture in a 5% CO, incubator
overnight (see Note 6).

. Carefully remove 75 pL. medium from wells with a multichan-

nel pipette.

. Add 25 pL of 2x Coelenterazine n medium with a multichannel

pipette. Final well volume: 50 pL. Return plate to incubator
for 2 h (see Note 7).

. Remove medium from wells carefully and wash twice with

100 pL PBS using a multichannel pipette.
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Fig. 1 (a) Typical luminescence recordings (expressed in ¢ps) of individual wells
in a 96-well plate assay of permeabilized HeLa cells expressing mitGA. Calcium
solutions with the indicated final [Ca?*] were added to each well (in triplicates) to
initiate mitochondrial Ca®* uptake. After 30 s recording, a second addition of
saturating Ca®* (10 mM) evoked total luminescence, which was recorded for
40 s. (b) Dose response curve of mitochondrial Ca** uptake (expressed as L/
Lyora) induced by different Ca>* additions corresponding to the data obtained in
a. Each trace is the mean of triplicates

4. Replace with 75 pL of Ix Thapsigargin solution with a multi-
channel pipette. Incubate at room temperature for 15 min (see
Note 8).

5. Add 25 pL of 4X Digitonin solution with a multichannel
pipette. Final well volume: 100 pL. Incubate at room tempera-
ture for 5 min. Proceed immediately to plate reader.

6. Configure the Plate reader. In the luminometer used in our
lab, this is as follows: open software and set reader configura-
tion to Luminescence/well kinetics mode. Select type of plate.
Load one of the 5x Calcium solutions, and 6x Calibration solu-
tion in reservoirs 1 and 2, respectively. Prime the pipettor
pump and connect it to the sample plate. Select the following



3.3 Data Analysis
and Quantification
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parameters: Integration time: 1000 ms; attenuation: none;
minimum interval between wells; time between move and inte-
gration: 50 ms. Set addition volume: 25 pL for both injectors;
addition rate: 200 pL/s; no shaking.

. Place sample plate into plate reader and start a previously con-

figured protocol to read background for 5 s (see Note 9).

. Add 25 pL of each of the 5x Calcium solutions with injector

No. 1. Read for 30 s (Fig. 1).

. Add 25 pL of 6x Calibration solution with injector No. 2.

Read for 40 s (see Note 10).

. Luminescence emission values (L at each time point (t)) are

automatically stored as counts per second (cps) in a Microsoft
Excel file.

. Subtract background values determined at the beginning of

the assay.

. Calculate Total (L) = XL values for ty to tg, (including

calibration).

4. Calculate Sum (L) = XL values for t, to t.

. Calculate Lyoray, (Total luminescence remaining at each t) as

follows:

LTOTAL = Total (L) — Sum <L>

. Calculate L/Lrorar.
. Calibrate into [Ca?*]y interpolating L /Lyorar, values into the

calibration curve shown in Fig. 2.

104107101010+ 102 102
[Ca*] (M)

Fig. 2 Calibration curve of wild-type aequorin reconstituted with coelenterazine
n. Figure modified from [12]
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4 Notes

10.

. The use of the fusion protein GFP—aequorin has several advan-

tages over the native aequorin: it facilitates a direct visualiza-
tion of the expressed GFP protein under the fluorescence
microscope; aequorin protein is more stable; and, it gives a
higher light yield.

. The 0.25 M My-EDTA stock solution and its derivative work-

ing solutions (5x Calcium solutions) are critical for the
described assay. It is essential that these solutions are accurately
made in order to obtain the expected [Ca®*] given in Table 1.

. Users should perform a preliminary dose-response curve as

shown in Fig. 1 in order to choose the optimal [Ca*] to be
used in the final assay. We recommend a [Ca**] that allows
measuring initial Ca?* uptake rate with enough accuracy and
that reaches a stable steady state. We selected the 3 pM [Ca?*]
solution since larger [ Ca**] (4 or 6 pM) give higher signals but
the steady-state values are not stable, decaying with time.

. Ru360 is more sensitive than ruthenium red. It is recom-

mended to include it in the assay to confirm that the observed
signal is due to MCU activity. The final volume of this solution
is adjusted for the number of wells.

. This protocol can be adapted to other adherent cell types

expressing the mitGA.

. When using a cell line other than HelLa, it is important to

adjust the cell number such that all cells are well adhered to the
well base; too many cells will lead to spurious luminescence
peaks.

. The combination of native aequorin and coelenterazine 7

allows measurements in the 1-50 pM range. We chose coelen-
terazine » to reduce aequorin consumption and measure Ca?*
uptake initial rate more accurately.

. Thapsigargin is used here to irreversibly empty the endoplas-

mic reticulum (ER) of Ca?*; this will avoid contribution of ER
to the luminescence signal.

. Background values of non-expressing cells are typically below

50 cps. Total luminescence per well may range between 2 x 103
and 2 x 10° counts per second (cps) depending on the expres-
sion levels of mitochondrial acquorin.

Aequorin is consumed along the experiment and consumption
rate rather than light intensity is proportional to Ca?* [11].
Exposing aequorin to excess Ca?* (10 mM) with a second
injection is required to discharge the remaining aequorin that
was not consumed along the experiment. That allows total
luminescence (Lrorar) and fraction L/Lyorar to be calculated.
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Chapter 16

New Imaging Tools to Analyze Mitochondrial Morphology
in Caenorhabditis elegans

Saroj G. Regmi and Stéphane G. Rolland

Abstract

Mitochondria are highly dynamic organelles that constantly fuse and divide. This process is essential as
several neurodegenerative diseases have been associated with defects in mitochondrial fusion or fission.
Several tools have been developed over the years to visualize mitochondria in organisms such as
Caenorbabditis elegans. Combining these tools with the powerful genetics of C. elegans has led to the
discovery of new regulators of mitochondrial morphology. In this chapter, we present additional tools to
further characterize mitochondrial morphology as well as regulators of mitochondrial morphology.
Specifically, we introduce a photoactivatable mitoGFP (PAmitoGFP) that allows to investigate the con-
nectivity of complex mitochondrial networks. In addition, we describe an immunostaining protocol that
enables localization studies of these newly identified regulators of mitochondrial morphology.

Key words Mitochondrial dynamics, Mitochondrial morphology, Caenorbabditis elegans, PAmitoGFED,
Immunostaining

1 Introduction

Mitochondria form a highly dynamic network, which is sculpted
by fusion and fission events [1]. A proper balance of mitochon-
drial fusion and fission is critical as mutations in genes controlling
these two processes have been associated with several neurode-
generative diseases [ 1]. Mitochondrial fusion and fission are regu-
lated by a conserved family of dynamin-related GTPases. In the
nematode Caenorbabditis elegans, FZO-1, the homologue of
mammalian Mitofusins and yeast Fzol, and EAT-3, the homo-
logue of mammalian Opal and yeast Mgm1, are required for the
fusion of the outer and inner mitochondrial membranes, respec-
tively [2, 3]. Mitochondrial fission is controlled by DRP-1, the
homologue of mammalian Drpl and yeast Dnml [4].
Mitochondrial morphology in C. elegans, like in other multicel-
lular animals, has been shown to vary greatly between different
cell types, ranging for example from individual small organelles
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trafficking in axonal processes to extremely complex mitochondrial
networks in embryonic cells [5, 6]. This cell-type specificity in
mitochondrial morphology has been proposed as an adaptation to
particular cellular energy demands or signaling requirements,
however the function and the molecular basis underlying this
specificity remain to be elucidated [7].

Several “classical” tools such as mitochondrial membrane
potential sensitive dyes (e.g., TMRE) or mitochondrial matrix-
targeted GFP (mitoGFP) can be used to visualize mitochondria in
C. elegans. For more details on these “classical” tools, see [6].
Using these tools along with the powerful genetics of C. elegans,
new regulators of mitochondrial morphology have recently been
identified (For an updated list of these regulators see [6]).

In this chapter, we describe new tools to further characterize
these regulators such as the photoactivatable matrix-targeted GFP
(PAmitoGFP) that can be employed to investigate mitochondrial
network connectivity. Furthermore, we present an immunostain-
ing approach that allows localization studies of newly identified
regulators of mitochondrial morphology in C. elegans embryos.

2 Materials

2.1 Photoactivatable
mitoGFP in C. elegans
Muscle Cells

1. Worm pick.

2. 35 mm RNAIi plates (“classical” NGM supplemented with
1 mM IPTG and 25 pg/mL carbenicillin [8]). To prepare
RNAI plates, mix 20 g agar, 3 g NaCl, and 2.5 g Bacto peptone
into 1 L H,O and autoclave. When the medium has cooled
down to 55 °C, add 1 mL 1 M CaCl,, 1 mL 1 M MgSO,,
1 mL 5 mg/mL cholesterol, 0.23 g IPTG (Roth (CN08.2)),
and 1 mL 25 mg/mL carbenicillin. Mix well and pour into
35 mm petri dishes. Store the plates at 4 °C and protect from
light (see Note 1).

3. LB liquid medium supplemented with carbenicillin (25 pg/
mL) and tetracycline (10 pg/mL).

4. LB liquid medium supplemented with carbenicillin (25 pg/mL).

5. RNAI feeding clones against the gene of interest (for example
the LRPPRC-homolog mma-1) as well as negative (for exam-
ple mock) and positive (for example fzo-1 or drp-1) control
RNAI feeding clones. These E. coli clones are commercially
available from Source Bioscience (http://www.lifesciences.
sourcebioscience.com/) (see Note 2).

6. C. elegans MD2922 strain (bcEx856 [80 ng/mL pRF4 + 2 ng/
uL Pmyo-3PAmitoGFP + 0.2 ng/pL. Pmyo-3mitodsRed]) [9]
(see Note 3).
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10.

2.2 Immunostaining 1.
. 60 mm NGM plates seeded with E. coli OP50 strain [8]. To
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. Microscope glass slides, two “spacer” microscope slides cov-

ered with laboratory tape and cover glasses.

. 2 % agarose prepared in H,O.
. M9 liquid media: 32 mM Na,HPO,, 22 mM KH,PO,, 8.5 mM

NaCl, 19 mM NH,CI supplemented with 1 mM Levamisole
(see Note 4) [8].

Confocal microscope with DIC optics and at least 60x objec-
tive (see Note 5), a 405 nm laser for the photoactivation of
PAmitoGEP, a 488 nm laser for excitation and a 525 /50 filter
for emission of photoactivated GFP, a 561 nm laser for excita-
tion and a 595 /50 filter for emission of mitodsRed.

Worm pick.

prepare NGM plates, mix 20 g agar, 3 g NaCl, and 2.5 g Bacto
peptone into 1 L H,O and autoclave. When the medium has
cooled down to 55 °C, add 1 mL 1 M CaCl,, 1 mL 1 M
MgSO,, and 1 mL 5 mg/mL cholesterol. Mix well and pour
into 60 mm petri dishes. Inoculate a single colony of the OP50
E. coli strain in B-Broth (LB without yeast extract) and grow
overnight at 37 °C. Inoculate 100 pL of the OP50 E. coli cul-
ture onto the 60 mm NGM plates. The plates are grown one
more day at 20 °C. The plates can be used in the next
2-3 weeks. For longer storage, they can be kept at 4 °C.

. C. elegans wild-type (N2) strain.

. Microscope glass slides with frosted stripe on one side, regular

cover glasses and high precision cover glass 18 x 18 (Carl Roth
LH24.1) (see Note 6).

. 0.25 mg/mL poly-L-lysine (Sigma P1524): prepare freshly by

diluting 1 mg/mL stock solution in water. Stock solution is
stored at —20 °C (see Note 7).

. Rubber-wiper (for example, from Carl Roth 9552.1).

. Glass watch (for example, from Carl Roth TK76.1).

. 250 mL immunostaining jar.

. Fixation solution: methanol-acetone (1:1 (v/v)) (see Note 8).
10.
. PBS Triton: PBS with 1 % Triton X-100 (v/v).
12.
13.

Standard PBS buffer.

PBST: PBS with 0.1 % Tween 20 (v/v).

PBSTB: PBS with 0.1 % Tween 20 (v/v) and 2 % BSA (w/V)
(see Note 10).

PBST DAPI: PBST with 2 pg/mL DAPI (w/v). Prepare a
fresh working solution from a stock solution of 1 mg/mL

DAPI (dissolved in ethanol). Stock solution should be stored
at =20 °C.
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15. PBSFA: PBS with 3.7 % formaldehyde (v/v). Make a solution
by diluting a 37 % Formaldehyde solution in PBS.

16. Vectashield (Vector Labs).
17. Transparent nail polish.
18. Primary and secondary antibodies (see Tables 1 and 2).

3 Methods

3.1 Photoactivatable
mitoGFP in C. elegans
Muscle Cells

Transgenic C. elegans animals expressing a mitochondrial matrix-
targeted GFP (or “mitoGFP”) in a specific tissue can be used to
test the effect of the inactivation or over-expression of a gene of
interest on mitochondrial morphology [6]. The quantification of
mitochondrial morphology is, however, hindered due to the three-
dimensional structure of mitochondrial networks. For example,
inactivation of the LRPPRC-like gene mma-1 in C. elegans has
been shown to cause the formation of a complex hyperfused mito-
chondrial network [9]. However, to determine whether mma-
1(RNA:) causes a complete fusion of the outer and the inner
mitochondrial membranes and therefore generate a mitochondrial
network with a continuous mitochondrial matrix, “classical” tools
such as mitoGFP are not sufficient. The recent development of a
C. elegans photoactivatable mitoGFP (PAmitoGFP) now allows to
address this question (see Note 11). Using mma-1(RNA:)-induced
mitochondrial hyperfusion [9] as an example, we provide a proto-
col to use PAmitoGFP expressed in muscle cells to assess the con-
nectivity of the mitochondrial network.
Day 1:

1. Inoculate the mma-1 RNAI feeding clone from a —80 °C fro-
zen glycerol stock into 2 mL of LB supplemented with car-
benicillin (25 pg/mL) and tetracycline (10 pg/mL). In
parallel, inoculate the negative control (mock(RNAz)) and the
positive controls (fzo-1(RNAz) and drp-1(RNA7)).

2. Incubate overnight with shaking (200 rpm) at 37 °C.
Day 2:

3. Inoculate 20 pL of the overnight culture in 2 mL of LB sup-
plemented with carbenicillin (25 pg/mL).

4. Incubate for 6 h with shaking (200 rpm) at 37 °C.

5. Use 50 pL of the suspension to inoculate RNAI plates supple-
mented with IPTG (1 mM) and carbenicillin (25 pg/mL).

6. Incubate the plates at room temperature in the dark overnight
(see Note 1).
Day 3:
It is recommended to perform the following experiments in
duplicate, as variability in RNAI efficiency is often observed.
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Table 2
List of the secondary antibodies that can be used for the immunostaining
experiments

Purchasing

Antibodies Dilution reference

Alexa 488 anti-mouse 1:500 Invitrogen A11001

Alexa 488 anti-rabbit 1:500 Invitrogen A11034

Alexa 488 anti-rat 1:500 Invitrogen A11006

Alexa 594 anti-mouse 1:500 Invitrogen A21203

Alexa 594 anti-rabbit 1:500 Invitrogen A21207
The secondary antibodies and their dilutions are indicated along with the purchasing
reference

7. Transfer two transgenic (i.e., roller) L4 larvae of the strain

10.

11.
12.

13.

14.

15.

MD2922 (Pmyo-3PAmitoGFP + Pmyo-3mitodsRed) onto the
RNAI plate (see Notes 3 and 12).

. Incubate RNAI plates at 20 °C in the dark for 4 days (se¢ Note 1).

Day 7:

. Prepare a microscope glass slide with a fresh 2 % agarose pad

(as previously described [6]). Specifically, place a microscope
slide between two “spacer” microscope slides covered with
laboratory tape (The laboratory tape defines the thickness of
the pad.). Put a drop of melted 2 % agarose onto the micro-
scope slide and immediately cover with another microscope
slide perpendicularly.

Using a worm pick, transfer 10 transgenic (i.e., roller) L4 lar-
vae animalsin 5 pL of M9 supplemented with 1 mM Levamisole
on the agarose pad (see Notes 3 and 4).

Locate transgenic animals using low magnification (10x).

Using higher magnification (60x), identify body wall muscle
cells expressing the transgene. To that end, the mitodsRed sig-
nal can be used as it is only visible in the transgene-expressing
body wall muscle cells (see Note 3).

Select the area of the mitochondrial network, where to assess
the connectivity (sec Note 13).

Photoactivate the PAmitoGFP. The conditions of photoactiva-
tion will vary from one microscope to another (see Note 14).
As an indication, using an Al confocal microscope (Nikon)
equipped with a Plan Apo VC 60x Oil DIC N2 (NA 1.4),
activation of the PAmitoGFP was performed with a 405 nm
laser with an ROI of 1 pm in diameter (2 % power for 2 s).

Image the PAmitoGFP signal every 0.25 s for 30 s (see Fig. la
and see Note 15).
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16. The photoactivated PAmitoGFP area can then be measured
over time using an image analysis software. For example, using
the software NIS element (Nikon), a threshold at the ROI of
activation right after activation (t = 2s) using a circle of 3 pixels
radius (The threshold range is then adjusted automatically by the
software, so the pixels in this circle fit inside this threshold).
Then, using morphometric analysis tool, the photoactivated area
can then be measured over time. (see Fig. 1b and see Note 15).

The extent of the dispersion of the PAmitoGFP can be used as
a proxy for the connectivity of the mitochondrial network. While
this approach can be used to quantify mitochondrial morphology,
it is time consuming. Therefore, we would suggest to combine this
approach with the analysis of mitochondrial morphology using a
“classical” mitoGFP expressed in muscle [6]. With such a reporter
and a regular epifluorescence microscope, it is possible to deter-
mine the frequency of a particular mitochondrial morphology phe-
notype (for example, how many animals treated with a particular
RNAIi show a mitochondrial hypertfusion phenotype). In a second
step, the PAmitoGFP can be used to determine the connectivity of
these mitochondrial networks.

With the development of super-resolution microscopy, such as
3D-SIM, immunocytochemistry has reemerged as a tool for the
visualization of sub-cellular compartments [ 10]. This approach is
well suited to determine whether a particular protein of interest
localizes to mitochondria and/or forms sub-complexes with
other known mitochondrial proteins. In this section, we present
a method that we have adapted from previous described proto-
cols [11-13]. This method is particularly useful as it is compati-
ble with regular epifluorescence microscopy, confocal microscopy
as well as super-resolution 3D-SIM microscopy. One of the bot-
tlenecks of this technique is the availability of specific antibodies.
A list of the currently available antibodies against C. elegans mito-
chondrial proteins is provided in Table 1 (see Note 16). While
the generation of antibodies, for example using peptides as anti-
gens, has improved in recent years, a GFP-tagged fusion of the
protein of interest can be used as an alternative (for additional
information on how to perform the immunostaining using a
GFP-tagged fusion, see Note 17).
Day 1:

1. Pick L4 larvae of the wild-type strain (N2) onto a new 60 mm
NGM plate seeded with E. coli OP50 strain (see Note 18).

2. Incubate the plate at 20 °C overnight.
Day 2:
3. Ensure that the microscope slide is cleaned properly by using

either 100 % ethanol or 100 % acetone and a Kimwipes tissue
(see Note 19).
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Fig. 1 Photoactivatable mitoGFP to determine the connectivity of the mitochondrial network in C. elegans
muscle cells. (a) C. elegans animals carrying the transgene Pmyo-3:PAmitogfp + Pmyo-3:mitodsred treated
with mock(RNA), drp-1(RNAI), fzo-1(RNAi) or mma-1(RNAi) were used for a photoactivation experiment as
described in the methods. PAmitoGFP was activated in the body wall muscle of an L4 larva by a 405 nm laser
(white circle) and GFP signal was monitored over time. PAmitoGFP signals are shown in pseudocolor, where
non-photoactivated PAmitoGFP is depicted in purple and photoactivated PAmitoGFP is depicted in red. Intensity
scale is indicated. (b) A quantification of the photoactivated area over time after activation is indicated
(n=5-10 ROl in 2-3 animals; SD is indicated) (adapted from [9])

4. Label the cleaned microscope slide on the frosted stripe with
pencil, as any other writing will be erased by the subsequent
use of solvents.

5. Dilute the stock solution of poly-L-lysine to 0.25 mg/mL
(100 pL of stock solution with 300 pL of H,O). Transfer the
dilution to an empty 60 mm plastic dish. Use a rubber-wiper
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11.

12.

13.

14.
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(like a paint brush) to spread evenly the poly-L-lysine solution
onto the microscope slide (sez Note 7).

. Place the slide for 30 s on a hot plate set to 80 °C.

. Let the slide cool down to room temperature before use.
. Pick 20 adults into a glass watch filled with H,O.

. Bisect animals using a scalpel blade.

10.

Transfer ~50 embryos to the poly-L-lysine slide along with an
adult hermaphrodite animal (see Note 20).

Gently place a cover glass onto the embryos, avoiding air bub-
bles and making sure that one corner of the cover glass is
slightly over the edge of the microscope slide (in order to ease
the flicking of the cover glass in step 14).

Remove excess H,O using a Whatman paper until the adult
hermaphrodite has been crushed by the cover glass (see Note
20).

Freeze the microscope slide onto a metal block previously
cooled down on dry ice or liquid nitrogen. Incubate for at least

30 min with the metal block kept on dry ice or liquid nitrogen
(see Note 21).

Quickly flick the cover glass oft and promptly transfer the slide
to 200 mL fixation solution in a 250 mL immunostaining jar.
Incubate for 10 min at room temperature (sec Notes 8 and 9).

All the subsequent steps will be performed in a 250 mL immunos-

15.

16.
17.
18.

19.

20.

21.

22.

taining jar unless stated otherwise.

Remove the fixation solution and add 200 mL PBS Triton.
Incubate for 10 min at 20 °C. Repeat the incubation 4 times in
total, every time using 200 mL fresh PBS Triton. During this
step, embryos are permeabilized.

Wash the slide 3 times for 10 min with 200 mL PBS at 20 °C.
Block with 200 mL PBSTB for 30 min at 20 °C (see Note 22).

Dilute primary antibody in PBSTB (see Table 1 for concentra-
tion). Minimize the volume of the antibody dilution (for
example, 0.5 pL of antibody in 100 pL for 1:200 dilution anti-
body). Reusing the dilution is not recommended.

With a Kimwipes, remove most of the liquid while avoiding
the immediate area surrounding the embryos.

Add 5 pL of the antibody diluted in PBSTB onto the micro-
scope slide in the immediate area surrounding the embryos.
Gently place a cover glass onto the embryos, taking care to
avoid air bubbles (see Note 23).

Incubate overnight (typically 15 h) at 4 °C in a humid cham-

ber (see Notes 24).
Day 3:
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23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

4].

42.

43.
44.

Wash 3 times for 10 min with 200 mL of PBST at 20 °C. In
the first washing step, the cover glass will detach from the
microscope slide.

Dilute secondary antibody in PBSTB (see Table 2 for concen-
tration). From this point on, protect the slide from the light.

With a Kimwipes, remove most of the liquid while avoiding
the immediate area surrounding the embryos.

Add 5 pL of the antibody diluted in PBSTB on the microscope
slide in the immediate area surrounding the embryos.

Gently place a cover glass onto the embryos, taking care to
avoid air bubbles (se¢ Note 23).

Incubate the slide for 2 h at 20 °C in a humid chamber (see
Note 24).

Wash 3 times for 10 min with 200 mL PBST at 20 °C. In the
first washing step, the cover glass will detach from the micro-
scope slide.

Wash for 10 min with 200 mL PBS at 20 °C.

Incubate the slide for 10 min in 200 mL of PBSFA at 20 °C.
Wash for 10 min with 200 mL of PBS at 20 °C.

Wash for 10 min with 200 mL of PBST at 20 °C.

With a Kimwipes, remove most of the liquid while avoiding
the immediate area surrounding the embryos.

Add 10 pL PBST DAPI on the microscope slide in the imme-
diate area surrounding the embryos. During this step, nuclei
are stained (see Note 25).

Gently place a cover glass onto the embryos, taking care to
avoid air bubbles (se¢ Note 23).

Incubate for 15 min at 20 °C in a humid chamber (see Note 24).

Wash the slide for 10 min with 200 mL PBST at 20 °C. In this
washing step, the cover glass will detach from the microscope

slide.
Wash the slide for 10 min with 200 mL PBS at 20 °C.

With a Kimwipes, remove most of the liquid while avoiding
the immediate area surrounding the embryos.

Add 5 pL of Vectashield (which inhibits photo-bleaching of
fluorescent dyes) on the microscope slide in the immediate
area surrounding the embryos.

Gently place a high precision cover glass onto the embryos,
taking care to avoid air bubbles (see Note 23).

Seal the edges with transparent nail polish.

The slide is now ready for analysis. If not analyzed immedi-
ately, it can be stored at 4 °C for a week. For long-term storage
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(several months), the slides can be kept frozen at —20 °C (see
Note 26).

The microscope slides can be imaged using an epifluorescence
microscope and further processed by deconvolution of a Z-stack
(as shown in Fig. 2). Alternatively, imaging can be performed using
confocal microscopy. The protocol is also fully compatible with
further analysis of the samples by high-resolution 3D-SIM micros-
copy. The images are then analyzed to determine whether the
protein of interest localizes to mitochondria and/or forms sub-
complexes with other known mitochondrial proteins (se¢ Note 27).
Although the results from such an experiment usually need to be
supported using independent biochemical approaches, such as cell
fractionation or co-immunoprecipitation, subcellular localization
of a protein determined by immunohistochemistry represents a
significant step towards understanding of its function.

DAPI ATP synthase

Fig. 2 Immunostaining of wild-type C. elegans embryos with antibodies raised
against the o subunit of the ATP synthase. Eight-cell C. elegans wild-type embryo
immunostained with mouse monoclonal anti-ATP synthase subunit « antibodies
and counterstained with DAPI using the protocol described in the methods
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4 Notes

1. The RNAI plates contain IPTG, which is light-sensitive, and

carbenicillin, which is temperature-sensitive. Therefore, it is
crucial to supplement the medium with carbenicillin once the
medium has cooled down to 55 °C after autoclaving.
Furthermore, once poured, the plates should be kept in the
dark at 4 °C. To ensure reproducibility, it is recommended to
use fresh plates that are not more than 1 month old. In addi-
tion, once the plates have been seeded with the RNAI clones,
they should be incubated at room temperature but still be pro-
tected from light (for example in a black plastic box). While
IPTG can be added to the medium by using a 1 M IPTG stock
solution, our experience shows that supplementing the medium
with 0.23 g/L of IPTG gives a more reproducible result. This
could be due to the higher stability of IPTG in powder com-
pared to IPTG in solution. In addition, in our hands, >99 %
biochemistry grade IPTG (for example, from Carl Roth
(CNO08.2)) gives the most reproducible results. Finally, depend-
ing on the efficiency of the RNAI, it is possible to increase the
concentration of IPTG up to 6 mM (1.38 g/L).

. RNA interference (RNAI) by feeding is a powerful tool to inac-

tivate a gene of interest in C. elegans. Specifically, C. elegans
animals are grown in the presence of an Escherichia coli strain
expressing double-strand RNA (dsRNA) against a particular
gene to inactivate this gene in the animal’s progeny [14]. A
commercially available RNAi feeding library that contains
~87 % of the C. elegans genes has been generated by Ahringer
and coworkers [15]. A bacterial strain containing an empty
RNAI vector (mock(RNAI)) is often used as a negative control.
Furthermore, in order to test the efficiency of the RNAI, it is
recommended to use a positive control RNAi clone. When
mitochondrial morphology is analyzed, good positive controls
are fzo-1(RNAi) which triggers mitochondrial fragmentation
and/or drp-I1(RNAi) which triggers mitochondrial hyper-elon-
gation. As an alternative to RNAI, a C. elegans strain carrying a
loss-of-function mutation in the gene of interest may be avail-
able from the Caenorbabditis Genetics Center (CGC) (https://
www.cbs.umn.edu/research /resources/cgc). This strain can
be genetically crossed with the PAmitoGFP reporter strain
MD2922. The resulting strain can then be used to analyze the
effect of the loss-of-function mutation on the connectivity of
the mitochondrial network (without the need of performing an
RNAI experiment). In that case, a similar protocol starting with
step 9 should be followed.

. The C. elegans strain MD2922 (which is available upon

request) contains an extrachromosomal array (4cEx856). This
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extrachromosomal array is a concatemer of multiples copies of
the Pmyo-3PAmitoGEP, Pmyo-3mitodsRed and pRF4 plasmids
linked in series. Because it is not integrated in the genome, it
segregates in a non-Mendelian fashion. Therefore, not all
progeny of MD2922 animals carry an extrachromosomal array.
To identity transgenic animals, the plasmid pRF4 is used as a
selection marker. pRF4 contains the 70/-6(s#1006dm) allele,
which causes transgenic animals to exhibit a dominant “roller”
phenotype. The strain should therefore be maintained by
selecting “roller” animals. Furthermore, only animals exhibit-
ing the “roller” phenotype should be used for imaging. It
should be noted that MD2922 transgenic animals are also
mosaic for the presence of the transgene and thus its expres-
sion. As a consequence, only some of the body wall muscle
cells will carry the extrachromosomal array and therefore,
express the PAmitoGFP reporter. The body wall muscle cells
expressing this transgene can be selected, as they will also
express the mitodsRed reporter.

. Levamisole is an acetylcholine agonist that will cause muscle
hyper-contraction and consequently C. elegans paralysis.
Other drugs are often used to paralyze C. elegans for imaging
such as sodium azide but they are of course not recommended
for this experiment as they affect mitochondrial function.
Alternatively, longer imaging without chemically paralyzing
the animals can be achieved using a 10 % agarose pad and by
adding 0.25-0.5 pL of 0.1 pm diameter polystyrene micro-
spheres (e.g., Polysciences 00876-15, 2.5 % w /v suspension)
onto the pad as previously described by Fang-Yen and cowork-
ers [16]. However, in our hands, the animals are not always
tully paralyzed, which can be a problem during imaging. As
another alternative, immobilization of C. elegans animals has
been successtully performed using microfluidic devices [17].
While this technique has been shown to be effective, it can be
challenging to gain access to such a device and to adapt it to
the microscope setup. In conclusion, while all approaches are
good, we would recommend paralyzing the animals with
levamisole.

. While not absolutely necessary, DIC optics can be very helpful
to visualize and identify C. elegans tissues.

. Alternatively, commercial poly-L-lysine pre-coated microscope
glass slides can be used (for example from Sigma; P0425).

. Store aliquots of 1 mg/mL (in H,O) of poly-L-lysine stock
solution at —20 °C. Right before use, dilute the stock solution
in H,0-0.25 mg/mL (100 pL stock + 300 pL H,O). Discard
the dilution afterwards. Although commercial pre-coated
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10.

11.

12.

13.

14.

15.

poly-L-lysine slides are available, in our hands these slides did
not really represent a technical advantage compared to the
home-made ones.

. The methanol-acetone (1:1) fixation solution should be stored

at —20 °C (to minimize evaporation) but needs to be taken out
of the freezer 30 min prior to the experiment in order to have
the solution at room temperature. As a general practice and
especially for high-resolution microscopy (such as 3D-SIM
microscopy), the solution should not be reused more than
4 times. For most of the antibodies indicated in Table 1, the
protocol of fixation using methanol-acetone (1:1) has been
successfully used. With other antibodies such as anti-
Cytochrome-c or anti-COX IV antibodies, fixation for 5 min
using 3.7 % FA has also been used successtully 18, 19].

. While removing the cover glass, some of the embryos may

remain on the cover glass. To confirm that enough embryos
remain on the microscope slide, inspect the slide using a dis-
secting microscope after addition of the primary antibody.

As the PBSTB buffer can easily get contaminated by bacteria,
it is better to prepare it fresh and discard it after use.

In the example described in this chapter, PAmitoGFP is
expressed in body wall muscle cells. However, it could poten-
tially be adapted to study mitochondrial morphology in other
cell types by driving its expression under the control of suitable
cell-type specific promoters (Information on cell-type specific
promoters can be found at http://gfpworm.org/).
Furthermore, using PAmitoGFP, it is possible to track single
organelle as well as visualize fusion/fission events, as previ-
ously done in cultured mammalian cells [20].

For general information on how to maintain C. elegans strain
and how to identify the different developmental stages (espe-
cially the 1.4 larval stage), please refer to Stiernagle et al. [8].

We recommended activating the PAmitoGFP in the middle of
the presumptive network to determine how far the PAmitoGFP
diffuses.

To determine the optimal condition of activation, one can
measure average pixel intensity before and after activation in
the ROI that was used for activation, which would define the
ratio of activation. We would recommend at least a twofold
activation ratio.

Alternatively, step 14 can be performed by acquiring a Z-stack
every 0.5 s (with 6 slices of 0.5 pm as the thickness of body
wall muscle mitochondrial networks is not more than 2 pm).
In that case, the morphometric analysis of step 15 should be
performed by measuring the volume over time (instead of the
area over time) of photoactivated PAmitoGFP.


http://gfpworm.org/

16.

17.

18.

19.

20.

New Tools to Analyze C. elegans Mitochondrial Morphology 269

As indicated in Table 1, while some antibodies are commer-
cially available, some of the antibodies are home-made and will
need to be requested directly from the authors of the respec-
tive publications.

In order to visualize the protein of interest using a GFP-tagged
fusion, tools have been recently developed in C. elegans. For
example, a fosmid-based transgene library, where almost 75 %
of all C. elegans genes have been tagged with GFP [21], is
available from TransgeneOme (https://transgencome.mpi-
cbg.de/transgencomics/index.html). Transgenic C. elegans
animals carrying the fosmid of interest can be generated and
the GFP-tagged fusion protein can be detected in immunocy-
tochemistry experiments by using the newly developed GFP-
booster (Chromotek Atto488). Specifically, an essentially
identical protocol can be used for immunostaining, with one
modification. At step 24, the GFP-booster (which recognizes
the GFP tag) can be diluted at 1:500 in PBSTB and used along
with the secondary antibody.

In order to obtain a staged population of animals on day 1, it
is crucial that 14 larvae are picked 24 h before starting the
experiment. To ensure that an adequate number of embryos is
available for each staining, it is advisable to pick around 20-30
14 for each staining. Additionally, to compare the staining of
different strains (for example, a mutant of interest compared to
a wild-type strain), it is important that the immunostaining is
performed on the same day, in order to reduce variations due
to the staining protocol.

Ensuring that microscope slides and cover glasses are properly
cleaned is an essential step for immunostaining. Specifically, it
is important to confirm that there are no dust particles or
grease on the microscope slides and cover glasses. Dust parti-
cles will affect the efficiency of the freeze-crack as the cover
glass will be unevenly positioned on the microscope slide
thereby causing the volume of water between the cover glass
and the embryos to be uneven. Furthermore, grease and dust
particles will generate background auto-fluorescence, which
will affect the quality of the imaging.

This step is important to control the quality of the freeze-crack
technique. Although, the efficiency of freeze-crack is improved
when the volume of liquid between the embryos and the cover
glass is reduced, excessive reduction of the volume will result
in the embryos being crushed by the cover glass. The presence
of'an adult hermaphrodite is used to ascertain the optimal vol-
ume. C. elegans adult hermaphrodites have a thickness of
around 50-100 pm while C. elegans embryos have a thickness
of'around 25 pm. Therefore, when the adult hermaphrodite is


https://transgeneome.mpi-cbg.de/transgeneomics/index.html
https://transgeneome.mpi-cbg.de/transgeneomics/index.html

270

Saroj G. Regmi and Stéphane G. Rolland

21.

22.

23.

24.

25.

26.

27.

crushed by the cover glass, the optimal volume of liquid
between the embryos and the cover glass is reached.

If required, the immunostaining procedure can be paused after
this step by storing the slides with the cover glass at —80 °C.

Before blocking with PBSTB, a pre-blocking step with
Image-iT FX signal enhancer (Life technology) for 30 min at
20 °C has been shown to result in a better signal /background
ratio in samples analyzed by 3D-SIM microscopy [13].
However, in our hands, it did not represent an advantage.

The presence of dirt on the microscope slide or cover glass can
trap air bubbles. It is therefore essential to clean them properly
(see Note 15). In addition, air bubbles can be generated while
putting the cover glass onto the microscope slide too quickly.
To solve this problem, one can put one of the edges of the
cover glass on the microscope slide while holding it and then
use the worm pick to bring down the opposite edge of the
cover glass gently onto the microscope slide.

To build a humid chamber, one can use a plastic box (the size
of the box will depend on how many slides one wants to ana-
lyze at the same time) with wet towel papers at the bottom. On
top the wet towel papers, place a smaller plastic barrier onto
which the microscope slides can be placed (so they are not in
direct contact with the wet towel papers).

DAPI staining is useful as it allows determining the stage of the
embryo analyzed by visualizing the number of nuclei. However,
in case one wants to perform an immunostaining with three
different antibodies, the DAPI staining will need to be skipped,
while the third protein can be visualized using a secondary
antibody coupled with a fluorophore that emits in the DAPI
range (for example, CF405S goat anti-mouse or goat anti-rab-
bit (Biotium #20080 and Biotium #20082)).

After imaging the microscope slides with a high magnification
oil objective, it is important to clean the cover glass and remove
any oil, especially if reimaging of slides is to be done in the
future. Any remnants of oil will make future imaging of the
slide difficult (especially with 3D-SIM microscopy).

Mitochondrial localization of the protein of interest can be
determined by observing colocalization with a known mito-
chondrial protein. Superresolution microscopy also permits
determination of subcellular localization of the protein of
interest by colocalization with a known mitochondrial protein.
Software packages such as Image] can be easily used to deter-
mine colocalization. For further information, please refer to

Dunn et al. [22].
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Chapter 17

Single Molecule Tracking and Localization
of Mitochondrial Protein Complexes in Live Cells

Timo Appelhans and Karin Busch

Abstract

Mitochondria are the power plant of most non-green eukaryotic cells. An understanding of their function
and regulation is only possible with the knowledge of the spatiotemporal dynamics of their proteins.
Mitochondrial membrane proteins involved in diverse functions like protein import, cell respiration,
metabolite transport, and mitochondrial morphology are mobile within membranes. Here, we provide a
protocol for a superresolution fluorescence microscopy technique named tracking and localization micros-
copy (TALM) that allows for localization and diffusion analysis of single mitochondrial membrane proteins
in situ in cell cultures. This noninvasive imaging technique is a useful tool to reveal the spatiotemporal
organization of proteins in diverse mitochondrial membrane compartments in living cells. Proteins of
interest are tagged with the HaloTag® and specifically labeled with functionalized rhodamine dyes. The
method profits from low abundance of proteins and therefore works better with substoichiometric labeling
of HaloTag®-tagged proteins. In particular, the use of photostable bright rhodamine dyes enables the
specific tagging and localization of single molecules with a calculated precision below 20 nm and the
recording of single trajectories.

Key words Superresolution microscopy, Mitochondria, Membrane protein dynamics, Single mole-
cule localization and tracking, Live cell imaging, Tom20, ATP synthase

1 Introduction

Owing to their evolutionary origin, mitochondria possess two
membranes of different structure and composition. The tubular
outer mitochondrial membrane (OMM) envelopes the organelle,
while the intensely folded inner mitochondrial membrane (IMM)
provides two sub-compartments: the inner boundary membrane
(IBM) and the cristae membranes (CM). Biochemical analysis gave
insights into the composition of OMM and IMM, but already the
dissection of the IBM and the CM as two sub-compartments of
the one continuous membrane has been challenging. However,
optimal function, metabolic adaptation, and also failure of mito-
chondrial performance cannot be understood without the knowl-
edge of the composition of the proteins in the respective

Dejana Mokranjac and Fabiana Perocchi (eds.), Mitochondria: Practical Protocols, Methods in Molecular Biology, vol. 1567,
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sub-compartments. Furthermore, membrane proteins are mobile
and thus their spatial distribution might be flexible. The diffusion
of compounds is determined by the architecture of the respective
membrane, its lipid composition, and possible interactions with
other proteins. To reveal protein dynamics, analysis has to be done
in situ and in a noninvasive manner in living cells. FRAP allows for
the determination of mobile protein fractions but does not record
slow or immobile fractions adequately. In recent years, superreso-
lution microscopy provided techniques for localizing single pro-
teins. Here, we extend this toolbox and provide a protocol that
allows also for tracking of single membrane proteins, here in mito-
chondria in live cells [1]. We localized and tracked Tom20 in the
outer mitochondrial membrane (Fig. 1) and F,Fo ATP synthase in
the inner mitochondrial membrane (Fig. 2). Since membrane pro-
teins have a reduced mobility compared to soluble proteins indi-
vidual proteins can be tracked. During recording time, mobile
proteins occupy different positions at different time points, limited
by their specific functional and structural microcompartment (Fig.
1b, ¢; Fig. 2b, d). Thus, the localization and trajectory map of a
recorded protein represents the spatiotemporal dynamics of this
particular protein in its membrane microcompartment. Because of
this feature, the number of molecules required to pinpoint the
structure of a certain microcompartment is much lower than with
other techniques. This is an advantage, especially when proteins
with low expression levels are analyzed. Low labeling degree also
reduces the danger of phototoxic effects and allows for prolonged
live cell imaging. The mobility analysis reveals different trajectory
maps and diffusion coefficients for outer and inner membrane pro-
teins (Figs. 1c and 2d), clearly related to the underlying structure
of the membrane [1].

Fig. 1 TALM analysis of single TOM20-HaloTag® TMR"™ in a living HeLa cell. (a) Diffraction limited view of
summed fluorescent signals from 3500 frames (frame rate 33 Hz, 32 ms exposure time/frame) showing
TOM20:HaloTag®/ TMR"™ signals in the outer mitochondrial membrane. (b) Cumulated image of localized TOM20
proteins in the OMM from 3500 frames (112 s). (c) Trajectories of individual TOM20 proteins with a minimum
overall step number of 15 steps in sequence (single trajectories with different colors). Scale bars: 1 pm
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Fig. 2 TALM analysis of single F;F, ATP-Synthase: HaloTag®/TMR"™. (a) Diffraction limited view of summed fluo-
rescent signals from ATP-Synthase:HaloTag®/ TMR™ in the inner mitochondrial membrane from 3500 frames
(16 ms/frame). (b) Localization map of ATP-Synthase:HaloTag®/TMR"™ proteins. Localization patterns reflect
distribution of ATP synthase in cristae microcompartments. (¢) Calculated localization precision of the localized
proteins shown in b). (d) Trajectory map of ATP Synthase:HaloTag® TMR™ proteins. Most red and orange trajec-
tories demonstrate the diffusion of ATP-Synthases in the cristae and reveal the orthogonal cristae membrane
(CM) orientation while blue trajectories demonstrate the likely diffusion of ATP-Synthase:HaloTag®/TMR™
proteins along the inner boundary membrane (IBM). Scale bars: 1 um (a, b, and d)

In order to visualize specific proteins, these are tagged by
genetic fusion to the HaloTag®. The HaloTag®-Protein [2] is a
“suicide” protein that covalently reacts with its substrate, the
HaloTag®-Ligand (H™). Cells are transfected with the according
plasmid and the expressed tagged protein of interest is posttransla-
tionally labeled with a fluorescent dye linked to the HaloTag®-
Ligand. Today, several suitable fluorescent dyes for labeling of
HaloTag® proteins are available, however, for intracellular labeling
membrane-permeable dyes are required. In this protocol,
tetramethylrhodamine-HaloTag®-Ligand (TMRH™) is used. The
bright TMR fluorescence enables localization of single molecules
with high precision (Fig. 2¢). Correct mitochondrial localization
of labeled proteins can be controlled by co-staining with
MitoTracker® Deep Red EM or MitoTracker®Green.
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2 Materials

2.1 TIRF
Microscope Setup

Single molecule tracking and localization can be performed with a
commercially available inverse total internal reflection fluorescence
(TIRF) microscope, equipped with a TIRF-condensor, a TIRF
objective, and diode pumped solid-state lasers with sufficient power
(100-200 mW). For detection, a single molecule sensitive and fast
camera is necessary. In our case, a commercially available inverse total
internal reflection fluorescence (TIRF) microscope (e.g., Olympus
1X71), equipped with a TIRF-condensor (Olympus), a diode pumped
solid-state laser (excitation 561 nm, 200 mW, Cobolt Jive 561,
Cobolt), and a back-illuminated electron multiplying charged cou-
pled device (EMCCD) camera was used. The TIRF-microscope oth-
erwise has no specific or special fabrication. In order to perform
single molecule tracking and localization microscopy (TALM) with
high signal to noise (S/N) ratio within living cells, a highly inclined
and laminated optical sheet (HILO) is used for excitation [3].
Therefore, an incident beam angle is chosen just below the critical
angle for TIRF-mode. The fluorescence-labeled specimen is excited
through the objective. For excitation of tetramethylrhodamine, a
diode pumped solid-state laser (excitation 561 nm, 200 mW, Cobolt
Jive 561, Cobolt) is coupled into a single mode fiber (Qioptiq) con-
nected to the motorized integrated TIRF illumination combiner
(MITICO, cell*TIRF, Olympus) with laser light. The MITCO sys-
tem enables the user to couple up to four laser lines into the micro-
scope. For each illumination pathway an individual angle for
illumination between Epi- and TIRF-illumination can be chosen.
The MITICO software allows a simple and precise identification of
the appropriate objective to reproducibly adjust the angle of illumi-
nation and thereby the penetration depth of the excitation light. The
microscope is equipped with an apochromatic 150x oil immersion
objective designed for TIRF microscopy (150x TIRF objective
numerical aperture N.A = 1.45, Olympus, UAPO). With the 150x
objective, a pixel size of 107 nm is obtained fulfilling the Nyquist-
Shannon theorem for diffraction limited imaging [4, 5]. The high
magnification and N.A. is needed to achieve high laser power densi-
ties in the focal plane (maximum 1-2 kW /cm?). For single molecule
tracking, the power density is adjusted to one-tenth (100 W/cm?) to
reduce photobleaching and blinking to obtain longer trajectories.
Laser light reflected from a dichroic mirror (OBS-U-M3TIR
405,/488 /561, Semrock) passes through the 150x objective. The
fluorescence is filtered by a HC Quadband pass filter, 446 /523 /600
/677 (F72-866 from AHF analysentechnik AG) installed in the
U-ME2 filter cube. Image acquisition is performed with a back-illu-
minated EMCCD camera (Andor iXon Ultra 897), providing high
quantum efficiency of >90% between 500 and 700 nm and a maximal
frame rate of 32 frames per second (fps) at full resolution (512 x 512
pixel, each 16 pm x 16 pm in size), which can be reduced, when


http://www.cobolt.se/coboltjive561nm.html
http://www.cobolt.se/home.html
http://www.cobolt.se/coboltjive561nm.html
http://www.cobolt.se/coboltjive561nm.html
http://www.cobolt.se/home.html
http://www.qioptiq.de/page653517.html
http://www.olympus-europa.com/microscopy/en/microscopy/components/component_details/component_detail_21441.jsp
http://www.andor.com/scientific-cameras/ixon-emccd-camera-series/ixon-ultra-897
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Table 1
Used frame rates
Imaging area (pixel, x,y) Exposure time (ms) Frame rate (Hz)
512 x 512 32 30.42
512 x 256 24 40.15
256 x 256 16 59.17
200 x < 200 8 112
125 x 125 8 112

Smaller imaging areas allow for reduction of the exposure time.

smaller areas are imaged (Table 1). The pixel to photon conversion
factor (EM gain 300) was 9.2 under the settings used.

2.2 Buffers 1.1 M HEPES (4-(2-Hydroxyethyl)piperazine-1-1lethanesul-
fonic acid) buffer, pH 7.5.

2. 100 mM HEPES butffer, pH 7.5.
3. 100 mM HEPES bufter, ] mM EDTA, pH 7.5.
. PBS butffer, pH 7.4 without Ca?* and Mg?*.

S

2.3 Chemicals . 10 % PEG 800 (Polyethylene glycol, molar mass 800 g/mol).

. 30 % H,0,.

. 70 % v/v Ethanol.

. 98 % sulfuric acid.

. Acetyl-CG-RGD-S-COOH (Sigma Aldrich, Germany).

. Dimethyl sulfoxide (anhydrous, >99.9 %) (DMSO).

. Ethylendiaminetetraacetic acid (EDTA).

. Isopropanol.

. Immersion Oil-Immersoil™ 518 F (n. = 1.518, v, = 45).

. N, gas.

. NHS-PEG-MAL, Rapp Polymer (Rapp Polymere GmbH
Tibingen).

12. PLL-PEG-RGD-Peptide.

13. Poly-I-lysine (PLL).

14. Tris(1-chloroethyl) phosphate (TCEP).

O 0 N N Ul R W N~
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2.4 Preparation PLL-PEG-RGD is a short name of Poly-1-Lysine-(3)-PEGg-
of PLL-PEG-RGD RGD. “g” means graft modification on Poly-l-Lysine. “3” means
for Surface Coating 33% of side chain lysine groups (NH2) were coupled with PEG so

that the ratio of total I-lysine to the coupled one is 3. “PEG,x-
RGD” denotes that the gratt PEG has an average molecule weight
of 2 KDa with a terminal RGD peptide.
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2.5 Plasmids

2.6 Cells

2.7 Media

2.7.1

Growth Medium

1. Dissolve 7.6 mg Acetyl-CG-RGD-S-COOH in 0.1 ml 100 mM
HEPES bufter containing 1 mM EDTA, pH 7.5.

2. Dissolve 3 mg TCEP in 0.1 ml 1 M HEPES buffer, pH 7.5,
check the pH to be 6-7.
3. Incubate for 10 min at RT.

4. Dissolve 7.5 mg Poly-I-Lysin (PLL) in 0.25 ml 1 M HEPES,
pH 7.5.

5. Dissolve 36 mg M alemeid-PEG-NHS (3000 Da) in 0.05 ml
1 M HEPES, pH 7.5.

6. Mix Acetyl-CG-RGD-S solution with M alemeid-PEG-NHS
solution and incubate at RT for 5 min, check the pH to be 6-7.

7. Add dissolved PLL to the mixture, adjust pH to 7-8.3.

8. Place the mixture on a shaker overnight.

9. Lyophilize the mixture the next day 12-20 h (see Note 1).

For tracking mitochondrial membrane proteins, we used Tom20,
an outer mitochondrial membrane protein, and complex V (F,Fo
ATP synthase, CV) as an inner membrane protein, predominantly
found in the cristac membranes. In principle, it is possible to use
any other membrane protein as well. Please note that for most
inner membrane proteins the mitochondrial targeting sequences
are at the N-terminus. Mitochondrial localization can be checked
by GFP constructs, before starting single molecule experiments
with Halo7-fusion proteins.

1. TOM20-link-Halo7-psems [1], generated from pSNAP-Tag®
New England Biolabs® by substitution of the SNAP{-ORF
with Halo7-ORF.

2. CVy-Halo7-psems [1].

Cervix Cancer Cells-HelLa Cells (Tissue Culture) (Leibniz
Institute DSMZ-German, Collection of Microorganisms and Cell
Cultures).!

1. Minimal Essential Medium with Earle’s salts and Phenolred.

. 10x Fetal Bovine Serum Superior (FBS) (Biochrom AG, Cat.
No. S0615, Lot. No. 0513C).

. 1% (v/v) HEPES.

. 1% (v/v) nonessential amino acids NEA.
. 1% (v/v) stable Alanyl-1-Glutamine.

. 2.2 g/ NaHCO:;.

[\

QN Ul W

'PC12 cells (a pheochromocytoma of the rat adrenal medulla), 143b cells (human boneosteocarcinoma),
and MEF (mouse embryonic fibroblast cells) were also successfully used for TALM in different
experiments.
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2.7.2 Selective
Growth Medium

2.7.3 Imaging Medium

2.7.4 Transfection
Medium

2.7.5 Detaching Medium

2.8 Fluorescent Dyes

2.9 Software/
Algorithms

2.10 Specific
Equipment
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. Growth medium.

. 0.8 mg/ml Neomycin.

. Earle’s Minimum Essential Media (MEM) (w/0o Phenol red).
. 10x Fetal Bovine Serum Superior (FBS).

1% (v/v).

. 1% (v/v) nonessential amino acids NEA.

. 1% (v/v) stable Alanyl-1-Glutamine.

. 2.2 g/1 NaHCO;.

. 2.5 M CaCl, solution.
. HBS Buffer.

. 50 mM HEPES.

. 280 mM NaCl.

. 1.5 mM Na,HPO.,.

. 0.025 % (w/v) Trypsin.

2. 2.5 mM EDTA.

3.

1x PBS.

Store fluorescent dyes as stock solutions in DMSO. Later dilute
with imaging medium to appropriate concentrations. Do not keep
dyes diluted in medium.

1
2

B N~

. 1 pM Tetramethylrhodamine-HaloTag®-Ligand (TMRH™®).
. 1 mM MitoTracker® Deep Red FM.

. Andor 1Q3 (Andor Technology).
. Image] (MacBiophotonics).
. Matlab R2013b (TheMathWorks).

. Matlab-Algorithm: FPALM localization gui (Labor Samuel
T. Hess [6-8]).

. Matlab-Algorithm MulitiTnrgetTracer (Serge et al. [11]; see
Note 2).

. Coverslips (0.15 mm, @ 24 mm) (VWR).

. Microscopy-Chamber (Fig. 3) Optomechanics-University of
Osnabriick.

. Plasma Cleaner, Femto-Variante A, Diener electronic GmbH
& Co. KG.
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Fig. 3 Microscopy chamber for live cell imaging. The coverslip with an appropri-
ate cell layer is mounted between the top and bottom part of the homemade
chamber (developed by J. Bereiter-Hahn©), which is connected by a screwed
joint. A Teflon® ring (white ring) and a rubber ring (red ring) seal the system. The
buffer reservoir is open and allows exchange of imaging medium (drawing from
H. Heine©, Optomechanics-University of Osnabriick)

3 Methods

3.1 Cell Culture

3.1.1 Cultivation

3.1.2 Passaging (1:5)

3.1.3  Cell Transfection

Cultivate HeLa cells in T25 cell culture flasks, with 5 ml Growth
medium at 37 °C and 5 % CO,. Passage cells when reaching
confluence.

1. Remove the old medium from confluent cells grown in T25
flasks.

2. Wash the cells thoroughly with 4 ml PBS.
3. Remove the PBS.

4. Add 1 ml Detaching medium to remove cells from the flask
surface.

5. Incubate the flask at 37 °C and 5 % CO, until the cells are
removed from the bottom (1-2 min).

6. Stop the reaction when all cells are solute by adding 4 ml fresh
medium.

7. Pipette up and down to homogenize the cell solution.

8. Transfer 1 ml to a new T 25 flask and fill up to 5 ml with fresh
culture medium.

Mammalian Hela cells for transient transfection and direct imag-
ing are grown in a 35 mm Cellstar® tissue culture dish on coverslips
(0.15 mm, @ 24 mm). For transfection, the calcium phosphate
method [9] is used.

1. Seed 2 x 103 to 5 x 103 cells into a 35 mm Cellstar® tissue cul-
ture dish containing a coverslip and 2 ml Growth medium.
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3.1.4 Generation
of Stable Transfected
cell Lines

2.

N QN Uk W

oo

Pipette 10 pl plasmid solution, containing 5 pg pure DNA in
an Eppendorf Cup.

. Add 20 pl CaCl, solution (2.5 M).

. Mix by carefully pipetting up and down once.

. Wait for 30 s.

. Add 170 pl milliQ H,O.

. Pipette 200 pl HBS Bufter (pH 7 + 0.04) in another Eppendorf

Cup.

. Vortex the HBS Buffer in the Eppendorf Cup.

9. Add the 200 pl buffered DNA /CaCl, solution by dropping it

10.

11.

12.

13.
14.
15.

into the HBS Buffer during vortexing.

Replace the Growth medium of the HeLa cells in the 35 mm
Cellstar® tissue culture dishes with 1 ml fresh Growth medium.

Pipette the DNA solution in single drops into the 35 mm
Cellstar® tissue culture dishes filled with 1 ml medium. Increase
the height of pipetting to avoid “dancing” of drops onto the
medium surface, which can lead to inhomogeneous DNA con-
centration in the sample.

Incubate the transfected Hel.a cells at 37 °C and 5 % CO,
overnight.

Replace the Growth medium after 12 h.
Let the cells grow for 24 h after replacing the Growth medium.
In order to have good expression levels of your protein of

interest image transfected cells 36 to 48 h after transfection.

At day of imaging:

. Wash each dish with 2 ml PBS twice.
. Wash each dish with 2 ml Imaging medium once.
. Keep the cells at 37 °C and 5 % CO, in 2 ml fresh Imaging

medium until mounting on stage.

. Replace the medium before imaging with 1 ml fresh Imaging

medium.

For generation of a stable cell line the transfected plasmid has to be
integrated into the target cell genome. The advantage is a stable,
long-term expression of the protein of interest with usually uni-
form and moderate expression levels.

1.
2.

3.
4.

Seed 5 x 102 cells into a 60 mm Cellstar® tissue culture dish.

Transfect cells 1 day after seeding at 60-80 % confluency as
described under Subheading 3.2.

Wash cells with 4 ml PBS, 18 h after transfection.

Wash cells with 4 ml Selective growth medium.
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3.2 Surface Cleaning
of Coverslips

3.2.1 Piranha Cleaning
(Alternative A)

3.2.2 Plasma Cleaning
(Alternative B)

5.

Incubate cells with 5 ml Selective growth medium.

6. During a period of 10-14 days change Selective growth

10.
11.
12.

13.

medium every day.

. Colonies (visible by eye) which grow in the selective medium

are from stable transfected cells and are isolated as follows.

. Incubate cells with detaching solution until cells rounding and

starting to detach.

. Pick colonies with 200 pl pipette and transfer into separate

35 mm Cellstar® tissue culture dish.
Add 2 ml Selective growth medium.
Incubate at 37 °C and 5 % CO,.

Continue proliferation in selective growth medium in T25
flask until confluency reached, then split and freeze leftovers.

Check stable transfection by imaging cells after staining with
500 nM TMRH™-substrate for 20 min and subsequent wash-
ing: all stable transfected cells shall be fluorescent (see Note 3).

Usually, the dirt on the surface of coverslips enhances the back-
ground in single molecule imaging. In order to get a clean cover-
slip, plasma cleaning or cleaning with Piranha solution is performed.
During the procedures, particles on the glass surface are oxidized,
which destroys the fluorescence. To avoid re-contamination, always
wear gloves when performing cleaning procedures. The freshly
cleaned coverslips are used for coating immediately.

1.

Prepare Piranha solution by mixing 98 % sulfuric acid into
30 % H,O, in a 2:1 volume ratio. (Cautious!! It is very
corrosive).

. Put coverslips into freshly prepared Piranha solution for more

than 1 h.

. Afterward, the glass substrate should be extensively washed

with MiliQ water.

. Dry by steam treatment with nitrogen gas.

. Wash each coverslip in pure water to remove dust from the

coverslip.

2. Blow coverslips dry with nitrogen gas.

. Scratch an achiral symbol on the topside of each coverslip.

. Place the coverslips topside up into a shallow beaker without

overlapping one another.

. Set plasma cleaning time to 15 min.
. Set the power to 40 W.

. Open the plasma cleaner.



Single Molecule Tracking and Localization of Mitochondrial Protein Complexes... 283

3.3 PLL-PEG-RGD:
Goverslip Coating

3.4 Preparation
of Cells for Imaging

8.

9.
10.

11.
12.
13.
14.
15.

Place the open shallow beaker in the middle of the glass tray of
the plasma cleaner.

Evacuate the plasma cleaner for 2 min.

Start the generator, plasma cleaning will stop automatically
after 15 min.

Turn on the ventilation for approximately 30 s.

Switch off the pump.

Continue to ventilate the chamber for approximately 15 s.
Remove the lid with two hands and turn off the main switch.

Place each cleaned coverslip topside up into a 35 mm Cellstar®
tissue culture dish (see Note 4).

To prevent unspecific binding of fluorescent molecules to the cov-
erslip surface and to reduce background signals, coverslips are
coated with  Poly-1-Lysine—Polyethylene  Glycol—Arginine
Glycine Aspartate (PLL-PEG-RGD). PLL-PEG-RGD is a poly-I1-
Lysine (PLL) derivative attached with a polyethylene glycol
3000 Da and a Cysteine-Glycine-Arginine-Glycine-Aspartate--
Serine (CGRGDS) peptide. The RGD motit'is a signal peptide of
the integrin receptor.

1.

® N O v

Add 15 pl PLL-PEG-RGD (0.8 mg/ml) on a plasma cleaned
coverslip.

. Slowly place another plasma cleaned coverslip upside down on

the first one.

. The PLL-PED-RGD gets soaked between the coverslips.
. Avoid bubbles between the coverslips. If bubbles occur you

may slightly push on the upper coverslip.

. Incubate the coated coverslips below the hood for 1 h.
. Wash the coverslips 3 times with milli Q water.
. Blow coverslips dry with nitrogen gas.

. Place a single coverslip in a 35 mm Cellstar® tissue culture dish,

the coated site up (see Notes 5 and 6).

. Cells for transient transfection should be seeded on coated

coverslips 1 day before transfection and 2 days before imaging.
Stable transfected cells can be seeded 1 day before imaging on
coated coverslips.

. Coated coverslips are incubated at 37 °C for 5 min, if previ-

ously stored at =20 °C.

. Add 2 ml imaging medium in a 35 mm Cellstar® tissue culture

dish containing a coated coverslip.

. Remove the Growth medium from the T25 culture flask con-

taining the cells to be seeded.
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10.
11.

12.

13.
14.
15.
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. Add 3 ml PBS and slightly shake the flask.

. Remove the PBS.

. Add 1 ml Detaching medium.

. Incubate the flask at 37 °C and 5 % CO, until the cells are

removed from the bottom (1-2 min).

. Add 4 ml Growth medium.

Pipette up and down gently to avoid cell clusters.

Passage 2 x 10® (for imaging after 3649 h) to 5 x 103 (for
imaging the next day) into the provided 35 mm Cellstar® tis-
sue culture dish, containing 2 ml Imaging medium.

Slightly shake the culture dish to homogenize the cell
suspension.

Incubate the samples at 37 °C and 5 % CO,.
Change the Imaging medium the next day.

Incubate the cells before imaging with 2 ml fresh Imaging
medium for 1 h at 37 °C and 5% CO,.

3.5 Postiranslational It is necessary to adapt the right labeling concentration for every

Labeling cell line and specific tagged protein of interest. Therefore, different
labeling concentrations need to be tested to achieve an optimum
between as much as possible but still distinct single molecules.?
The correct mitochondrial localization of labeled proteins is con-
firmed by co-staining of mitochondria with MitoTracker®*DeepRed
FM.

1.

Use cells grown on glass coverslips when confluency of 60-80 %
is reached.

. Warm up the imaging medium to 37 °C.

. Pipette 1 ml pre-warmed, fresh imaging medium into an

Eppendort Cup.

. Add 0.5-1 pl TMRH 1 pM stock solution for final concentra-

tion: 0.5-1 nM) and

. Vortex gently.

. Remove the medium from the cells in the 35 mm Cellstar® tis-

sue culture dish. Make sure that medium is removed com-
pletely, but do not touch the coverslip in the imaging area.

. Add the imaging solution with TMRM ! prepared in steps 1-3.
. Incubate the cells at 37 °C and 5 % CO, for 20 min.

9. Wash twice with 2 ml PBS.

10.
11.

Wash once with 2 ml Imaging medium.

Add 1 ml fresh Imaging medium.

2 . . L
Note: Take care that the DMSO concentration does not exceed 10 % for reasons of cell toxicity.
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3.6 Specimen
Clamping

3.7 Imaging

12.
13.
14.

Incubate the samples at 37 °C and 5 % CO, for 1 h.
Replace the Imaging medium before imaging.

Labeled cells should be imaged on the same day (se¢ Note 7
and 8).

The coverslips from the 35 mm dishes with the labeled cells, pre-
pared as described under Subheading 3.7, are mounted on imag-
ing chambers for inverse microscopy (Fig. 3). Prepared specimen
chambers can be stored for 2 h at 37 °C and 5 % CO, but the
imaging medium should be renewed 1 h before microscopy.
Storage of empty chambers is in 70 % ethanol.

1.

Perform a final check on the sample checking that cell conflu-
ency is ~60% and dead detached cells are removed by washing
with PBS.

. Prepare the microscopy chambers (kept in 70 % EtOH but

non-sterile).

. Use tissues to dry the chamber, the Teflon® ring, and the rub-

ber band.

4. Place a Teflon® ring in the notch of the lower chamber part.

10.
11.
12.

N O gl N

. Transfer the coverslips from the 35 mm dishes on the Teflon®

ring in the notch of the lower chamber part.

. Put the rubber band above the coverslip.
. Put the upper chamber part on to it.

. Screw the chamber carefully and make sure the chamber is

sealed and the coverslip is not broken.

. Dry and clean the undersurface of the coverslip and the cham-

ber with a tissue.
Add 800 pl imaging medium at the rim of the coverslip.
The samples are ready for imaging.

After imaging take the chamber apart and wash the individual
parts with 70% ethanol solution.

. Switch on the microscope, the Acousto Optic Tunable Filter

(AOTF), and the laser(s).

. Start the Computer.

. Start the TIRF controller.

. Start the Camera.

. Launch the manufacturer software.

. Control hardware via software.

. Clean the objective with a KIMTECH Science Precision Wipe

and Isopropanol.

. Place a small droplet of immersion oil on the pupil of the

objective.
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9.

10.
11.
12.
13.
14.
15.

16.

17.
18.

19.

Clean the undersurface of the coverslip in the microscopy
chamber with a KIMTECH Science Precision Wipe soaked in
isopropanol and then rub the undersurface dry with a new dry
KIMTECH Science Precision Wipe.

Prepared specimen is placed in a microscopy chamber (Fig. 3).
Pre-adjust the objective position/the focal plane.

Set the electron multiplier gain (EM-gain) to 300.

Choose frame transfer.

Image at full frame (512 x 512 px?) with 32 ms exposure time.

Monitor in live mode, and find the cells through the ocular or
via the camera.

Searching for cells is done using a laser power of <1 mW
(appropriate for TMRHTL),

If possible, take an image of the entire cell (Fig. 4a).

Adjust the focal plane, the inclination angle, and the laser
power.

Find an area in the cell periphery with distinct, elongated mito-
chondria (Fig. 4a framed, Fig. 4b, ¢).

Fig. 4 Selection of adequate regions of imaging with elongated, separated mitochondria. (a) Morphology of
mitochondria throughout mammalian cells shows some diversity. Focus on cells with elongated, clearly sepa-
rated mitochondria and select adequate regions of imaging (ROIs, blue and magenta frames) from the mito-
chondrial network for TALM image series. b and ¢) ROIs with separated mitochondria as in (b) are preferred.
Avoid recording ROIs with overlapping mitochondria as shown in (c). Also, set small imaging regions for fast
recording with short frame rates (>30 Hz) needed in single molecule tracking experiments. Scale bar. 10 pm (a)
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3.8 Evaluation

20. Adjust imaging area to the area of the separated, elongated
mitochondria (e.g., 200 px x < 200 px) (Fig. 4b, ¢). A reduced
imaging area allows for the increase of imaging frame rates
(Hz). The higher the frame rate, the more accurate the step
length determination (but in parallel the signal decreases due
to reduced exposure and emission time, which lowers the
localization precision) (see Table 1).

21. Adjust the HILO inclination angle to the specific region of
interest, if necessary.

22. Adjust the laser power to 3.5-5.2 mW.
23. Start recording.
24. Image at least 3000 frames (see Notes 9-13).

Single molecule localization and tracking are post imaging pro-
cesses that reveal a non-diffraction limited view of proteins local-
izations and their dynamic organization. Localization-based
methods circumvent the diffraction barrier [6]. However, adjacent
single fluorescent molecules still need to fulfill the Rayleigh crite-
rion R to be seen as single signals. R is the minimum distance 4
between adjacent single fluorescent particles.

where 1 is the emission wavelength of the used fluorophore
and NA is the numerical aperture of the used objective. For local-
ization of single emitters, a modified 2D Gaussian mask for approx-
imation is used [5-7] to determine the peak of single point spread
functions in front of the cellular background. Localization data are
rendered using Thompson blurring [10]. The localization preci-
sion oy for each localized signal is given by:

sS+q° /12 8rsth’

R
where s is the standard deviation of the PSE, N is the number
of recorded photons of the signal, gis the pixel size of the EMCCD
camera chip dived by the total magnification, and & is the back-
ground noise per pixel of the illuminated region. For F Fo-ATP
synthase TMR signals in the example shown (Fig. 2c), a mean
localization precision of 5 nm was calculated from S/N. In order
to localize fluorescent signals, a pixel conversion factor of the used
setup needs to be handed over to the software. Be aware that the
EM gain influences the pixel conversion factor. The positions of
individual fluorescence emitters are determined with sub-pixel pre-
cision in a two-step process, which is developed for high-density
single particle tracking as described previously in detail [1]. Initial
emitter positions are identified using a pixel-wise statistical test
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limiting the rate of false-positive detection to 107 per pixel. The
dimensions are fitted with a polynomial fit taking into account the
microscope’s PSE. In addition, TALM takes advantage that single,
fluorescently labeled, mobile proteins travel along a biological
structure. Therefore, the right labeling degree and exposure time
are crucial. The first step for tracking is the localization of single
fluorescent signals. From the localization data, single particle track-
ing is performed by using the multiple-target tracing (MTT) algo-
rithm described by Serge et al. [11]. Several parameters like the
exposure time, the image pixel size g, the NA of the used objec-
tive, and the emission wavelength of the imaged fluorophore have
to be set before tracking algorithm can be started. Additionally
parameters like the size of the detection box, the error rate, the
performed deflation loops, and the particle offtime have to be
selected. In order to track proteins with the MTT, a maximal dif-
fusion coefficient has to be set. To avoid false connections of local-
ized emitters, the maximal diffusion coefficient has to be set as
small as possible. Therefore, the value has to be approximated to
the lowest possible value and has to be adapted to the crowding
level. This is an iterative process and needs some experience. The
maximal diffusion coefficient in the MTT algorithm [11] stands
for the maximal step size in all lateral directions and is not the
mean diffusion coefficient of a single trajectory of a protein. Most
of the mitochondrial proteins can be tracked with a maximal
expected diffusion coefficient between 0.2 pm?/s and 0.3 pm?/s.
Nevertheless, some small proteins may be faster and need higher
Dy, values. Step-length distributions are obtained from single
molecule trajectories (five steps, ~160 ms for exposure time of
32 ms). Average diffusion constants are finally determined by the
slope in mean square displacement analysis (2-10 steps). When
trajectories have been obtained, the user has to check for meaning-
ful trajectories (no cross trajectories between adjacent mitochon-
dria), and eventually adjust the settings® (see Notes 14-16).

4 Notes

1. Lyophylization is done according to standard protocol with a
Lyophilisator Alpha 1-2 LD plus.

2. Localization and tracking procedure are described in 1, 6, 7,
and 8.

3. Stable transfected cells are easier to handle and show more
homogenous expression levels. Avoid fragmentation of mito-
chondria by any stress.

3 . .
The software cannot be provided due to copy right reasons. Please contact S.T. Hess laboratory.
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4.

10.

11.
12.

13.

14.

15.

16.

. Compare different fluorescent dyes functionalized wit

Coverslips should be plasma cleaned on the day of use for cell
seeding or coating.

. Coating of coverslips improves results by increasing the signal-

to-noise ratio.

. Coated coverslips can be stored at —20 °C for a few days in cell

culture dishes, sealed with parafilm.

hHT and

check specificity of labeling by co-staining with MitoTracker®.
For co-staining, add MitoTracker®*DeepRed FM in a final con-
centration of 500 nM.

. Optimize labeling degree (0.5-20 nM), excitation power, and

angle of incidence to obtain single molecule signals.

. Choose a region in the periphery of a cell, where a mitochon-

drial network with separated, elongated mitochondria is seen.

Exposure time needs to be set as low as possible to avoid pho-
ton blur and as high as possible to increase the SNR.

Use frame transfer mode when using an EMCCD camera.

The given laser power refers to the used fluorescent dye
TMRYTL,  Adapt the laser power to the respective
fluorophores.

Avoid phototoxic effects by not going beyond 10.000 frames
per region of interest.

Check mitochondrial movement at any time by generating an
overlay of rendered images from first 0~20 s of the time series
to the following ~20 s interval until the last ~20 s. No shift of
the mitochondrial shape should be seen (Fig. 5).

Adapt evaluation parameters, e.g., the maximal expected diftu-
sion coefficient is dependent on the investigated membrane
protein, the structure and composition of the membrane, pos-
sible supercomplex formation, etc. In general, free diffusing
molecules are faster than molecules with anomalous diftusion.
For outer membrane proteins a higher diffusion coefficient is
expected than for inner membrane proteins. Diftusion coeffi-
cients are, in general, slower than expected from FRAP experi-
ments that exclusively determine the diffusion coefficients
from mobile molecules.

FPALM and MTT allow for watching the data processing. Use
this feature to be sure that your chosen parameters are correct.
Test different parameters on the same data sets and optimize
parameters iteratively.
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Fig. 5 Investigation of Lateral Drift with FPALM. (a) Superimposed non-rendered signals from 1250 binned
frames each color. Some parts of mitochondria moved (framed in superimposed image: 1, 2). Other parts of
the mitochondrial network obviously did not move during recording and are suitable for single molecule local-
ization and single molecule tracking analysis. (b) Same signals after localization and rendering. (1) and (2)
Enlarged view of the areas where mitochondrial movement occurred. Analyses of subsequent time frames of
~20 s are generally suitable to exclude possible movement [1]. In most cases, time series of ~150 s can be
used to image mitochondria without severe movement [12]. Scale bars: 1 pm
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Chapter 18

Analysis of Yeast Mitochondria by Electron Microscopy

Ann-Katrin Unger, Stefan Geimer, Max Harner, Walter Neupert,
and Benedikt Westermann

Abstract

Budding yeast Saccharomyces cerevisine represents a widely used model organism for the study of
mitochondrial biogenesis and architecture. Electron microscopy is an essential tool in the analysis of
cellular ultrastructure and the precise localization of proteins to organellar subcompartments. We provide
here detailed protocols for the analysis of yeast mitochondria by transmission electron microscopy: (1)
chemical fixation and Epon embedding of yeast cells and isolated mitochondria, and (2) cryosectioning
and immunolabeling of yeast cells and isolated mitochondria according to the Tokuyasu method.

Key words Immunoelectron microscopy, Mitochondria, Organelle architecture, Saccharomyces cere-
visine, Tokuyasu cryosectioning, Transmission electron microscopy

1 Introduction

Mitochondria are double membrane-bounded organelles with a
complex architecture [1-4]. They are enveloped by an outer and
an inner membrane. The inner membrane is further subdivided
into two compartments with different protein compositions: the
inner boundary membrane, which is apposed to the outer mem-
brane, and the cristac, which are large membrane invaginations
accommodating the respiratory chain complexes. Cristae are con-
nected to the inner boundary membrane through rather narrow
junctions, called crista junctions. Thereby, the very narrow aque-
ous intermembrane space between the outer and the inner bound-
ary membrane is linked to the intracrista space. The mitochondrial
outer and inner membranes are physically connected by various
protein complexes at contact sites. The aqueous inner compart-
ment of mitochondria is called the matrix.

Budding yeast Saccharomyces cerevisiae is an important model
organism to study various aspects of mitochondrial biology, includ-
ing mitochondrial metabolism [5], biogenesis [6], dynamics [7],
and inheritance [8]. Also, yeast turned out to be the prime organism

Dejana Mokranjac and Fabiana Perocchi (eds.), Mitochondria: Practical Protocols, Methods in Molecular Biology, vol. 1567,
DOI 10.1007/978-1-4939-6824-4_18, © Springer Science+Business Media LLC 2017
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for the identification and mechanistic dissection of the molecular
machinery that governs mitochondrial architecture. For example,
the mitochondrial contact site and cristac organizing system,
MICOS, is a large protein complex in the inner membrane that is
crucial for the maintenance of crista junctions, inner membrane
architecture, and formation of contact sites [9]. This complex was
first discovered and characterized by three independent groups
using yeast as a model organism [10-12] and then found to be
conserved also in mammalian cells [13].

Transmission electron microscopy is an essential method to
observe the ultrastructure of mitochondria and its changes upon
mutation of relevant genes or perturbation of physiological condi-
tions and to visualize mitochondrial contacts with other cellular
membranes, such as the endoplasmic reticulum or the plasma mem-
brane. Furthermore, immunoelectron microscopy is the method of
choice for the localization of proteins in mitochondrial subcompart-
ments. Our group has used electron microscopy recently to observe
ultrastructural changes in mutants defective in mitochondrial inheri-
tance [14, 15], lipid metabolism [16, 17], and cristac biogenesis
[10, 18], to reconstruct the 3D structure of mitochondrial contacts
with the plasma membrane by electron tomography [19], to localize
the myosin motor protein Myo2 on isolated mitochondria [20], and
to examine the localization of MICOS components at cristae junc-
tions by immunoelectron microscopy [18].

A variety of different methods are available to observe mito-
chondrial ultrastructure by electron microscopy [21]. The choice of
the appropriate method depends on the scientific question to be
addressed, the available laboratory equipment, and also personal
skills and preferences. This chapter is not intended to give a compre-
hensive overview of all available approaches and protocols. Rather,
we provide detailed protocols of methods that we successfully uti-
lized in our laboratory. We describe a standard protocol for chemical
fixation of yeast cells, a protocol for chemical fixation of isolated
mitochondria, and protocols for fixation and cryosectioning of yeast
cells and isolated mitochondria using the Tokuyasu method [22].
Tokuyasu cryosectioning is very useful both for the visualization of
mitochondrial membranes and for immunolabeling, which we also
describe in this chapter. See Fig. 1 for an overview of the methods
described in this chapter. We anticipate that the protocols described
here will be useful not only for the analysis of mitochondria, but can
be easily adapted to the study of other cell organelles.

2 Materials

Safety note: many of the required chemicals are highly toxic. Make
sure to take appropriate precautions to protect yourself and the
environment.
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Fig. 1 Work flow of the methods described in this chapter
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2.1 Chemical
Fixation of Yeast Cells
and Isolated
Mitochondria

1.

10.

11.

12.

13.

PBS: 8.1 mM Na,HPO,, 1.5 mM NaH,PO,, 150 mM NacCl,
adjust pH with HCl to pH 7 4.

. CaCo butfer: 0.1 M sodium cacodylate, 1 mM CaCl,, adjust

pH with HCl to pH 7.2.

. 25% glutaraldehyde stock in water: EM grade, high purity

(Serva, Heidelberg, Germany; cat.no. 23114.02). Purchase as
such and store at 4 °C.

. 16% formaldehyde stock in water: EM grade, high purity (16%

stock; Plano, Wetzlar, Germany, cat. no R1026). Needed only
for chemical fixation of isolated mitochondria (see Subheading
3.2). Purchase as such and store at 4 °C.

. 2.5% (w/v) sucrose; needed only for chemical fixation of iso-

lated mitochondria (see Subheading 3.2).

. 2% (v/v) glutaraldehyde in CaCo buffer for chemical fixation

of yeast cells (see Subheading 3.1) or 1.5% (v/v) glutaralde-
hyde, 3% (v/v) formaldehyde, and 2.5% (w/v) sucrose in
CaCo buffer for chemical fixation of'isolated mitochondria (see
Subheading 3.2).

. Zymolyase 20T from Arthrobacter Iutens (Seikagaku

Biobusiness, Tokyo, Japan): 1.0-3.0 mg/ml dissolve freshly in
50 mM Tris—-HCI, pH 7.5, 5 mM MgCl,, 1.4 M sorbitol, 0.5%
(v/v) B-mercaptoethanol. Needed only for chemical fixation of
yeast cells (see Subheading 3.1).

. 2% (w/v) osmium tetroxide (OsOy) stock: carefully break glass

ampule containing 500 mg crystalline OsO, (Carl Roth,
Karlsruhe, Germany; cat. no. 8371.2) and dissolve overnight
at4 °Cin 20 ml ddH,O in a light-tight reaction bottle. Prepare
under fume hood and wear eye protection. Store at 4 °C.

. 1.6% (w/v) potassium ferrocyanide stock: dissolve 0.32 g of

K-ferrocyanide (II) in 20 ml ddH,O in a light-tight reaction
bottle, stir until dissolved and store at 4 °C.

2% (w/v) agarose: add 1 g of agarose Type I-A, low EEO
(Sigma-Aldrich, St. Louis, MO, USA, cat. no. A0169) to
50 ml ddH,O, heat the solution until dissolved.

2% (w/v) uranyl acetate stock: add 1 g uranyl acetate (Electron
Microscopy Sciences, Hatfield, PA, USA; cat. no. 22,400) to
50 ml ddH,O0, stir until dissolved in a light-tight bottle, store
at 4 °C.

Graded series of ethanol, propylene oxide, and Epon (see
Subheadings 3.1, step 8 and Subheading 3.2, step 7). Use
2 ml per sample. Use ethanol p.a. kept free of residual water by
a molecular sieve.

As embedding resin, we use an Epon-812 [23] replacement
(will be termed Epon in this chapter) which consists of the fol-
lowing four components: 2-dodecenylsuccinic acid anhydride
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(DDSA) (Serva, Heidelberg, Germany, cat. no: 20755.01),
glycid ether 100 (Serva, Heidelberg, Germany, cat. no:
21045.02), methylnadic anhydride (MNA) (Serva, Heidelberg,
Germany, cat. n0:29452.02),2,4,6-tris(dimethylaminomethyl)
phenol (Serva, Heidelberg, Germany, cat. no: 36975.03). For
EponA mix 75.64 g glycid ether 100 with 95 g DDSA in a
disposable plastic beaker. For EponB, mix 122 g glycid ether
100 and 115.7 g MNA in a separate beaker. Cover both bea-
kers with parafilm and stir at room temperature to obtain
homogenous mixtures. Then mix 150 g EponA with 220 g
EponB. Again, cover the beaker with parafilm and stir at room
temperature to obtain a homogenous mixture. Finally, add
6.5 ml of the catalyst EponC (2,4,6-tris(dimethylaminomethyl)
phenol) while stirring. As soon as the solution adopts a homog-
enous yellowish to brownish color, prepare 10 ml aliquots and
store at —20 °C.

Lead citrate solution: freshly degas ddH,O by boiling for
10 min, dissolve 1.33 g Pb(NO;), (Merck, Darmstadt,
Germany, cat. no. 1.07398.0100) in 15 ml degassed ddH,O,
dissolve 1.76 g tri-sodium citrate, Naz(CsH;0;)e2H,0
(Sigma-Aldrich, St. Louis, MO, USA, cat. no.W302600), in
15 ml degassed ddH,O. Mix both solutions (white precipita-
tion occurs) and leave the mixture for 30 min at room tem-
perature, shake the solution, add 8 ml freshly prepared 1 M
NaOH (precipitation disappears), fill up with 12 ml ddH,O,
aliquot in 2 ml reaction tubes, and store at 4 °C. Centrifuge
before use to remove precipitates.

. 0.2 M stock PHEM bufter pH 6.9 (120 mM PIPES, 50 mM

HEPES, 4 mM MgCl,, 20 mM EGTA): dissolve three NaOH
pellets in 75 ml ddH,O, add 3.63 g PIPES and stir at room
temperature until the solution is clear, confirm that the pH is
between 6.8 and 7.2, add 1.19 g HEPES, 0.08 g MgCl,, and
0.76 g EGTA while stirring, adjust to pH 6.9 with 1 M NaOH,
add ddH,O to bring the volume to 100 ml, and store the buf-
fer at 4 °C.

. 1x fixation bufter: 2% (v/v) formaldehyde, 0.2% (v/v) glutar-

aldehyde (see Subheading 2.1, items 3 and 4) in 0.1 M PHEM
bufter. Prepare 10 ml fixation buffer per sample.

. 2x fixation buffer: 4% (v/v) formaldehyde, 0.4% (v/v) glutar-

aldehyde in 0.1 M PHEM bufter. Prepare 10 ml fixation buffer
per sample.

. 1% (w/v) freshly prepared periodic acid (H;IOs) in 0.1 M

PHEM bufter. Prepare 1 ml per sample.

. 12% (w/v) gelatine (powder, food quality) in 0.1 M PHEM

bufter. Needed only for Tokuyasu cryosectioning of yeast cells
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2.2.1 Additional
Materials
for Immunolabeling

10.

11.

(see Subheading 3.3). Add 12 g of gelatine to 75 ml of 0.1 M
PHEM buffer and stir for 10 min at room temperature.
Incubate the solution for 4-6 h at 60 °C until the gelatine is
dissolved. Cool the solution down to 37 °C and add 0.1 M
PHEM bufter to a total volume of 100 ml while gently stir-
ring. Prepare 10 ml aliquots and store at 4 °C. Warm up to
37 °C betore use. Use 1 ml of gelatine per sample.

. 2.3 M sucrose in 0.1 M PHEM butffer.
. Uranyl oxalate pH 7.0: Add 50 ml of 4% (w/v) uranyl acetate

to 50 ml of 0.15 M oxalic acid while stirring, adjust pH 7.0
with ammonium hydroxide (25% stock, NH,OH) under con-
stant stirring; filter the solution through a filter (0.45 pm) and
store at 4 °C in the dark.

. 2% (w/v) methyl cellulose: heat 45 ml ddH,O to 90 °C, start

stirring, and add 1 g of methyl cellulose 25 centipoises (Sigma
Aldrich, St. Louis, MO, USA, cat. no. M-6385). Cool the
solution down on ice, seal it with parafilm, and stir overnight
at 4 °C. Leave the solution two more days at 4 °C without
stirring. Bring the volume to 50 ml with ddH,0O, centrifuge
for 1.5 h at 20,000 x g, and store the supernatant at 4 °C in
the dark.

. Methyl cellulose /uranyl acetate, pH 4.0: add 9 ml of 2%

methyl cellulose to 1 ml of 4% (w/v) uranyl acetate filtered
through 0.45 pm, mix gently, and store at 4 °C in the dark.

Ruthenium red solution: add a few mg ruthenium red to 50 ml
ddH,O0 until the color is red. Needed only for Tokuyasu cryo-
sectioning of isolated mitochondria (see Subheading 3.4).

2% (w/v) low-melting point agarose in ddH,0O, needed only
tor Tokuyasu cryosectioning of isolated mitochondria (see
Subheading 3.4). Add 1 g of low melting agarose to 50 ml
ddH,O0 and heat the solution until the agarose is dissolved. Let
the solution cool down at RT before use.

. 1% (w/v) bovine serum albumin (BSA) in PBS.

2. 0.02 M glycine in PBS (dissolve 0.075 g glycine in 50 ml PBS).

. 2% (w/v) gelatine in 0.1 M PHEM buffer. Fill the gelatine in

petri dishes with 5 cm diameter, seal with parafilm, and store
at 4 °C.

4. 1% glutaraldehyde (see item 3 of Subheading 2.1) in PBS.

. Blocking buffer (1% (w/v) BSA, 0.5% (v/v) cold-water fish

skin gelatine, 0.01% (w/v) BSA-c™ (Aurion, Wageningen,
The Netherlands) in PBS).

. Specific antibodies.
. Protein A-gold (10 nm size). Prepare the protein A-gold solu-

tion freshly. Add 2 pl of protein A-gold to 98 pl of 1% BSA in
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PBS (the color should be a very faint pink). Vortex immedi-
ately and spin down aggregates by centrifugation for 30 s at
full speed in a microfuge (12,000 x g). Place on ice until use.

1. To prepare ultrathin sections of samples embedded in Epon
(see Subheadings 3.1 and 3.2), we use a Leica Ultracut UCT
ultra microtome equipped with a diamond knife. For cryo-
ultramicrotomy after Tokuyasu fixation (see Subheadings 3.3
and 3.4) we use a Leica EM UC6i ultramicrotome equipped
with a FC6 cryo-chamber and a diamond knife.

2. Samples can be viewed in standard transmission electron
microscopes. We have two EM setups available: a Zeiss CEM
902A TEM equipped with a tungsten filament and a 1.3 mega-
pixel camera (Gatan Erlangshen ES500W), and a JEOL JEM-
2100 TEM equipped with a LaBs emitter, a 4k camera (Gatan
UltraScan4000)and a 1.3 megapixel camera (Gatan Erlangshen
ES500W).

3 Methods

3.1 EM of Yeast Cells
After Chemical
Fixation

Glutaraldehyde and osmium tetroxide are well-established reagents
for chemical fixation of biological samples for electron microscopy
[21, 24]. We describe a method for chemical fixation that includes
the removal of the rather thick yeast cell wall by enzymatic diges-
tion to facilitate the diffusion of fixatives and contrast-enhancing
reagents into the cell. This method is based on a slightly modified
protocol according to Bauer et al. [25] combined with contrast
enhancement according to Reynolds [26].

Overview of the method: Cells are harvested, washed, and
then fixed with 2% glutaraldehyde. Glutaraldehyde efficiently
immobilizes proteins by covalently cross-linking primary amino
groups. In the next step, the cell wall is digested with zymolyase,
an enzyme isolated from Arthrobacter sp. that hydrolyzes linear
glucose polymers with p-1,3-linkages in yeast cell walls. A second
fixation with potassium ferrocyanide-reduced osmium tetroxide is
used for fixation of lipids and staining of membranes. Osmium
tetroxide oxidizes unsaturated fatty acids and is reduced to osmium
dioxide that adds contrast to the sample. Then, yeast cells are
embedded in agarose to facilitate handling of the sample. En bloc
staining with uranyl acetate is used to further enhance the contrast.
The sample is then dehydrated with a graded ethanol series and
infiltrated with Epon using propylene oxide as intermediate solvent
[23]. After polymerization of Epon, ultrathin sections are prepared
at room temperature. After mounting on copper grids contrast is
enhanced by post-staining the sections with uranyl acetate fol-
lowed by lead citrate.
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Fig. 2 Electron microscopy of yeast cells after chemical fixation. (@) Saccharomyces cerevisiae strain YPH499
[32] grown on glucose-containing YPD medium. ER endoplasmic reticulum, M mitochondrion, N nucleus, V
vacuole; bar 1 pm. (b, ¢) Mitochondria of cells grown on YPD medium. Bars, 200 nm. (d) YPH499 cells grown
on non-fermentable glycerol-containing YPG medium. Bar, 1 um. (e, f) Mitochondria of cells grown on YPG
medium. Bars, 200 nm

The advantages of this method are that handling is relatively
easy and no special equipment is needed. On the other hand,
zymolyase treatment has to be optimized for each strain and
growth condition and sample preparation is rather time-consuming.
The protocol is not useful for immunolabeling, because most anti-
gens are masked or destroyed by high glutaraldehyde and osmium
tetroxide concentration and Epon embedding. See Fig. 2 for exam-
ples of electron microscopy of chemically fixed yeast cells.

1. Grow yeast cells in 25 ml liquid medium overnight to logarith-
mic growth phase (ODgg 0.5) (se¢ Note 1).

2. Harvest the cells by centrifugation for 10 min at 2300 x 4 and
wash in 10 ml PBS at room temperature.

3. For glutaraldehyde fixation, add 10 ml of a solution of 2%
(v/v) glutaraldehyde in CaCo buffer, gently resuspend the
cells, and incubate for 30 min at 4 °C. Then resuspend and
wash three times in 10 ml CaCo bufter (2300 x g, 5 min).
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4. For the digestion of the cell wall, resuspend the cells in 10 ml
50 mM Tris-HCI, pH 7.5, 5 mM MgCl,, 1.4 M sorbitol,
0.5% (v/v) p-mercaptoethanol and add the desired amount
of zymolyase 20 T (final concentration about 1.0-3.0 mg/
ml; see Note 2). Incubate for 10 min at room temperature.
Wash two times in 10 ml CaCo buffer, transfer the cells to a
1.5 ml microfuge tube, wash again in 1 ml CaCo buffer (cen-
trifuge for 5 min at 1700 x g in a microfuge), and discard the
supernatant.

5. For potassium ferrocyanide-reduced osmium tetroxide fixa-
tion, add 250 pl 2% OsOy, 250 pl H,O, and 500 pl 1.6%
K-ferrocyanide (II) (see Note 3). Vortex the cells for at least
20 s to obtain a homogeneous suspension. Incubate for 5 min
at 4 °C, spin down the cells, and repeat the fixation step.
Wash three times in 1 ml ddH,O by centrifuging at 1700 x g4
for 5 min.

6. To start agarose embedding, freshly prepare a 2% (w/v) aga-
rose solution and allow it to cool down to about 40-50 °C. Use
a toothpick to stir the cell pellet to loosen it before adding the
agarose. Add the same volume of agarose to the cell pellet and
vortex immediately until the suspension is homogeneous. Put
the sample on ice or into the fridge for a few minutes to allow
the agarose to solidify. Carefully remove the sample from the
microfuge tube (see Note 4). Place the sample in a drop of
ddH,O0 on a microscope slide, cut blocks of about 1 mm?3 vol-
ume, and place them into a fresh 1.5 ml reaction tube (up to
ten blocks of the same sample can be placed in the same reac-
tion tube) filled with ddH,0O. Wash three times for 10 min at
room temperature by removing the water using a plastic
Pasteur pipette tip with a narrow opening (see Note 5).

7. For en bloc staining, incubate the agarose block in 1.5 ml 1%
(w/v) uranyl acetate overnight at 4 °C or for 90 min at room
temperature.

8. Prepare 30, 50, 70, 95, and 100% ethanol solutions and store
them at 4 °C (30%, 50%) or =20 °C (70-100%) until use.
Prepare and pre-cool (=20 °C) ethanol /propylene oxide mix-
ture (1:1), pure propylene oxide, and Epon/propylene oxide
mixtures (1:3, 1:1, 3:1).

9. Before dehydration and Epon infiltration, remove the uranyl
acetate solution and wash the sample for 5 min in
H,0. Dehydrate the sample according to the following scheme
(see Note 6). Use plastic Pasteur pipettes with a narrow open-
ing and use 2 ml of each solution per sample.

30% ethanol, 15 min at 4 °C.
50% ethanol, 15 min at 4 °C.
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3.2 EM of Isolated
Mitochondria

After Chemical
Fixation

70% ethanol, 15 min at —20 °C.
95% ethanol, 15 min at —20 °C.
Three times 100% ethanol, 20 min each at =20 °C.
Ethanol /propylene oxide (1:1), 15 min at =20 °C.

Two times pure propylene oxide, 15 min each at —20 °C.

Proceed with the infiltration according to the following scheme:

10.

11.

12.

Epon/propylene oxide (1:3), 3 h at —=20 °C.
Epon/propylene oxide (1:1), overnight at —20 °C.
Epon/propylene oxide (3:1), 3 h at room temperature.
Pure Epon; 3 h at room temperature (see Note 7).

Change Epon and incubate overnight at room temperature
(see Note 8).

To prepare for Epon polymerization, fill two drops of Epon
into BEEM® capsules or the cavities of an embedding mold,
add a single agarose block per capsule /cavity, and fill up with
fresh Epon. Polymerize for about 48 h at 60 °C.

The sample is now ready for trimming and sectioning. Cut
ultrathin sections of 50-70 nm and retrieve sections on
pioloform-coated copper slot grids.

For contrast enhancement, place the grid with the section down
on a droplet of 2% (w/v) uranyl acetate (see Note 9) in a petri
dish, cover the petri dish (uranyl acetate is sensitive to light),
and incubate the grid for 25 min at room temperature. Wash
the grid with the section down in a series of drops of ddH,O (in
total four drops, incubate three times for 1 min followed by one
time for 2 min). Place the grid on a droplet of lead citrate in a
petri dish, cover the petri dish, and incubate for 2.5 min. Wash
the grid with the section down in a series of drops of ddH,O (in
total six drops, four times for 1 min, two times for 2 min), pick
up the grid with forceps, and carefully remove the water using
a piece of filter paper. Dry the grid for at least an hour before
examination in the transmission electron microscope. Grids can
be stored indefinitely at room temperature.

Mitochondria isolated by differential centrifugation [27, 28] can
be manipulated in vitro in various assays and analyzed by electron
microscopy after chemical fixation [29]. However, possible changes
of ultrastructure that might occur during isolation or manipulation
of mitochondria have to be considered. For example, the mito-
chondrial outer membranes tend to fuse during centrifugation.
This can be avoided by the addition of EDTA or another inhibitor
of the GTP-dependent fusion machinery during the isolation pro-
cedure. Furthermore, if preservation of mitochondrial ultrastruc-
ture is critical, the organelles have to be always treated gently to
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P
. B

Fig. 3 Electron microscopy of isolated mitochondria after chemical fixation. (a) Overview of a region of the
organelle pellet containing a high portion of intact mitochondria. Bar, 1 pm. (b—e) Mitochondria isolated from
wild-type cells grown on respiratory media. Bars, 200 nm

avoid unnecessary physical forces. Moreover, depending on the
osmotic conditions used, swelling or shrinking of the mitochon-
drial matrix will be observed. The general procedure for fixation is
very similar to chemical fixation of yeast cells described above (see
Subheading 3.1). As mentioned above, this protocol is not suitable
for immunolabeling. See Fig. 3 for examples of electron micros-
copy of isolated mitochondria after chemical fixation.

1. Spin down the mitochondria at 13,000 x g in a 1.5 ml
microfuge tube. The pellet should be compact and have a
diameter of 2—4 mm.

2. For fixation, add 1 ml of a solution of 1.5% (v/v) glutaralde-
hyde, 3% (v/v) formaldehyde, and 2.5% (w/v) sucrose (see
Note 10) in CaCo buffer (see Note 11) to the mitochondrial
pellet, gently detach the pellet from the wall of the tube by
carefully agitating, and incubate for 1 h at 4 °C. During the
incubation time, gently agitate the tube from time to time and
change the fixation buffer twice, using a plastic Pasteur pipette
with a narrow opening (see Note 12).

3. Remove the fixation buffer carefully, but not completely, using
a Pasteur pipette tip with a narrow opening (se¢ Note 13).
Wash the pellet by carefully adding 1 ml ddH,O and incubate
for 10 min at room temperature. Repeat the washing step
twice. Incubate the pellet in 1 ml 1% (v/v) OsO, for 1 h at
4 °C (see Note 3). Wash four times for 10 min with 1 ml
ddH,O at room temperature.
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Fig. 4 Agarose embedding of isolated mitochondria. (a) To allow the agarose to solidify first at the bottom of
the tube, place the microfuge tube with its tip on ice (the agarose was stained to make it visible on the photo-
graph). (b) The ruthenium red-stained pellet should be located somewhere in the middle of the tube after the
agarose has solidified. (¢) The tip of the tube is cut off using a single edge razor blade. (d) To remove the
agarose from the tube we use a device assembled from a rubber bulb, a glass Pasteur pipette with a broken
tip, and a rubber tube of suitable diameter. (e) This device is used to blow the agarose block out of the
microfuge tube to facilitate further trimming with a razor blade. (f) The sample is ready for dehydration and
Epon embedding or cryo-protection, respectively

4. Incubate the pellet overnight in 1.5 ml 0.5% uranyl acetate at
4 °C. Wash the pellet three times in 1 ml ddH,O.

5. Carefully remove the pellet from the tube and place it into a
drop of water. Cut the pellet into pieces of about 1 mm? (see
Note 14).

6. To start agarose embedding (Fig. 4), freshly prepare a 2% (w/v)
agarose solution and allow it to cool down to about40-50 °C. Fill
a 1.5 ml microfuge tube with warm agarose and place its tip on
ice for 2 min to allow the agarose to solidify first at the bottom
of the tube. Then add the sample (only one sample per reaction
tube, it should be located in the middle of the reaction tube),
close the tube, and cover it completely with ice for a few min-
utes. Cut off the tip of the tube, remove the agarose block, and
recover the sample by removing most of the agarose using a
razor blade. Leave some agarose around the sample and put it
into a 2 ml reaction tube filled with ddH,O.
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7. Prepare 30, 50, 70, 90, and 100% ethanol solutions and store
them at 4 °C (30%, 50%) or =20 °C (70-100%) until use.
Prepare and pre-cool (=20 °C) ethanol /propylene oxide mix-
ture (1:1), pure propylene oxide, and an Epon/propylene
oxide mixture (1:1).

8. Wash the sample for 5 min in 2 ml ddH,O. For dehydration
and Epon infiltration, add increasing concentrations of ethanol,
propylene oxide, and Epon according to the following scheme
and incubate at the indicated temperatures (see Note 6):

30% ethanol, 15 min at 4 °C.
50% ethanol, 15 min at 4 °C.
70% ethanol, 15 min at —20 °C.
90% ethanol, 15 min at —20 °C.
Two times 100% ethanol, 20 min each at —20 °C.
Ethanol /propylene oxide (1:1), 15 min at —20 °C.
Two times pure propylene oxide, 15 min each at —20 °C.
Epon/propylene oxide (1:1), over-night at =20 °C.
Warm the sample to room temperature, open the tube,
and allow the propylene oxide to evaporate for 6-8 h at room
temperature (see Note 15). Put the sample into a new tube,

cover it with fresh Epon, and incubate overnight at room tem-
perature (see Note 16).

9. Place the sample in the cavity of an embedding mold contain-
ing some drops of Epon, orient the sample in the desired way,
fill the cavity completely with Epon, and polymerize for about
48 h at 60 °C.

10. Continue with step 11 as described above (see Subheading 3.1).

The Tokuyasu method [22] combines chemical fixation with infiltra-
tion of sucrose as cryo-protectant and cryosectioning. The procedure
preserves antigens because it avoids the use of high glutaraldehyde
concentrations, osmium tetroxide, dehydration, and plastic embed-
ding. It yields a clear negative contrast of cellular membranes and
permits immunogold labeling. The protocol described here is based
on the procedure published by Griffith et al. [30].

Overview of the method: Cells are fixed with formaldehyde/
glutaraldehyde under relatively mild conditions that preserve epit-
opes for immunolabeling. In the next step, the yeast cells are
treated with periodic acid to permeabilize the cell wall [31]. To
facilitate handling of the sample, cells are embedded in gelatine.
Infiltration with sucrose serves as a cryo-protectant to prevent ice
crystal formation when the sample is frozen. The sample is then
frozen in liquid nitrogen and sectioned in a frozen state. Ultrathin
sections are retrieved on methyl cellulose /sucrose and warmed up
to room temperature. Staining with uranyl oxalate and uranyl
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acetate yields negative contrast. Sections can be either viewed
directly by transmission electron microscopy or be further treated
for immunogold labeling [30].

The advantages of this method are that it yields a superb con-
trast of organellar membranes, antigens are preserved for immuno-
labeling, and the procedure is relatively fast. On the other hand,
the procedure depends on the availability of a cryo-ultramicrotome,
large amounts of liquid nitrogen are consumed, and pickup and
contrast enhancement of cryosections are rather difficult and
require some practice. See Fig. 5 for examples of electron micros-
copy of yeast cells after Tokuyasu cryosectioning.

1. Grow yeast cells in 10 ml liquid medium overnight to logarith-
mic growth phase (ODgyy 0.8-1.2).

2. For fixation, harvest the cells by centrifugation at 2300 x g,
resuspend them in 10 ml 2x fixation buffer, and incubate for
20 min at room temperature on a roller. Centrifuge again,
resuspend the cells in 10 ml 1x fixation buffer, incubate for
2.5—4 h at room temperature on a roller (the longer this fixa-
tion step is, the better), pellet the cells, and resuspend them in
1.5 ml 0.1 M PHEM buffer. Wash the cells three times in
1.5 ml 0.1 M PHEM butffer (centrifuge for 30 sec at full speed
in a microfuge, i.e., 17,000 x g).

3. To permeabilize the yeast cell wall, add 1 ml freshly prepared
1% periodic acid in 0.1 M PHEM bufter, gently resuspend the
cells, and incubate for 1 h at room temperature on a roller.
During the incubation time, pre-warm 12% gelatine in 0.1 M
PHEM butffer to 37 °C. Wash the cells three times in 1.5 ml
0.1 M PHEM buffer (see Note 17).

4. To embed the cells, resuspend them in 1 ml 12% (w/v) gela-
tine in 0.1 M PHEM buffer and incubate for 10 min at
37 °C. Gently mix one or two times during the incubation.
Centrifuge for 3 min at room temperature at full speed in a
microfuge (use a swing-out rotor if available) to concentrate
the cells (do not remove the supernatant). Incubate for 15 min
at 4 °C, remove the solidified sample from the tube (cut oft the
tip of the tube where the cells are concentrated and carefully
remove the sample using a toothpick), place it in a drop of
0.1 M PHEM butfer on a microscope slide, and cut blocks of
about 1 mm? volume.

5. For cryo-protection, immerse all blocks of the same sample in
a 2 ml tube filled with 2.3 M sucrose in 0.1 M PHEM buffer
and incubate overnight at 4 °C under agitation.

6. Mount the sample on an ultramicrotome specimen holder (use
aluminum or copper pins), remove surplus sucrose with filter
paper (some sucrose should remain on the sample as glue to
hold it on the pin), and freeze the sample by plunging into
liquid nitrogen.
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Fig. 5 Electron microscopy of yeast cells after Tokuyasu cryosectioning. (@) Saccharomyces cerevisiae strain
YPH499 [32] grown on non-fermentable glycerol-containing YPG medium. M mitochondrion, N nucleus; bar,
500 nm. (b—e) Mitochondria of cells grown on YPG medium. Bars, 200 nm. (f-h) Immunogold labeling of yeast
cells expressing a subunit of the ATP synthase, Atp2, fused to a triple HA tag (Atp2-3xHA). Cells were grown on
glycerol-containing YPG medium. Bars, 200 nm

7. Prepare the pickup solution half an hour before sectioning:
mix 2% (v/v) methyl cellulose solution with the same volume
of 2.3 M sucrose (in 0.1 M PHEM bufter) solution, place it
on a rotator at 4 °C until it is homogeneous, and keep it
together with Formvar-coated mesh grids on ice (see Note 18)
until use.
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8.

10.

11.

12.

After trimming the sample to a suitable size, cut 50 nm sec-
tions at —120 °C. Shift flat ribbons of sections with an eyelash
from the knife-edge and pick up in a wire loop filled with a
drop of pickup solution (1% methyl cellulose, 1.15 M sucrose
in PHEM bufter). Thaw sections on the pickup droplet and
transfer them, sections downward, onto Formvar-coated cop-
per grids.

. (2) If no immunolabeling is required, place the grid, section

downward, on a drop of PBS, incubate for 20 min at 37 °C,
and then incubate on a drop of ddH,O for 20 min at
37 °C. Continue with step 11.

(b) If immunolabeling is required, place the grid, section
downward, on 2% gelatine in 0.1 M PHEM butffer in a small
petri dish (diameter 5 cm), and incubate for 40 min at 37 °C.

For immunolabeling, prepare a long strip of parafilm with a
series of drops (prepare them right before they are needed) for
the following incubations: incubate six times for 2 min each on
0.02 M glycine in PBS and six times 2 min each on PBS. Incubate
the grid for 1 h on blocking buffer at room temperature (see
Note 19). Place the grid on a droplet (7 pl per grid) contain-
ing an appropriate concentration of antibody diluted in block-
ing buffer (see Note 20) and incubate for 60 min (se¢e Note
19). To wash the sample, incubate six times for 2 min on PBS
drops. Then, incubate for 20 min on a protein A-gold droplet
(7 pl per grid) (see Notes 19 and 20). Wash six times for 2 min
on PBS. To crosslink the antibody to protein A-gold, incubate
for 10 min on a droplet of 1% glutaraldehyde in PBS. Wash six
times for 2 min on PBS (see Note 21).

For contrast enhancement, prepare a long strip of parafilm
with a series of drops (prepare them right before they are
needed) for the following incubations: incubate six times for
2 min each on ddH,O at room temperature, incubate for
10 min on uranyl oxalate pH 7.0 at room temperature, rinse in
a big drop of ddH,O and two drops of methyl cellulose /uranyl
acetate pH 4.0 on ice, and incubate for 10 min on methyl cel-
lulose /uranyl acetate pH 4.0 on ice. Pick up the grid with a
loop with 3.5-4 mm diameter, remove excess methyl cellu-
lose /uranyl acetate by tilting the loop, touching a filter paper
with the loop carrying excess methyl cellulose /uranyl acetate
and then immediately pulling it over the filter paper leaving
behind a thin film of methyl cellulose /uranyl acetate on the
grid (sec Note 22).

Dry the grids overnight before analyzing them in a transmis-
sion electron microscope. Grids can be stored indefinitely at
room temperature.
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3.4 Tokuyasu For the analysis of isolated mitochondria by Tokuyasu cryosectioning
Cryosectioning and immunolabeling, the same considerations as outlined above
of Isolated should be taken into account (see Subheading 3.2). Ruthenium red
Mitochondria is used to stain the mitochondrial pellet and improve its visibility to

facilitate handling of the sample. This chemical does not have any
influence on the ultrastructure of mitochondria. Low-melting point
agarose is used instead of gelatine for embedding, because sections
are more stable and agarose can be removed during immunogold
labeling. See Fig. 6 for examples of electron microscopy of isolated
mitochondria after Tokuyasu cryosectioning.

1. For fixation, spin down the mitochondria at 13,000 x g in a
1.5 ml microfuge tube. The pellet should be well visible and
have a diameter of 2—4 mm. Resuspend the mitochondria in
1 ml 2x fixation buffer, and incubate for 20 min at room tem-
perature on a roller. Then, centrifuge for 5 min at 3000 rpm
(800 x g) at room temperature in a microfuge, resuspend in
1 ml Ix fixation buffer, and incubate for 2.5-4 h (the longer

TR R

Fig. 6 Electron microscopy of isolated mitochondria after Tokuyasu cryosectioning. (a—¢) Mitochondria isolated
from wild-type cells grown on glycerol-containing YPG medium. (d, €) Immunogold labeling of mitochondria
isolated from a strain expressing the outer membrane porin, Por1, fused to a triple HA tag (Por1-3xHA). Bars,
200 nm
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the incubation is, the better) at room temperature. Wash the
mitochondria three times for 10 min in ddH,O at room tem-
perature (see Note 13). Add 1 ml ruthenium red solution to
the pellet and incubate for 20-30 min. The pellet should have
a clearly visible red /pink color. Repeat this step once if neces-
sary. Wash the mitochondrial pellet three times in 1 ml ddH,O
without resuspension.

. To start agarose embedding (Fig. 4), heat 2% low-melting

point agarose and allow it to cool down to about 40-50 °C. Fill
a 1.5 ml microfuge tube with warm low-melting point agarose
and place it with its tip on ice. Remove the mitochondrial pel-
let carefully out of the reaction tube using a toothpick and put
the mitochondrial pellet into a water drop on parafilm. Cut
the pellet into pieces of a maximum size of 1 mm?® using a
razor blade (see Note 14). Then add the sample to the agarose
(it should be located in the middle of the reaction tube), close
the tube and cover it completely with ice for a few minutes.
Cut off the tip of the tube, remove the agarose block, and
recover the sample by removing most, but not all, of the aga-
rose using a razor blade.

. Continue with step 5, as described above (see Subheading 3.3).

4 Notes

. The OD is very important. When cells enter the stationary

growth phase the cell wall becomes very thick and it will be
difficult to remove it by zymolyase treatment. If the OD is too
low, over-digestion of the cell wall occurs and organellar ultra-
structure will not be well preserved. When growing cells in
rich YPD medium we find it convenient to inoculate 20 ml
medium with an inoculation loop of cells and then prepare
three serial dilutions (1:1, 1:5, 1:25) for the overnight culture.
The next morning choose the culture with the best OD.

. The zymolyase concentration is critical and has to be opti-

mized for each strain and experimental condition. Zymolyase
solutions should always be prepared freshly, and difterent
batches of zymolyase might vary. For strains in the YPH499 or
W303 genetic background grown on rich glucose-containing
medium a zymolyase concentration of 1.5-2.0 mg/ml is a
good starting point. When grown on non-fermentable carbon
sources the concentration should be increased to at least
2.5 mg/ml. For strains in the BY4741 genetic background
grown on rich glucose-containing medium a concentration of
1.0-1.8 mg/ml might suffice, whereas this strain background
often requires 3.0 mg/ml or more after growth on non-
fermentable carbon sources. Mutants might require different
conditions.
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. The reagents have to be added in that order. Be careful! OsO,

is not only highly toxic but also volatile. Work under the fume
hood and wear eye protection!

. You may use a single edge razor blade to cut the tube to remove

the agarose block more easily.

. To prepare the pipette tip heat a plastic Pasteur pipette with a

lighter. When the plastic starts to get soft pull the tip with for-
ceps to elongate it. Let it cool down for a few seconds until it
gets hard and cut it with a razor blade. Use this tip to avoid loss
of"agarose blocks during the washing and dehydration steps.

. For 100% ethanol, propylen oxide, and Epon-containing mix-

tures, it is important to avoid absorption of moisture from the
air. Always close all bottles and tubes immediately after use.

. It is important to fully remove the previous solution before

adding pure Epon.

. The sample should sink to the bottom of the tube before

polymerization is started. If it still floats change the Epon again
and incubate for another few hours at room temperature until
the sample does sink.

. To avoid contamination of the sample with crystals or precipi-

tates from the uranyl acetate and lead citrate solutions, centri-
fuge both solutions before use for 8 min at high speed
(12,000 x g) in a microfuge.

Sucrose is added to avoid osmotic swelling of mitochondria.
Depending on the experiment the sucrose concentration might
be varied.

Glutaraldehyde lowers the pH of the solution. Check and
readjust pH.

When collaborating with another lab, it is convenient to mail
the sample in fixation buffer at this step. A 1.5 ml microfuge
tube should be filled almost completely with buftfer. To avoid
that the sample ends up in the air bubble at the top of the tube,
plug it with cotton wool thereby submerging the sample
completely.

To keep the pellet intact do not remove the solutions com-
pletely. The pellet is very unstable at this stage. Always use a
plastic pipette tip prepared according to Note 5. Avoid using
glass pipettes as minute glass splinters easily end up in the sample
that will damage the diamond knife during ultramicrotomy.

Always keep the pellet in water when cutting it. The center of
the pellet usually contains the highest portion of intact mito-
chondria. Try to avoid using the outer parts of the pellet,
because they may contain a high percentage of mitochondria
that were damaged during their isolation or manipulation.
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15.

16.

17.

18.

19.

20.

21.

22.

Complete evaporation of the propylene oxide should take
about 6-8 h. The rate of evaporation can be regulated by clos-
ing the lid of the tube every hour or so for about 30 min or by
partly closing the lid in such a way that just a small opening is
left. Proceed when the propylene oxide is completely evapo-
rated as judged by the reduction of the volume by about 50%.

The sample should be at the bottom of the tube the next day.
If it still floats incubate for some more hours in fresh Epon
until the sample does sink.

The cells tend to clump after periodic acid treatment. Cut a
pipette tip and resuspend the cells by pipetting up and down.

Pioloform support film is known to attract colloidal gold and
should be avoided when immunolabeling is planned.

To avoid water evaporation place some wet tissue next to the
drop and cover it with a lid of'a Petri dish or incubate in a con-
tainer with wet tissue.

Prepare the antibody solution freshly. Add the antibodies to
the blocking solution, mix thoroughly, and spin down anti-
body aggregates by centrifugation for 30 s at full speed in a
microfuge (12,000 x 4). Place on ice until use.

PBS should be removed completely by the following washing
steps because phosphate buffers may precipitate with uranium
salts.

The removal of methyl cellulose /uranyl acetate is critical and
requires some practice. A too thick film causes problems to
obtain sharp pictures in the TEM, whereas a too thin film
causes inhomogeneous staining. Always prepare enough grids.
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Chapter 19

Analysis of Mitochondrial Membrane Protein Complexes
by Electron Cryo-tomography

Vicki A.M. Gold, Tobias Brandt, Laetitia Cavellini, Mickael M. Cohen,
Raffaele leva, and Martin van der Laan

Abstract

The visualization of membrane protein complexes in their natural membrane environment is a major goal
in an emerging area of research termed structural cell biology. Such approaches provide important infor-
mation on the spatial distribution of protein complexes in their resident cellular membrane systems and on
the structural organization of multi-subunit membrane protein assemblies. We have developed a method
to specifically label active membrane protein complexes in their native membrane environment with
electron-dense nanoparticles coupled to an activating ligand, in order to visualize them by electron cryo-
tomography. As an example, we describe here the depiction of preprotein import sites of mitochondria,
formed by the translocase of the outer membrane (TOM complex) and the presequence translocase of the
inner membrane (TIM23 complex). Active import sites are selectively labeled via a biotinylated, quantum
dot-coupled preprotein that is arrested in translocation across the outer and inner mitochondrial mem-
branes. Additionally, a related method is described for direct labeling of mitochondrial outer membrane
proteins that does not depend on binding of a ligand.

Key words Electron cryo-tomography, Quantum dots, Mitochondria, Protein translocation,
Membrane proteins, TOM complex, Presequence translocase

1 Introduction

In most organisms, membrane proteins constitute up to 30 % of
the cellular proteome [1]. They are localized to the plasma mem-
brane or intracellular membrane-bound compartments (organ-
elles) where they assemble into functional protein complexes that
mediate the transport of ions, metabolites, or macromolecules,
engage in signal transduction events, energy-converting reactions,
and many other processes. Methods for the subcellular localiza-
tion and biochemical characterization of membrane protein com-
plexes are well established in many laboratories worldwide.
However, the direct visualization of protein complexes and analy-
sis of their spatial distribution in native membranes have remained
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major challenges. Recent technological advances in the field of
electron cryo-tomography (cryo-ET) have opened up new avenues
to tackle this problem [2]. Cryo-ET involves three-dimensional
imaging of flash-frozen biological material at liquid nitrogen tem-
perature in a dedicated electron microscope, allowing information
on surface exposed and internal cellular /organellar architecture to
be obtained at nanometer resolution. However, only membrane
protein complexes that are sufficiently large, or exhibit a charac-
teristic shape of their soluble domains, such as the mitochondrial
F,F, ATP-synthase, are easily identified by this technique in native
membrane preparations [3]. Another challenge is the ability to
discriminate between active (ligand-bound) membrane protein
complexes and the inactive population. We have recently estab-
lished a technology termed STAMP (Specifically TArgeted
Membrane nano Particle) that enables, for the first time, the direct
visualization of active, ligand-bound membrane protein com-
plexes in native membranes using dense quantum dots (QDs) spe-
cifically coupled to a protein ligand. The STAMP method was first
used to label and localize active preprotein import sites of isolated
mitochondria in situ by cryo-ET [4].

Most mitochondrial proteins are encoded by nuclear genes
and are synthesized with amino-terminal, positively charged prese-
quences in the cytosol. The presequences are recognized by recep-
tors on the mitochondrial surface and preproteins enter
mitochondria via the general preprotein translocase of the outer
mitochondrial membrane (TOM complex) [5-7]. In the mito-
chondrial intermembrane space the preproteins are transferred to
the presequence translocase of the inner membrane (TIM23 com-
plex) [8-10]. The direct hand-over of preproteins from the TOM
to the TIM23 machinery leads to the formation of two-membrane-
spanning translocation intermediates that expose their presequence-
containing amino terminus to the mitochondrial matrix, whereas
the carboxy terminus is still accessible on the outer surface of the
mitochondria. Driving forces for mitochondrial protein import are
provided by the electrical potential across the inner membrane and
ATP hydrolysis by mitochondrial Hsp70, the core component of
the presequence translocase-associated import motor (PAM).

To develop the STAMP method, we established an experimen-
tal protocol to generate arrested, two-membrane-spanning trans-
location intermediates of an intensively studied model preprotein,
termed b,A-DHFR [11-14]. The preprotein is composed of the
presequence-containing amino-terminal domain of the mitochon-
drial protein cytochrome &, fused to dihydrofolate reductase
(DHFR). To obtain stable translocation intermediates, the inner
membrane sorting signal of cytochrome &, was deleted from the
fusion protein [11]. We used a modified version of b,A-DHFR
containing a single cysteine residue at the carboxy terminus of the
DHFR moiety (b,A-DHEFR.) [4]. The preprotein was expressed
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Fig. 1 Accumulation of b,A-DHFRy;y, in mitochondrial preprotein import sites.
Left: Schematic representation of active preprotein import sites composed of the
TOM and TIM23 complexes holding a translocation-arrested b, A-DHFR,;, pre-
protein. OM outer membrane, /M inner membrane, /MS intermembrane space,
MTX methotrexate. Right: Blue native-PAGE analysis of mitochondrial preprotein
import sites. TIM23 complexes are detected in untreated (/ane 7) or b,A-
DHFRiin-loaded (/ane 2) mitochondria by Western blotting using an antibody
against the Tim23 subunit. Translocation arrest of b,A-DHFR,, in @ two
membrane-spanning fashion tethers TOM and TIM23 into preprotein-carrying
supercomplexes

in E. coli cells and purified. The C-terminal cysteine residue was
subsequently biotinylated and the resulting modified preprotein
b,A-DHFR;o, Was incubated with isolated mitochondria in the
presence of the DHFR-ligand methotrexate. Under these condi-
tions, the folding of the methotrexate-bound DHFR domain is
stabilized preventing its passage through the mitochondrial pro-
tein import channels [11]. Two-membrane-spanning import inter-
mediates are formed that contain the TOM and TIM23 complexes
connected by the arrested preprotein (Fig. 1, cartoon). The folded
DHFR-domain of the preprotein remains on the outer surface of
the mitochondria. The exposed biotin moiety is then used to spe-
cifically couple streptavidin-coated QDs to the translocation inter-
mediate thereby labeling active preprotein import sites. The
fluorescent properties of the QDs are used to determine labeling
specificity of large sample sizes quickly, without the need for highly
specialized equipment, whereas the dense core of these nanoparti-
cles allows for their precise localization in cryo-tomograms of
preprotein-loaded mitochondria. We also briefly describe a varia-
tion of our STAMP method that does not rely on labeling via an
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activating ligand, and is therefore more generally applicable for
labeling exposed membrane protein targets. In this approach,
biotinylation of an outer mitochondrial membrane protein (e.g.,
Fzol/mitofusin) is achieved by fusing the exposed carboxy-
terminus of the protein with an Avi-tag, a 15 amino-acid peptide
that is recognized and specifically biotinylated by the E. coli biotin
ligase BirA [15, 16].

2 Materials

2.1 Expression
and Purification
of b,A -DHFR,,

. Plasmid pUHE-#,A-DHFR, [4].

. Competent E. coli cells (see Note 1).

. 10 ml ampicillin stock solution at 100 mg/ml in H,O.
. 6 x 51 baffled flasks.

. 121 LB medium: 100 g Bacto tryptone, 50 g yeast extract, and
100 g NaCl, dissolved in 10 1 dH,O (adjust pH to 7.5, sterilize
by autoclaving).

[ 2B O I S

6. LB-Amp agar plates: 100 ml sterile LB medium with 1.5 g agar
(dissolve in a microwave, add 100 pg,/ml ampicillin [final con-
centration | and pour into sterile petri dishes to set).

7.12ml 1 M IPTG solution.

8. 500 ml Resuspension bufter: 20 mM Tris—-HCI pH 8, 50 mM
NaCl, 1 mM EDTA, 10 mM DTT.

9. Cell disruptor (Constant Systems Ltd., Northamptonshire,
UK).

10. Ion exchange chromatography column packed with SP-
Sepharose Fast-Flow (GE Healthcare, Chalfont, UK) to a bed
volume of approximately 80 ml.

11. Protein purification system, e.g,. AKTA pure (GE Healthcare,
Chalfont, UK).

12. Bufter A: 20 mM Tris—-HCI pH 8, 150 mM NaCl, 1 mM
EDTA, 10 mM DTT.

13. Buffer B: 20 mM Tris-HCI pH 8, 500 mM NaCl, 1 mM
EDTA, 10 mM DTT.

14. Buffer C: 20 mM Tris-HCI pH 8, 150 mM NaCl, 1 mM
EDTA.

15. 2x 10 % Tris—glycine SDS-PAGE gels and gel running
apparatus.

16. Size-exclusion chromatography column, e.g., Superdex 75
16,/600 (GE Healthcare, Chalfont, UK).

17. Amicon Ultra-15 ml with a molecular weight cutoft of 30 kDa
(Merck Chemicals, Darmstadt, Germany).
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. Purified b,A-DHFR (prepared according to Subheading 3.1).
.20 mM Maleimide-PEG,;-biotin (Pierce, Rockford, USA)

stock solution prepared in Buffer C described in Subheading 2.1
(see Note 2).

. Size-exclusion chromatography column, e.g., Superdex 75

10,/300 (GE Healthcare, Buckinghamshire, UK).

. HABA biotin quantitation kit (Pierce, Rockford, USA).

. Isolated mitochondria, e.g., from the baker’s yeast ( Saccharomyces

cerevisine) wild-type strain YPH499 (seec Note 3).

. Biotinylated preprotein b,A-DHFRy,i, (prepared according

to Subheading 3.2).

. SEM bufter: 250 mM sucrose, 1 mM EDTA, 10 mM MOPS-

KOH pH 7.2.

. Import buffer: 10 mM MOPS-KOH pH 7.2, 3 % (w/v) fatty

acid-free BSA, 250 mM sucrose, 80 mM KCIl, 5mM MgCl,,
2mM KH,PO,, 5mM methionine, 2mM NADH, 2mM ATPD,
5mM creatine phosphate, 0.1 mg,/ml creatine kinase.

. Methotrexate stock solution, 10 mM dissolved in 100 mM

MOPS-KOH pH 7.2 (see Note 4).

. Digitonin buffer: 20mM Tris-HCI pH 7.4, 0.1 mM EDTA,

50mM NaCl, 1 % (w/v) digitonin, 10 % (v/v) glycerol.

. 10x Blue native-PAGE loading buffer: 100 mM Bis—Tris—HCl

pH 7.0, 500 mM 6-aminocaproic acid, 5 % (w/v) Coomassie
Brilliant Blue G-250.

. 6-16.5 % polyacrylamide Blue native-PAGE gradient gel (see

Note 5).

4. PVDF blotting membrane.

. Polyclonal antibodies raised against the Tim23 protein (see

Note 6).

. Mitochondria loaded with b,A-DHFR,,;, import intermedi-

ates (prepared according to Subheading 3.3).

. Amicon Ultra-0.5 ml with a molecular weight cutoft of 50 kDa

(Merck Chemicals, Darmstadt, Germany).

. Streptavidin-coated QDyps (Invitrogen, Carlsbad, USA).
4. Sorbitol Buffer A: 30 mM Tris—Cl pH 7.4, 12.25 % sorbitol,

3 mM EDTA.

. Sorbitol Buffer B: 10 mM Tris—Cl pH 7.4, 8.75 % sorbitol,

1 mM EDTA.

. Working Solution (WS) of 40 % iodixanol, made by mixing 4

volumes of Optiprep density gradient medium (Sigma-Aldrich,
St. Louis, USA) with 2 volumes of Sorbitol Buffer A.
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2.6 CGonfocal
Fluorescence
Microscopy

2.7 Electron
Cryo-tomography

7.

Todixanol gradient solutions prepared by diluting the WS with
Sorbitol Buffer B to concentrations of 0-27 % iodixanol (0, 3,
6,9,12,15,18, 21, 24,27 % [v/v]). Five hundred microliter
of each solution will be sufficient for two samples (labeling
experiment and control); larger volumes can be prepared and
stored at 4 °C.

. SEM bulfter (see Subheading 2.3).
. Ultracentrifuge with swing-out rotor, such as Optima MAX-XP

with TLS-55 rotor (Beckman Coulter, Brea, USA).

. MitoTracker Green dye (Invitrogen, Carlsbad, USA) stock

solution, prepared in high-quality anhydrous dimethylsulfox-
ide (DMSO) to a concentration of 1 mM. The solution can be
stored at —20 °C protected from light.

2. 8-well chamber slides (Sarstedt, Niimbrecht, Germany).

. SeaKem low-melting point agarose (Lonza, Basel, Switerland),

dissolved in water to a final concentration of 2 %. This should
be prepared immediately before use.

4. SEM buffer (see Subheading 2.3).

. QD-labeled and control mitochondria, prepared according to

Subheading 3.5.

. Inverted confocal microscope, e.g., LSM 710 (Carl Zeiss,

Jena, Germany).

. Mitochondria subjected to import of b,A-DHFR,;, or to a

control reaction, both incubated with QDs as described in
Subheadings 3.3 and 3.5.

.R2/2 Cu 300 mesh holey carbon-coated support grids

(Quantifoil, Jena, Germany).

. Glow discharge cleaning system, e.g., PELCO easiGlow (Ted

Pella Inc., Redding, USA).

. Suspension of 10 nm protein A-gold particles (Aurion,

Wageningen, Netherlands). The volume required depends on
the number of grids to prepare. For 10 grids, approximately
15 pl will be sufficient.

. High-precision tweezers, e.g., Dumont carbon steel (Plano,

Wetzlar, Germany).

. Whatman filter paper grade 41 (GE Healthcare, Chalfont, UK).
. Grid storage boxes.

. Plunge-freezing device, home-made or company produced,

e.g., Vitrobot (FEI, Hillsboro, USA) or EM GP (Leica,
Wetzlar, Germany).

. Tomography-capable electron microscope with cryo-transfer

holder for vitrified specimens, ideally operating at 300 keV,
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e.g., Titan Krios (FEI, Hillsboro, USA) or JEOL3200-FSC
(JEOL, Tokyo, Japan), with a high-tilt stage, energy filter and
direct electron detector camera, e¢.g., K2 Summit (Gatan,
Pleasanton, USA).

Computer software capable of tomographic data collection,
e.g., Digital Micrograph (Gatan, Pleasanton, USA) or
SerialEM [17], plus software capable of tomographic recon-
struction and visualization, e.g., IMOD [18] or AMIRA
(FEI, Hillsboro, USA).

. Isolated mitochondria exposing an Avi-tag (a 15 amino-acid

peptide: GLNDIFEAQKIEWHE [15]) fused to an outer

Labeling mitochondrial membrane protein of interest, e.g., Fzol/

of Mitochondrial Outer mitofusin.

Membrane Proteins 2. Biotin Protein Ligase kit (GeneCopoeia Inc., Rockville, USA):
BirA (1 pg/pl stock solution), Biomix-A, Biomix-B, d-biotin
solution.

3. NMIB buffer: 20 mM Hepes—KOH pH 7.4, 0.6 M sorbitol,
5 mM MgCl, 50 mM KCl, 100 mM KOAc.

4. Biotinylation buffer: 700 ul NMIB + 100 pl Biomix-A + 100 pl
Biomix-B + 100 pl d-biotin solution.

5. Streptavidin-coated QD55 (Invitrogen, Carlsbad, USA).

6. EM buffer: 320 mM trehalose, 20 mM Tris—-HCI pH 7.4,
1 mM EGTA.

3 Methods

3.1 Expression
and Purification
of boA -DHFR,

The first step of the method includes expression and purification of
the target protein. For the downstream application of b,A-DHFR,
in preprotein import reactions, it is important to obtain highly
concentrated, fully soluble protein and to avoid oxidation of the
engineered cysteine residue at the carboxy terminus (leading to
dimer formation).

1.

Transform plasmid pUHE-4,A-DHFR_, into competent E. coli
cells using standard bacterial transformation methods (see
Note 1).

. Spread cells onto an LB-Amp agar plate and incubate at 37 °C

overnight.

. Using a sterile pipette tip, select a single colony from the LB

agar plate and drop into 100 ml LB medium containing
100 pg/ml ampicillin (final concentration). Loosely cover the
culture and incubate at 37 °C for 12-18 h, shaking at 200 rpm.

. Divide the 100 ml culture into 6 x 5 | baffled flasks, each con-

taining 2 | LB medium with 100 pg/ml ampicillin (final con-
centration). Loosely cover the cultures and incubate at 37 °C
for 4 h, shaking at 200 rpm.
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3.2 Biotinylation
of Purified
b,A -DHFR,

5.

6.

7.

O ©o

11.

12.

13.

14.

15.

16.

17.

10.

Lower the incubator temperature to 15 °C. After 1 h, induce
expression of 5,A-DHFR_,, with 1 mM IPTG (final concentra-
tion) and incubate for further 12-18 h at 15 °C.

Harvest the cells by centrifugation at 5000 x g for 10 min at
4 °C. From this point on, all solutions should be ice-cold and
the preparation should be kept on ice.

Wash and resuspend the cell pellet in 100 ml Resuspension
bufter.

Break open the cells using a cell disruptor at 1800 bar.
Remove cell debris by centrifugation at 20,000 x g for 20 min.

Using a protein purification system according to the instruc-
tions of the supplier, equilibrate an SP-Sepharose column with
Buffer A.

Load the supernatant from step 9 onto the column and wash
extensively with Buffer A (300-500 ml) until no further pro-
tein elutes from the column, monitored by reduction in absor-
bance at A,g.

Elute the bound b,A-DHFR, protein from the column using
a gradient of 0-100 % Buffer B over 10 column volumes, e.g.,
for an 80 ml column this takes 80 min at a flow rate of 10 ml/
min.

Run an SDS-PAGE gel of eluted fractions to determine which
ones contain the highest amount of pure protein. b,A-DHFR,
is identified as a clear band at ~38 kDa (see Note 7).

Using a protein purification system according to the instruc-
tions of the supplier, equilibrate a Superdex 75 16,/600 col-
umn with Buffer C at a flow rate of 1.5 ml/min.

Pool the fractions of SP-Sepharose chromatography step that
contain the highest amount of pure b,A-DHFR., and load
onto the Superdex 75 16,/600 column (see Note 8). Perform
size-exclusion chromatography using Buffer C at the same
flow rate.

Collect protein fractions and run an SDS-PAGE gel to deter-
mine which fractions contain pure b,A-DHFR., monomer.
Oxidized dimers are clearly visible at ~76 kDa. Dimer-
containing fractions should be discarded.

Pool the eluted fractions and concentrate the protein to a vol-
ume of < 5 ml. Determine the protein concentration and pro-
ceed immediately to the next step. In typical preparations
~4 ml of 200 uM b,A-DHFR_, could be obtained.

. Incubate the purified b,A-DHFR_,, with a tenfold molar excess

of maleimide-PEG,-biotin (added from a 20 mM stock solu-
tion in Buffer C) overnight at 4°C, while gently rotating.
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Import Intermediates

3.4 \Verification
of baA -DHFRyotin
Import Intermediates
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From here on the labeled protein will be termed b,A-
DHFR,i,- Typically, reaction volumes are ~ 1 ml of 200 pM
b,A-DHEFR,, (see Note 2).

2. Remove unbound label and isolate pure b,A-DHFR;,;, mono-
mers by size-exclusion chromatography, e.g., using a high-
resolution Superdex 75 10,/300 column and Buffer C.

3. Assess protein purity by SDS-PAGE and Coomassie blue stain-
ing. In typical preparations, b,A-DHFRy, is ~95 % pure.

4. Determine the degree of biotinylation using the HABA biotin
quantitation kit according to the manufacturers’ instructions.
Preparations should only be used when the labelingis 1:1 + 10 %.

1. Thaw isolated mitochondria slowly on ice (se¢ Note 9).

2. Prepare an import reaction master mix (800 pl) by diluting
800 pg mitochondria in import buffer (final concentration of
1 mg of total mitochondrial protein per ml of buffer).

3. Thaw an aliquot of 10 mM methotrexate and dilute it to a final
concentration of 5 pM into the import reaction master mix (see
Note 3).

4. Divide the master mix into two aliquots of 400 pl: import reac-
tion and control reaction.

5. Supplement the import reaction with &,A-DHFRy,, in Buffer
C (from the biotinylation reaction). Supplement the control
reaction with an equal volume of buffer without &A-
DHFRyin- To ensure efficient labeling of preprotein import
sites (generation of import intermediates) a >100-fold molar
excess of b,A-DHFRy,.n over the amount of the core TIM23
complex subunit Tim23 in mitochondria is added. Yeast mito-
chondria contain approximately 16 pmol of Tim23 per mg of
total protein amount (calculated as described in [19]). Thus, at
least 1.6 nmol 5,A-DHFR,,;, per mg of the total mitochon-
drial protein content should be added. If necessary, pre-dilute
b,A-DHER,;, in Import buffer.

6. Incubate the import reactions for 15 min at 25 °C.

7. Take 70 pl from both reactions to verify the formation of the
b,A-DHFRy;,;, import intermediates (see Subheading 3.4).

8. Re-isolate the remaining mitochondria (330 pg) by centrifuga-
tion (10 min, 20,000 x g, 4 °C).

9. Wash mitochondria twice with 400 pl SEM bufter. Finally
resuspend mitochondria in 75 pl of SEM bufter (see Note 10).

For subsequent visualization of preprotein import sites on the
mitochondrial surface by cryo-ET, it is important to make sure
that all available preprotein import sites in the sample are stably
occupied by arrested b,A-DHFR,;oi,. To verify the saturation of
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3.5 Labeling

of bA -DHFRyiosin
Import Intermediates
with QDs

import sites, the preprotein-carrying TOM-TIM23 supercom-
plexes must be carefully extracted from mitochondrial mem-
branes using the mild detergent digitonin and subjected to Blue
native-PAGE [11] (see Note 5). As a control, an equal amount of
digitonin extract from mitochondria that were not incubated
with b,A-DHFRy,, is loaded onto the gel. A western blot of this
gel should be analyzed with antibodies against Tim23. TOM
complexes of the outer membrane are approximately 3—4 times
more abundant than inner membrane TIM23 complexes [20],
because the TOM complex serves as the general entry gate for all
proteins into mitochondria and also shuttles proteins without
amino-terminal presequences into other downstream import
pathways [5-7]. In control mitochondria, antibodies against
Tim23 decorate two different forms of TIM23 complexes [14, 19]
(Fig. 1, lane 1). If maximal occupancy of preprotein import sites
by methotrexate-bound b,A-DHFR,., is achieved, the entire
population of TIM23 complexes is shifted into a higher molecu-
lar weight (preprotein-loaded) TOM-TIM23 supercomplex [4]
(Fig. 1, lane 2).

1. Pellet 70 pg of mitochondria (total protein amount) from both
the import and the control reactions using a benchtop centri-
fuge (10 min, 20,000 x g, 4 °C) and remove the supernatant
(see Note 11).

2. Solubilize the mitochondrial pellet using 70 pl of digitonin
bufter precooled on ice (see Note 12).

3. Incubate samples on ice for 15 min.

4. Perform a clarifying centrifugation step to remove non-solubilized
material (benchtop centrifuge, 10 min, 20,000 x g, 4 °C).

5. Transfer the supernatant into a new precooled Eppendorf tube.

6. Supplement each sample with 10x ice-cold Blue native-PAGE
loading bufter.

7. Load the samples onto a 6-16.5 % polyacrylamide Blue native
gradient gel for electrophoretic separation of solubilized mem-
brane protein complexes. We wuse a Hoefer SE600
electrophoresis system and run the gel at 100 V for approxi-
mately 15 h (see Notes 5 and 13).

8. Transfer separated proteins onto a PVDF membrane.

9. Immunodecorate the membrane using a-Tim23 antibodies
(see Note 14).

QDs are dense fluorophores, which may be discriminated in the
electron microscope by their ability to scatter electrons strongly,
as well as in the light microscope by their bright fluorescence.
QDs are available in different sizes and shapes leading to different
fluorescent and electron-scattering properties. The choice of QD
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can therefore be made according to specific requirements of the
experiment. Here, the specificity of QD binding to mitochondrial
membranes is assessed using the QD fluorescence and a
MitoTracker fluorescent dye for mitochondrial membranes. In
order to provide complementary emission spectra between the
QD and the membrane dye, various options of both QD and
MitoTracker are available (also see Subheading 3.6). For our anal-
ysis of active mitochondrial preprotein import sites shown here,
we have used streptavidin-coated QDys (Fig. 2). In all cases, a
control QD labeling reaction is performed in parallel with mito-
chondria that were not loaded with b,A-DHFR;;, import inter-
mediates to assess unspecific binding of streptavidin-coated QDs
to the mitochondrial surface.

1. Centrifuge 55 pl of an approximately 2 pM QD solution (the
concentration of the QD5 streptavidin conjugate suspension
provided by the supplier is in the range of 1.8-2.2 uM) at
5000 x g for 3 min in a benchtop centrifuge and discard the
pellet containing aggregated material.

2. Remove 50 pl of the supernatant and equilibrate QDs with
SEM by bufter exchange using Amicon Ultra-0.5 ml centrifu-
gal filters with 50 kDa molecular weight cutoff. To this end,
add 450 pl of SEM bulfter to 50 pl of the QD solution, place the
solution into the filter and centrifuge at 10,000 x g until the
volume is reduced to ~50 pl. Repeat this step one more time.

3. Supplement both labeling (mitochondria carrying arrested
b,A-DHFR;,;,) and control reactions as described in
Subheading 3.3. with 25 pl of QD suspension prepared in step
2 (see Note 15). Incubate the reactions for 4 h at 4 °C with
gentle shaking.

4. Gently layer 200 pl aliquots of each iodixanol gradient solution
(prepared as described in Subheading 2.5) into 2 x 2.2 ml
ultra-clear centrifugation tubes.

5. Layer 100 pl (i.e., the total volume) of each mitochondrial
sample (pre-loaded with arrested b,A-DHFRy,4, and control),
as prepared in step 3, on top of the gradients and centrifuge at
80,000 x g for 20 min at 4 °C with gentle braking.

6. Remove ~400 pl of the mitochondria-containing bands in the
gradient, first by gently removing the upper layers by pipet-
ting, and subsequently the mitochondrial band (Fig. 2, upper
panel) and dilute into 2 ml SEM bulfter.

7. Pellet the mitochondria at 20,000 x g for 20 min at 4 °C and
resuspend in 20 pl SEM buffer. A significant amount of mate-
rial will have been lost during gradient centrifugation. The
final amount of mitochondria needed for electron cryo-tomog-

raphy can be estimated by ensuring the total protein content is
~10 mg,/ml.



326 Vicki A.M. Gold et al.

3.6 Confocal
Fluorescence
Microscopy

To assess the specificity of QD binding to preprotein-containing
mitochondrial import sites, samples are screened by fluorescence
microscopy prior to cryo-ET. It is important to ensure that a fluo-
rescent dye chosen for staining of mitochondria has different emis-
sion properties from those of the chosen QDs. For example, here
we have used MitoTracker Green (emission 516 nm) to visualize
mitochondria labeled with QD5 (emission 605 nm) (Fig. 2, lower
panel). Alternatively, mito-mCherry (emission 610 nm) co-
expressing plasmids can be used, providing a convenient readout

Control Importing
(-b,A-DHFR; +QDs)  (+b,A-DHFR; +QDs)

White uv White uv

Control Importing

Fig. 2 QD labeling of b,A-DHFRy;,,-loaded mitochondria. Upper panel: Free QDs
are separated from labeled mitochondria on an iodixanol gradient. Under white
light, both mitochondria (M) and QDs5 are visible. Under UV excitation, QDs only
are detected. Co-localization of QDs with mitochondria is clearly seen in the
labeling experiment (+b,A-DHFR) and not the control (—b,A-DHFR). Lower
panel: Confocal fluorescence images of the mitochondrial fractions (M) isolated
from the gradient. In this example, mitochondria are labeled with MitoTracker
Green and QDgs fluorescence is shown in red; scale bar = 1 um
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Cryo-tomography

3.7.1 Sample
Preparation
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to optimize labeling conditions. In this case, a QDs,5 (emission
525 nm) would provide complementary emission properties.

1. For MitoTracker labeling, dilute control and b,A-DHFR;,-
loaded mitochondria from the QD labeling reactions to a con-
centration of ~1 mg,/ml total mitochondrial protein, in a total
volume of 200 pl SEM. Incubate with 50 nM MitoTracker
Green (final concentration) for 15 min at 37 °C (see Note 16).

2. Add 100 pl of each suspension to separate wells of 8-well
chamber slides and fix with 1-2 % SeaKem low-melting point
agarose to prevent mitochondrial movement. This is per-
formed by gently pouring ~ 1 ml molten agarose into the wells
on top of the mitochondria.

3. Set excitation and emission wavelengths on the fluorescence
microscope to correspond to the chosen type of QDs and
MitoTracker, e.g., 488 nm, and emission 492-535 nm for
MitoTracker Green, and 597-700 nm for QDygps.

4. Screen individual fluorescent mitochondria from the labeling
experiment and control samples to determine the specificity of
QD binding to the b,A-DHFR,;,-carrying mitochondrial
import sites. Statistics should be collected to determine the
number of labeled mitochondria for both experiment and
control. Typically, we were able to obtain 100 % labeling for
b,A-DHFRy;i,-loaded mitochondria, and only 0.3 % labeling
for control mitochondria [4].

Obtaining cryo-fixed samples is the first step in cryo-ET. The
method involves the use of liquid nitrogen and ethane, which are
extremely cold (~ =180 °C or below) and in the case of ethane also
flammable. Samples must be prepared in a fume-hood and safety
goggles and cryo-protection gloves worn. Optimal ice-thickness
(see Note 17) will likely have to be determined for each sample by
varying the sample concentration and the blotting time. Ice
thickness of <500 nm and at least ten gold fiducials evenly distrib-
uted throughout the area of interest are ideal.

1. Glow-discharge the grids by depositing ions on the surface of
the carbon to render them hydrophilic. Place grids carbon side
up in a glow discharge cleaner and operate according to the
manufacturer’s instructions. Best results are achieved if EM
grids are washed in chloroform for at least 3 h before use.

2. Mix labeled mitochondria at a total protein concentration of
~10 mg/ml 1:1 with a suspension of 10 nm protein A-gold as
fiducial markers. For example, to make 10 EM grids (3 pl solu-
tion per grid), mix 15 pl mitochondria with 15 pl protein A-gold.

3. Apply 3 pl sample to a glow-discharged EM grid, held securely
in tweezers, and insert into the vitrification device (se¢ Note 18).
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4. Blot the sample by placing the filter paper parallel to the grid
surface and hold until the liquid stops spreading. This can take
~3-6 s depending on the concentration of sample. Plunge
freeze the grids rapidly into liquid ethane (see Note 17).

5. Transfer the grid swiftly from liquid ethane into liquid nitro-
gen and store in a grid storage box under liquid nitrogen until

analysis.
3.7.2  Electron For cryo-ET, a “tilt series” is collected, which is a series of projec-
Cryo-tomography tion images taken of the same sample at different angles relative to

the electron beam (Fig. 3). These 2D images are then computa-
tionally reconstructed to build a 3D volume of the original sam-
ple. Compromises must be made between a high-enough electron
dose to be able to visualize the sample at the required level of
detail, and a low-enough dose to ensure that the sample does not
experience too much radiation damage. For studies of morphol-
ogy and protein localization, mitochondria can tolerate electron
doses up to 200 e~ /A2. Naturally, acquisition of high quality data

Step 2:
Tomogram reconstruction

Step 3:
Step 1: Tilt series collection Volume segmentation

Fig. 3 Work flow for cryo-ET. Step 7: After finding an appropriate area of interest, a tilt series of electron micro-
graphs is taken at regularly spaced intervals (only five example tilt images are shown). Step 2: These images
are used to reconstruct the tomographic volume computationally. Step 3: Finally, the tomogram is segmented
in 3D and features of interest may be highlighted (mitochondrial outer membrane in green, inner boundary
membrane in blue and crista membranes in yellow). The upper left panel shows an enlargement of a cluster
of protein import sites. The upper right panel (adapted from [4]) shows a close up of a two-dimensional slice
through a tomogram. The area around the labeled protein import machinery is indicated with a red box, QDggs
is highlighted with a red arrow. Scale bar, 10 nm
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is dependent on a perfectly aligned microscope. For detailed infor-
mation on electron microscopy setup and data recording, refer to
Davies et al. [21].

1. Search the grid at a low magnification so that several ice holes
are visible in one image, e.g., 3600x, corresponding to a pixel
size of 3.8 nm on a Titan Krios equipped with a K2 Summit
direct detector camera. This can be performed either manually,
or automatically by creation of an atlas using microscopy soft-
ware such as Serial EM [17]. Locate mitochondria, which are
casily identified by a fuzzy double membrane visible at this
magnification if an energy filter is used (see Note 19).

2. Bring the sample to eucentric height by altering the z-height
of the stage. This is the point whereby minimal xy movement
of the sample is seen when tilting.

3. Determine the tilt range for the sample by tilting the stage
+60° to ensure that both the area of interest and the area of
focus can be viewed fully without obstruction (see Note 20).

4. Decide on an appropriate magnification for data collection.
Mitochondria often fit within a 2 pm hole on a Quantifoil R2 /2
grid, thus choose a magnification on the microscope in which a
hole can be completely visualized. For a Titan Krios equipped
with a K2 Summit direct detector camera, we use a magnifica-
tion of 26,000x corresponding to a pixel size of 5.3 A.

5. Establish the optimal beam intensity and dose distribution
parameters for the tomographic tilt series. For the K2 Summit
camera in counting mode, an electron dose rate of ~8 ¢/
pixel/s per recorded image is optimal. As the sample is tilted,
the ice thickness increases. Software can compensate for this by
increasing the exposure time of samples at high tilt. Determine
the thickness of the ice by recording a 1 s image of a test area
with similar ice thickness at both 0° and 60° tilt. Divide the
average counts for the 0° image with the 60° image to deter-
mine the I/ I, ratio and include this value in the tomographic
setup parameters. Then collect a 1 s image over an ice hole and
multiply the electron dose value obtained for a single image (in
¢ /A?) by the total number of images in the series (for a series
from —60° to +60° at tilt steps of 2°, this would be 61 images).
Check that the total dose for the tilt series is not over the rec-
ommended limit (<200 ¢~ /A?) (see Note 21).

6. Set the desired defocus value in the tomographic setup. High
defocus increases contrast at the loss of resolution. A defocus of
6-8 pm is a good compromise between contrast and morphologi-
cal detail for relatively thick specimens such as mitochondria.

7. Collect a tomographic tilt series using automated software,
such as Latitude (Digital Micrograph, Gatan, Pleasanton,
USA) or Serial EM [17]. If possible, we recommend collecting
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3.7.3 Tomogram
Reconstruction
and Visualization

3.8 Variation

on a Theme: Direct
Labeling

of Mitochondrial Outer
Membrane Proteins

images as movie frames, whereby beam-induced sample movement
can be corrected for by aligning the individual frames during
processing (see Notes 22 and 23).

1. Align the movie frames by cross-correlating single frames,
aligning and then summing them. Various software, such as
IMOD [18], is able to do this (see Note 23).

2. Reconstruct a tomogram by aligning and back-projecting indi-
vidual images of the tilt series to generate a 3D volume of the
sample. This is carried out computationally using software
such as IMOD, which is well documented (see http://bio3d.
colorado.edu/imod/doc/etomoTutorial.html for a tutorial).
At this step QDs should be clearly visible in the tomogram and
can be identified by a white halo around a black sphere (diam-
eter depending on the type of QDs used).

3. If necessary, increase the contrast of the tomogram by filtering,
such as by nonlinear anisotropic diffusion (NAD) or low pass
filtering in IMOD.

4. Segment the tomogram to enable features of interest to be
highlighted and visualized in 3D. Programmes such as
IMOD or AMIRA can be used. Voxels corresponding to the
inner or outer membrane are assigned a label, which is then
used to generate a surface. Features of interest, such as QDs,
can then be located and marked in the 3D volume for statis-
tical analysis.

Above, we have described the visualization of active mitochondrial
preprotein import sites via QD-labeling of b,A-DHEFRy;,;, arrested
in TOM-TIM23 supercomplexes using the STAMP method. This
procedure can be easily adapted for direct labeling of surface
exposed outer mitochondrial membrane proteins carrying an Avi-
tag instead of a bound ligand. In such cases, it is of crucial impor-
tance to verify expression of the Avi-tagged protein (see Note 24)
and to test if tagging interferes with its function (see Note 25). An
example for such a variation of the STAMP method is described
briefly in this final section for the visualization of Fzol (mitofusin).
Fzol is a mitochondrial fusion protein required for tethering and
accumulates at mitochondrial contact sites prior to mixing of outer
membranes [22, 23]. In order to label the outer membrane fusion
protein Fzol in §. cerevisine, we expressed Fzol-AviTag or wild-
type Fzol from centromeric plasmids under control of the native
EZ0O1 promoter (pRS314-FZ0O1-AviTag or pRS314-FZO1, respec-
tively) in a strain where the chromosomal copy of the FZOI gene
had been deleted (derived from the wild-type strain W303). With
mitochondria isolated from these strains, the surface-exposed Avi-
tag is biotinylated using the biotin ligase BirA. Prior to QD label-
ing, biotinylated mitochondria are concentrated by centrifugation
and incubated on ice to promote their Fzol-dependent attachment.
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This procedure induces the accumulation and concentration of
Fzol molecules at mitochondrial contact sites favoring the proba-
bility of biotinylated molecules being recognized by streptavidin-
coupled QDs. Following QD labeling all steps for electron
cryo-tomography analysis (see Subheading 3.7) are carried out in
the same way as for the labeling of active preprotein import sites
with b,A-DHFRypin- As control samples, mitochondria that do
not express an Avi-tagged version of the Fzol protein are used in
the biotinylation and QD labeling reactions.

1.

Isolate mitochondria from wild-type Fzol- and Fzol-AviTag-
expressing yeast cells (see Note 3).

. Perform the biotinylation reaction by resuspending isolated

mitochondria (500 pg total mitochondrial protein amount) in
200 pl biotinylation buffer supplemented with 10 pl of BirA at
1 pg/pl. Incubate samples for 1 h at room temperature on a
rotating wheel.

. Centrifuge the samples at 10,000 x g4 for 10 min at 4 °C,

remove the supernatant, add 40 pl of biotinylation buffer to
the pellets and leave the samples horizontally on ice for 40 min.
The centrifugation step brings mitochondria in close proxim-
ity. The subsequent incubation on ice is necessary to allow for
efficient accumulation of Fzol molecules at mitochondrial
junctions and Fzol-dependent mitochondrial attachment.

. Add to each sample 60 pl of a 83 nM QD5,5 solution in NMIB

buffer (~50 nM final concentration of QDs), carefully resus-
pend the pellet by pipetting three or four times, and incubate
samples on ice for 1 h.

. Centrifuge at 3000 x g for 10 min at 4 °C, wash mitochondria

twice with 1 ml EM buffer to remove unbound QDs and
resuspend pellets in 40 pl EM bufter that is suitable for cryo-
ET analysis.

. For electron cryo-tomography, follow steps described in

Subheading 3.7.

4 Notes

. For this study, we used E. coli BMH 71-18 cells (Clontech,

Mountain View, USA) as described by Dekker et al. [11].

. The volume and exact concentration of maleimide-PEG,;-

biotin depends on the protein concentration and the volume of
the labeling reaction desired. In this case, standard volumes are
1 ml of 200 pM b,A-DHEFR,,, after size-exclusion chromatog-
raphy (described in Subheading 3.1), requiring 2 mM (final
concentration) maleimide-PEG;-biotin. The maleimide-PEG,-
biotin reagent used (Pierce, Rockford, USA) comes in a “no-
weigh” format, making a stock solution of 20 mM.
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3.

10.

11.

For a detailed protocol describing the isolation of intact,
protein import-competent mitochondria from the yeast
Saccharomyces cevevisine refer to Meisinger et al. [24].

. Ten microliter aliquots of the methotrexate stock solution are

prepared and can be stored at —20 °C. Methotrexate stock
aliquots are thawed immediately before dilution into the
import reaction. To achieve a dilution of 1:2000 in import
buffer, the 10 mM methotrexate stock solution in MODPS buf-
fer may be first diluted 1:20 in water to a final concentration of
500 pM methotrexate. Finally, a 1:100 dilution of this solution
in import bufter is prepared.

. The use of Blue native-PAGE for the analysis of mitochon-

drial protein import has been described in detail by Vogtle
et al. [25].

. The antibodies against S. cerevisine Tim23 used in our study

were kindly provided by Nikolaus Pfanner (Freiburg,
Germany) [4].

. High concentrations of DTT are maintained throughout the

purification until the last step. This prevents dimers of b,A-
DHEFR,,, forming through the unique carboxy-terminal cyste-
ine. Removal of DTT in the last step and immediate labeling
with maleimide-PEG,;-biotin minimizes the amount of protein
lost through dimerization.

. If the total volume of pooled protein exceeds 10 % of the total

bed volume of the column, concentrate the protein before
loading. This can be done using Amicon Ultra-15 ml con-
centrators with a molecular weight cutoff of 30 kDa
(Subheading 2.1).

. Mitochondria isolated from §. cerevisiae cells are quickly frozen

in liquid nitrogen and can be stored in SEM buffer at —80 °C
for several years without losing protein import competence.

Mitochondria must be carefully washed to remove the b,A-
DHFR,,i, that is not stably engaged in import sites. This is
achieved by repeating the washing step at least twice. To pre-
serve the integrity of mitochondrial membranes, resuspension
of mitochondria with a pipette during the washing steps is not
recommended. Instead, Eppendorf tubes containing the mito-
chondrial samples are placed in the centrifuge rotor with an
opposite orientation compared to the previous centrifugation
round (turn the tubes by 180° around their vertical axis). This
leads to the transfer of the mitochondrial pellet to the opposite
side of the tube wall during centrifugation.

The amount of mitochondria to be subjected to Blue native-
PAGE analysis depends on the relative abundance of the pro-
tein complex that is analyzed and the complex-specific
antibodies used in the procedure. Approximately 70 pg of total
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mitochondrial protein content is the optimal amount for the
detection of TIM23 complexes with the polyclonal antibodies
raised in rabbits against the central Tim23 subunit that was
used in our studies.

To efficiently solubilize mitochondrial membrane protein
complexes while preserving their integrity, carefully and thor-
oughly dissolve the mitochondrial pellet in digitonin-
containing buffer. The use of small tips with a 20-200 pl
pipette is preferred over the larger tips for 1000 pl pipettes.
While pipetting, avoid foam formation and prolonged han-
dling at room temperature.

The choice of polyacrylamide concentrations for preparing
Blue native gradient gels depends on the molecular weight of
the protein complexes of interest. Concentrations of 6-16.5 %
are optimal to resolve protein complexes with a molecular
weight between 100 and 700 kDa.

Block the PVDF membrane carrying the transferred proteins
by incubation for 1 h in a solution of 5 % (w/v) skimmed milk
in 20 mM Tris—-HCI pH 7.5, 125 mM NaCl. Subsequently,
incubate the membrane for 1 h in the same solution supple-
mented with 0.05 % Tween 20 and the Tim23-specific antise-
rum (1:400 dilution) (see Note 6). Wash the membrane four
times with 20 mM Tris—-HCI pH 7.5, 125 mM NaCl for
10 min and, finally, incubate for 1 h in 20 mM Tris—-HCI
pH 7.5, 125 mM NaCl, 0.05 % Tween 20 supplemented with
peroxidase-conjugated anti-rabbit IgG secondary antibodies
(1:2000 dilution). Peroxidase activity is revealed by enhanced
chemiluminescence.

Note that 70 pg of mitochondria have been previously removed
for verification of b,A-DHFR,,;, import intermediates
(Subheading 3.4). QDs are in a ~15-fold molar excess over the
molar amount of Tim23 present in the remaining 330 pg of
total mitochondrial protein.

This step is not necessary if mitochondria with a co-expressed
fluorescent protein are used.

If you have trouble obtaining grids with optimal ice thickness,
try blotting half of the grid only. This results in an ice-thickness
gradient across the grid. Also try altering the concentration of
your sample and the blotting time. Ethane solidifies in liquid
nitrogen and can contaminate the grid during freezing. To
avoid this, dip a piece of filter paper into the liquid ethane and
quickly slide the grid along the filter paper while transferring it
from liquid ethane to liquid nitrogen after plunge freezing.

To avoid sample dehydration before freezing, try to use a
device that has a humidity controlled chamber. To prevent ice
contamination after freezing, a dehumidified environment is
preferable (10-20% is ideal).
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19.

20.

21.

22.

23.

24.

25.

When searching the grid for mitochondria, we found that taking
a single exposure image (0.5-1 s) at your chosen data collection
magnification before starting the tomogram is helpful. It can be
used to verify that both mitochondrial membranes are clearly
intact and that QDs are present in the sample. It also helps to
determine the dose rate applied to the area of interest.

In order to obtain the best quality tomograms, the focus area
has to be as close to the area of interest as it can be without
causing radiation damage. For example, if the beam diameter
is 2.5 pm, the focus spot should be 2.5-3 pm away from the
area of interest along the tilt axis.

If your calculated total dose for the tilt series (required to
obtain a dose rate of ~8 e~ /pixel/s per recorded image) is
>200 e~ /A2, your ice is too thick for good quality tomograms.
You can reduce the total dose by increasing the tilt step incre-
ments (therefore reducing the total number of images), but it
would be best to freeze new samples.

When collecting a tilt series, we recommend that it is started at
24° and images are collected through to the tilt minimum
(—=60°). Subsequently, the second part of the tilt series is col-
lected from 24° to the tilt maximum (60°), thus collecting the
highest quality images (at low tilt where the ice is thinnest) at
the beginning of the series when least radiation damage has
occurred. Alternatively the series can be started from —24° and
collected through to 60°, with the second part collected from
—24° to —60°.

When collecting a tilt series as movie frames, we found that
frame times of 0.3-0.4 s work best for samples with relatively
thick ice such as mitochondria. Shorter frame times lead to
poor alignment due to weaker signal. To align movie frames,
we use IMOD-based scripts: Cross-correlation and filtering
using ‘tiltxcorr’; conversion of single image transforms into
alignment transform using ‘xftoxg’, creating a new, aligned
stack using ‘newstack’ and finally averaging the stack into a
single image using ‘clip avg’. The relevant details can be found
in the IMOD online manual (http://bio3d.colorado.edu/
imod/doc/etomoTutorial.html).

For this study, whole cell extracts were analyzed for expression
of the wild-type Fzol and Fzol-AviTag proteins by western
blotting using a-Fzol antibodies (Covalab, Villeurbanne,
France). After in vitro biotinlyation (step 2), probes such as
the Strep-Tactin HRP conjugate (IBA Life Sciences, Gottingen,
Germany) can be employed to detect the biotinylated Avi-
tagged protein by western blot.

We performed a spot test with yeast cells expressing Fzol-
AviTag and control cells to ensure that the Avi-Tag fused to
the target protein does not interfere with its biological function.


http://bio3d.colorado.edu/imod/doc/etomoTutorial.html
http://bio3d.colorado.edu/imod/doc/etomoTutorial.html
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In brief] yeast strains were cultured overnight at 30 °C in a
suitable minimal medium (without tryptophan in the case of
pRS314-derived plasmids that contain a TRPI selection
marker). Cells were washed with sterile dH,O and resuspended
at an ODyg of 1. We made 1:10 serial dilutions (five times) in
sterile dH,O for each strain and spotted 5 pl of each dilution
onto minimal medium agar plates containing a fermentable
(glucose) or non-fermentable (glycerol) carbon source. Plates
were incubated for 3 days (glucose medium) or 5 days (glyc-
erol medium) at 30 °C. Growth of the AviTag-expressing cells
was compared to the control cells. In general, if growth of the
AviTag-expressing strain is impaired, it should be considered
to move the tag to different positions in the protein of interest
or to include a linker peptide.
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Chapter 20

Assays for Mitophagy in Yeast

Akinori Eiyama and Koji Okamoto

Abstract

Elimination of damaged or surplus mitochondria is crucial to maintain cellular integrity and an energy
supply-demand balance. Mitophagy serves to selectively catabolize mitochondria in a manner dependent
on autophagy, and contributes to mitochondrial quality and quantity control. This degradation system is
highly conserved among cukaryotes including the budding yeast, Saccharomyces cerevisine. Therefore,
analyses of mitophagy using yeast have the potential to provide insights into the common mechanisms of
mitophagy. Here, we introduce experimental approaches with fluorescence microscopy and western blot-
ting to validate mitophagy in yeast. The former is useful to visualize transport of mitochondria to the vacu-
ole, a lytic compartment, and formation of mitochondria-containing autophagosomes. The latter allows us
to quantify mitochondria degradation.

Key words Mitophagy, Mitochondria degradation, Mitophagosome, Respiration, Yeast

1 Introduction

Mitochondria compartmentalize a number of metabolic processes
including ATP synthesis in eukaryotic cells. Although mitochon-
dria are highly efficient energy converters, they also generate reac-
tive oxygen species (ROS) that cause oxidative stress, ultimately
leading to mitochondrial dysfunction. Accumulation of dysfunc-
tional mitochondria negatively aftects cellular homeostasis, which
often results in various pathologies. In addition, superfluous mito-
chondria can be unwanted sources of ATP wasting and ROS pro-
duction. To overcome these problems, cells take advantage of
mitochondria degradation system termed “mitophagy,” one of the
selective autophagy pathways that mediate sequestration of specific
proteins or organelles into double membrane-bound structures
called autophagosomes, and transport of those cargoes to lyso-
somes. Numerous studies have recently revealed the physiological
significance of mitophagy [ 1-3]; however, the underlying molecu-
lar mechanisms remain largely unknown.

Mitophagy is a sophisticated catabolic system conserved from
lower to higher eukaryotes. Hence, the unicellular budding yeast,

Dejana Mokranjac and Fabiana Perocchi (eds.), Mitochondria: Practical Protocols, Methods in Molecular Biology, vol. 1567,
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Saccharomyces cerevisine, is a simple yet powerful model organism
to elucidate the common basic principles of mitophagy. In addition
to 15 core autophagy-related (Atg) proteins essential for formation
of autophagosomes [4, 5], the mitochondria-anchored protein
Atg32 is required for mitophagy in yeast [6, 7]. When oxidative
stress accumulates in mitochondria, Atg32 is induced, localized on
the surface of mitochondria, and interacts with other Atg proteins,
which mediates formation of mitochondria-containing autophago-
somes (mitophagosomes) [8]. In general, mitophagy in yeast is
strongly facilitated during prolonged respiratory growth, or a shift
of culture conditions from respiration to starvation [6, 7].

Here, we describe two methods for monitoring mitophagy in
yeast using fluorescence microscopy and western blotting.
Inhibition of mitophagy results from defects in mitophagosome
formation, transport of mitophagosomes to the vacuole (a lytic
organelle in yeast), or degradation in the vacuole. Fluorescence
imaging enables one to clarify which phase of mitophagy is impaired
in mutant cells. In addition, western blotting makes it possible to
identify mutants even partially and slightly defective in mitophagy,
because mitochondria degradation can be quantified by this assay.
Accordingly, a combination of these fast and easy assays provides a
comprehensive evaluation of mitophagy.

2 Materials

2.1 Preparation
of DNA Cassettes
for Yeast
Transformation

1. Plasmids.
pBSII-GPDP-mito-GFP-CgHIS3 (needed in Subheading 3.3).
pBSII-GPDP-mito-mCherry-CgHIS3 (needed in Subheading 3.4).

pBSII-TEFr-mito-DHFR-mCherry-CgHIS3  (needed  in
Subheading 3.5).

pBSII-mCherry-kanMX4 (needed in Subheading 3.3).
The plasmids are available from the authors upon request.
2. Primers.
For PCR amplification of the GPDr-mito-GFP-CgHIS3,

GPDP-mito-mCherry-CgHIS3, and TEFP-mito-DHFR-
mCherry-CgHIS3 cassettes

that can be integrated into the /53 locus: forward primer,
5'-AATGTGATTTCTTCGAAGAATATACTAA
AAAATGAGCAGGCA

AGATAAACGAAGGCAAAGCGACGGTATCGA
TAAGCTTG-3’; reverse primer, 5'-G

GTATACATATATACACATGTATATATATCGTATG-
CTGCAGCTTTAAATAATCGGTGTCACAAGCG-
CGCAATTAACCCTC-3'.



2.2 Construction
of Yeast Strains

10.
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For PCR amplification of the mCherry-kanMX4 cassette
that can be integrated into the downstream of the VPHI
locus fused in frame: forward primer, 5'-CGCATT
TGAGTATAA

AGACATGGAAGTCGCTGTTGCTAGTGCAAGCTCTTC
CGCTTCAAGCATGGTGAGCAAGGGCGAGG-3;
reverse primer, 5-GCATCATTTATTATTTAATGAAG
TACTTA

AATGTTTCGCTTTTTTTAAAAGTCCTCAAAATTTA-
GAAAAACTCATCGAGC-3'".

Long primers (>30 mers) should be purified by an oligonucle-
otide purification cartridge. The concentration of primers
is 10 pM.

. Yeast strain: BY4741, MATn his3A1 lue2A0 met15A ura3A (see

Note 1).

. Yeast extract medium with peptone and dextrose (YPD): 1%

(w/v) yeast extract, 2% (w/V) peptone, 2% (w/v) dextrose. For
YP, dissolve yeast extract and peptone in water and autoclave.
Dissolve dextrose in water and autoclave. Mix YP and dextrose
after autoclaving. Store liquid media at room temperature.

. Sterile water.

. 100 mM lithium acetate: filter-sterilize and store at room

temperature.

. 60% (w/v) polyethylene glycol (PEG) (average molecular

weight: 3350): filter-sterilize and store at room temperature.

.1 M lithium acetate: filter-sterilize and store at room

temperature.

. 10 mg/mL single-stranded salmon sperm DNA (ssDNA): boil

for 5 min and store at —30 °C.

. DNA cassette as prepared in Subheading 3.1.
. Synthetic histidine-dropout solid medium with dextrose (SD-

His): 0.17 % (w/V) yeast nitrogen base without amino acids,
0.5 % (w/v) ammonium sulfate, 2 % (w/v) dextrose, amino
acid/nucleoside supplements without histidine, 2 % (w/V)
agar. For solid SD, dissolve yeast nitrogen base without amino
acids and ammonium sulfate in water, add agar, and autoclave.
Dissolve dextrose in water and autoclave. Mix SD and dextrose
together with filter-sterilized amino acid/nucleoside supple-
ments and pour plates. Agar media are stored at 4 °C.

YPD solid medium with geneticin (YPD+G418): YPD,
0.25 mg/mL G418, 2 % (w/v) agar. For solid YP, dissolve
yeast extract and peptone in water, add agar, and autoclave.
Dissolve dextrose in water and autoclave. Mix YP and dex-
trose, and pour plates. Agar media are stored at 4 °C.
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2.3 Fluorescence
Microscopy

for Visualizing
Mitophagy in Living
Cells

2.4 Fluorescence
Microscopy

for Detecting
Mitophagosomes
in Living Cells

2.5 Western Blotting
for Quantifying
Mitophagy

1.

Akinori Eiyama and Koji Okamoto

Synthetic medium with dextrose and casamino acids (SDCA):
0.17 % (w/v) yeast nitrogen base without amino acids, 0.5 %
(w/v) ammonium sulfate, 0.5 % (w/v) casamino acids, 2 %
(w/v) dextrose, 20 pg/mlL adenine sulfate, 20 pg/mL 1-
tryptophan, 20 pg/mL uracil.

. Synthetic medium with dextrose, glycerol, and casamino acids

(SDGIyCA): 0.17 % (w/V) yeast nitrogen base without amino
acids, 0.5 % (w/v) ammonium sulfate, 0.5 % (w/v) casamino
acids, 0.1 % (w/v) dextrose, 3 % (v/v) glycerol, 20 pg/mL
adenine sulfate, 20 pg/mL L-tryptophan, 20 pg,/mL uracil.

. BY4741 vphl::VPHI-mCherry::kanMX6 his3A 1::GPDP-mito-

GFP::CgHIS3 (positive control strain).

. BY4741 vphl::VPHI-mCherry::kanMX6 his3A1::GPDP-mito-

GFP::CgHIS3 atg32A (negative control strain).

. SDCA.

2. SDGIyCA.

. BY4741 his3A 1::GPDP-mito-mCherry::CgHIS3 ypt7A (posi-

tive control strain).

. BY4741 his3A 1::GPDP-mito-mCherry::CgHIS3 ypt7A atg32A

(negative control strain).

1. SDCA.

. SDGIyCA.

3. BY4741 his3A 1:: TEFP-mito-DHFR-mCherry::CgHIS3 (positive

control strain).

. BY4741 his3A 1::TEFP-mito-DHFR-mCherry::CgHIS3 aty32A

(negative control strain).

. 0.1 M NaOH.

6. Sample bufter: 60 mM Tris—-HCI, pH 6.8, 5% (v/v) glycerol,

2% (w/v) SDS, 20 mM DTT, 0.00025% (w/v) bromophenol
blue.

. Polyacrylamide gel containing 10 % (w/v) acrylamide/&is-

acrylamide (ratio 37.5:1).

. Polyvinylidene fluoride (PVDEF) or nitrocellulose membranes

(pore size: 0.45 pm). PVDF membranes should be activated in
methanol before use.

. Blocking buffer: TBS-T, 5 % (w/v) nonfat dry milk.
10.
11.
12.

Incubation buffer A: TBS-T, 0.1 % (w/v) nonfat dry milk.
Incubation butfer B: TBS-T, 1 % (w/v) nonfat dry milk.

Washing buffer (TBS-T): 137 mM NaCl, 2.68 mM KCI,
25 mM Tris-HCI, pH 7.4, 0.1% (v/v) Tween-20.
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13. Primary antibodies: rabbit polyclonal anti-RFP (kindly provided
from Shuh-ichi Nishikawa in Niigata University, Japan) and
mouse monoclonal anti-Pgkl (Invitrogen).

14. Secondary antibodies: horseradish peroxidase (HRP)-conjugated
goat anti-rabbit IgG (Jackson ImmunoResearch) and HRP-
conjugated rabbit anti-mouse IgG (Jackson ImmunoResearch).

15. Enhanced chemiluminescence (ECL) detection regents.

3 Methods

3.1 Preparation
of DNA Cassettes
for Yeast
Transformation

3.2 Construction
of Yeast Strains

The DNA fragment cassettes, GPDP-mito-GFP-CgHIS3 (2.8 kb),
GPDP-mito-mCherry-CgHIS3 (2.8 kb), TEFr-mito-DHFR-
mCherry-CgHIS3 (3.2 kb), and mCherry-kanMX4 (2 kb) can be
generated by PCR reactions (described below) with the template
plasmids and primers described in Subheading 2.1, purified using
spin columns, and eluted into sterile water. A typical working DNA
solution is 0.2-0.6 mg,/mL.

DNA polymerase for PCR: KOD -Plus- Neo (TOYOBO).

PCR program: 94 °C 2 min, 30x (98 °C 10 s, 55 °C 30 s,
68 °C 1 min/kb), 68 °C 10 min, 4 °C ever (extension time at
68 °C depends on the length of DNA cassettes).

When strains expressing mito-GFP and Vphl-mCherry are con-
structed, transformation is performed in a sequential manner. The
method of one transformation is described below.

1. Grow cells to mid-log phase at ODg of 1 in 3 mL of YPD.

2. Transter 0.5 ODgg units of cells to a 1.5-mL microcentrifuge
tube, collect them by centrifugation at 7900 x 4 for 30 s, and
discard the supernatant using a micropipette.

3. Wash the cells with 500 pL of sterile water, collect them by
centrifugation at 7900 x g for 30 s, and discard the supernatant
using a micropipette.

4. Resuspend the cells in 400 pL of 100 mM lithium acetate and
incubate statically at 30 °C for 10 min.

5. Collect the cells by centrifugation at 7900 x g for 30 s and
discard the supernatant using a micropipette.

6. Add 60.5 pL of 60% PEG, 10.2 pL of 1 M lithium acetate,
1 pL of ssDNA, 10 pL of sterile water, 10 pLL of 0.4 mg/mL
DNA cassette to the cell pellet and vortex thoroughly.

7. Incubate the cells statically at 30 °C for 30 min, followed by a
heat shock at 42 °C for 20 min.

8. Add 400 pL of YPD to the cell suspension and incubate stati-
cally at 30 °C for 3 h.
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9. Collect the cells by centrifugation at 7900 x g for 30 s, discard
300 pL of the supernatant using a micropipette, and vortex the
cell pellet thoroughly.

10. Spread the cell suspension on agar plates of SD-His and
YPD+G418 for DNA cassettes containing CgHIS3 and
kanMX4, respectively, and incubate them at 30 °C for 48 h.

11. Restreak the colonies on new selection plates.

12. Grow cells to mid-log phase in 3 mL of SDCA and confirm
typical expression patterns of mitochondrial tubules (mito-
GEFP, mito-mCherry, and mito-DHFR-mCherry) and vacuolar
spheres (Vphl-mCherry) using a fluorescence microscope (see
Figs. 1 and 2).

Gly (h) .
DIC mito-GFP Vph1-mCherry

Wild-type

atg32A

Fig. 1 Live-cell imaging of mitophagy by fluorescence microscopy. Mitochondrial
GFP- and vacuolar Vph1-mCherry-expressing wild-type and atg324 cells grown
to mid-log phase in dextrose medium were transferred to respiration medium
(Gly) for 72 h, and observed using a fluorescence microscope. Scale bar, 5 pm
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Gly 48 h Gly = Dex 3 h

ypt7A

DIC mito-mCherry DIC mito-mCherry

Fig. 2 Live-cell imaging of mitophagosomes by fluorescence microscopy. Mitochondrial mCherry-express-
ing ypt7A and ypt7A atg32A cells grown to mid-log phase in dextrose medium (Dex) were transferred to
respiration medium (Gly) for 48 h, shifted to Dex for 3 h, and observed using a fluorescence microscope.

Scale bar, 5 pm

3.3 Fluorescence
Microscopy

for Visualizing
Mitophagy in Living
Cells

Colocalization of mitochondria and vacuoles can be visualized in
cells expressing GFP fused to the C-terminus of a mitochondrial
targeting signals derived from Neurospora crassa ATP synthase sub-
unit 9 (mito-GFP) and mCherry fused at the C-terminus of Vphl,
a membrane-integrated subunit of the vacuolar ATPase (Vphl-
mCherry). When mitophagy proceeds, a fraction of mitochondria is
transported to the vacuole and immediately degraded by vacuolar
hydrolases, while GFP is considerably resistant to degradation.
Accordingly, an overlap between GFP and Vphl-mCherry signals
represents mitochondria degradation ([6, 9]). Little or no overlap
between the two fluorescent signals indicates that formation of
mitophagosomes or transport of mitochondria to the vacuole is
impaired (for live-cell imaging of mitophagosomes, see Subheading
3.4). In addition, dot-like GFP patterns colocalized with Vphl-
mCherry imply that vacuolar degradation is defective.

Mitophagy extensively occurs under respiratory conditions.
Here, non-fermentable glycerol medium is used for induction of
mitochondria degradation.

1. Grow cells expressing mito-GFP (mitochondrial marker) and
Vphl-mCherry (vacuolar maker) to mid-log phase in 3 mL of
SDCA.

2. Transfer 0.07 ODgy units of cells to 7 mL of SDGIyCA and
incubate them at 30 °C for 72 h in a shaker (180 rpm).

3. Transter 200 pL of cell culture (usually ODgyy = 4-5) into a
1.5-mL microcentrifuge tube.
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3.4 Fluorescence
Microscopy

for Detecting
Mitophagosomes
in Living Cells

4. Collect the cells by centrifugation at 7900 x g for 30 s, discard
150 pL of the supernatant using a micropipette, and vortex the
cell pellet thoroughly.

5. Pipet 1.6-2.0 pL of the cell suspension onto a microscope slide,
and cover with a square cover slip (no sealing is necessary).

6. Observe the cells using a fluorescence microscope equipped
with filter sets for GFP and mCherry (see Note 2).

7. If mitophagy occurs, the overlap between GFP and mCherry
signals can be observed (see Fig.1 and Note 3).

Mitophagosomes can be detected in cells lacking Ypt7, a Rab family
GTPase essential for homotypic vacuole fusion. Since autophago-
somes do not fuse with vacuoles in ypz/-null cells [10], mitophago-
somes remain isolated and accumulate in the cytosol during prolonged
respiratory growth. Mitochondrial shape alters from tubules to frag-
ments upon a shift of culture conditions from fermentation (SDCA)
to respiration (SDGIyCA). When respiring cells are then shifted back
to fermentable conditions, mitochondria reform tubular networks by
their fusion, but mitophagosomes remain excluded from mitochon-
dria. Accordingly, mitophagosomes can be observed as dot-like struc-
tures using a fluorescence microscope [6, 9, 11].

1. Grow ypt7-null cells expressing mCherry fused to the
C-terminus of a mitochondrial targeting signals derived from
N. crassa ATP synthase subunit 9 (mito-mCherry) to mid-log
phase in 3 mL of SDCA.

2. Transter 0.07 ODgg units of cells to 7 mL of SDGIyCA and
incubate them at 30 °C for 48 h in a shaker (180 rpm).

3. Collect three ODggp units of cells by centrifugation at 7900 x 4
for 30 s and discard the supernatant using a micropipette.

4. Wash the cells with 1 mL of SDCA, collect them by centrifuga-
tion at 7900 x g for 30 s, and discard the supernatant using a
micropipette.

5. Resuspend the cell pellet in 3 mL of SDCA and incubate them
at 30 °C for 3 h in shaker (180 rpm) (see Note 4).

6. Transfer 200 pL of cell culture (usually ODggy = 2-3) into a
1.5-mL microcentrifuge tube.

7. Collect the cells by centrifugation at 7900 x 4 for 30 s, discard
175 pL of the supernatant using a micropipette, and vortex the
cell pellet thoroughly.

8. Pipet 1.6-2.0 pL of the cell suspension onto a microscope slide,
and cover with a square cover slip (no sealing is necessary).

9. Observe the cells using a fluorescence microscope equipped
with a filter set for mCherry.

10. Mitophagosomes can be observed as dot-like structures (see
Fig. 2 and Note 5).
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for Quantifying
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Mitochondria degradation can be quantified in cells expressing
dihydrofolate reductase (DHFR)-mCherry fused to the C-terminus
of a mitochondrial targeting signals derived from N. crassa ATP
synthase subunit 9 (mito-DHFR-mCherry), a reporter localized in
the matrix of mitochondria. Upon mitophagy, DHFR-mCherry is
processed to generate free mCherry in the vacuole. Since free
mCherry is a highly protease-resistant protein, its accumulation
indicates progression of mitochondria degradation [ 12 ]. Mitophagy
can thus be semiquantitatively evaluated by western blotting using
an anti-RFP antibody.

1.

10.

11.

12.

13.

14.

15.
16.

Grow cells expressing mito-DHFR-mCherry to mid-log phase
in 3 mL of SDCA.

. Transfer 0.07 ODyg units of cells to 7 mL of SDGIyCA and

incubate them at 30 °C in a shaker (180 rpm).

. Collect 1 ODgyp units of cells at the 0 (from SDCA), 24, 48,

and 72 h time points by centrifugation at 7900 x g for 30 s,
and discard the supernatant using a micropipette. Collected
cells at the early time points are stored at —80 °C until the last
time point.

. For each sample, add 100 pL of 0.1 M NaOH to the cell pellet,

vortex thoroughly, and keep at room temperature for 5 min.

. Collect the cells by centrifugation at 17,000 x 4 for 2 min and

discard the supernatant by aspirator.

. Add 50 pL of sample buffer and vortex the pellets well.

. Boil the cell suspension at 100 °C for 3 min and keep them on

ice for 1 min.

. Separate the supernatant by centrifugation at 17,000 x g4 for

2 min and transfer it to a 1.5-mL microcentrifuge tube.

. Load 5 pL of each sample on the 10% polyacrylamide gel and

perform electrophoresis.

Transfer the protein samples to a PVDF membrane by semidry
blotting.

Block the membrane using blocking buffer at room tempera-
ture for 30 min.

Incubate the membrane using incubation buffer A containing
an anti-RFP antibody (1:2500 dilution) at 4 °C overnight.

Wash the membrane three times with TBS-T for 7 min each.

Incubate the membrane using incubation buffer B containing
HRP-conjugated goat anti-rabbit IgG (1:10,000 dilution) at
room temperature for 1 h.

Wash the membrane three times with TBS-T for 7 min each.

Incubate the membrane with ECL detection reagents, and
detect/quantify mCherry signals using a luminescent image
analyzer (see Fig.3 and Note 6).
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Wild-type atg32A

Gly(h) O 24 48 72 0 24 48 72

(KDa) | =

anti-RFP
35

DHFR-mCherry

free mCherry

ANi-PgKT 8~ s s— ——————

Fig. 3 Semiquantitative analysis of mitophagy by western blotting. Mitochondria-targeted DHFR-mCherry-
expressing wild-type and atg324 cells were grown in glycerol medium (Gly) for the indicated time points, and
subjected to western blotting. Generation of free mCherry indicates transport of mitochondria to the vacuole.
Pgk1 was monitored as a loading control

4 Notes

1. Although BY4741 grows better and undergoes mitophagy
more extensively than other strains such as W303 and
SEY6210 in non-fermentable media, W303 and SEY6210 can
also be used to generate strains for mitophagy assays using the
protocols described here.

2. mCherry signals should be observed first because the wavelength
of excitation light for GFP is shorter than that of mCherry.

3. In vacuolar protease-deficient cells lacking Pep4 or Prbl, GFP
signals colocalize with the vacuole as dot-like structures, repre-
senting mitochondria-containing autophagic bodies (mitophagic
bodies) [11].

4. If cells are grown over 3 h in SDCA, mitochondria become
fragmented. It is then hard to distinguish between mitophago-
somes and fragmented mitochondria.

5. Cells containing mitophagosomes should be quantified by
counting [11].

6. If free mCherry signals are weak, hide DHFR-mCherry signals
with a paper sheet and expose the blot using a luminescent
image analyzer.
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Chapter 21

Assessing Mitochondrial Selective Autophagy
in the Nematode Caenorhabditis elegans

Konstantinos Palikaras and Nektarios Tavernarakis

Abstract

Eukaryotic cells heavily depend on AT generated by oxidative phosphorylation (OXPHOS) within mito-
chondria. Besides being the main suppliers of cell’s energy, mitochondria also provide an additional com-
partment for a wide range of cellular processes and metabolic pathways. Mitochondria constantly undergo
fusion/fission events and form a mitochondrial network, which is a highly dynamic, tubular structure
allowing for rapid and continuous exchange of genetic material, as well as, targeting dysfunctional mito-
chondria for degradation through mitochondrial selective autophagy (mitophagy). Mitophagy mediates
the elimination of damaged and /or superfluous organelles, maintaining mitochondrial and cellular homeo-
stasis. In this chapter, we present two versatile, noninvasive methods, developed for monitoring in vivo
mitophagy in C. elegans. These procedures enable the assessment of mitophagy in several cell types during
development or under stress conditions. Investigating the role of mitophagy at the organismal level is
essential for the development of therapeutic interventions against age-related diseases.

Key words Ageing, Autophagosome, Autophagy, Caenorbabditis elegans, DsRed, Green Fluorescent
Protein (GFP), Lysosomes, Fluorescent microscopy, Mitochondria, Mitophagy, mtRosella
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CCCP Carbonyl cyanide m-chlorophenylhydrazone
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mtGFP Mitochondria-targeted green fluorescent protein
mtRosella Mitochondria-targeted Rosella

NGM Nematode growth medium
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1

Introduction

Mitochondria are a distinguishing feature of eukaryotic cells and
are often described as cellular powerhouses, since they are the
major energy producers through oxidative phosphorylation
(OXPHOS) and ATP production. In addition, these organ-
elles play an essential role in several fundamental cellular processes
including calcium homeostasis, metabolite synthesis, and apopto-
sis, among others [1].

Impairment of mitochondrial function is a major hallmark of
many pathological conditions and ageing, highlighting the impor-
tance of proper mitochondrial activity [2]. Maintenance of cellular
and organismal homeostasis necessitates a tight regulation of mito-
chondrial biogenesis, as well as the elimination of damaged or
superfluous mitochondria [3-6]. Therefore, eukaryotic organisms
have developed complex and highly specialized molecular and cel-
lular pathways to preserve mitochondrial homeostasis [7].
Mitophagy is a selective type of autophagy mediating removal of
dysfunctional and/or aged mitochondria, and the major degrada-
tion pathway by which cells regulate mitochondrial population in
response to metabolic state [8].

The cytosolic E3 ubiquitin ligase Parkin and the mitochondrial
phosphatase and tensin homolog (PTEN)-induced kinase 1
(PINK1), which are associated with the autosomal recessive form
of parkinsonism [9, 10], have been implicated in the regulation of
mitophagy. The PINKI1 /Parkin pathway is the best studied molec-
ular pathway mediating selective autophagy of damaged and/or
aged mitochondria. In healthy mitochondria, PINKI translocates
to the inner mitochondrial membrane and is cleaved by mitochon-
drial proteases [11]. Subsequently, N-terminally truncated form of
PINKI is released into the cytosol and degraded there by the pro-
teasome [12]. Impairment of mitochondrial function inhibits
import of PINKI to the inner mitochondrial membrane and
PINKI is consequently stabilized on outer mitochondrial mem-
brane. Accumulation of PINKI on the mitochondrial surface stim-
ulates mitophagy through recruitment of Parkin [8]. Following its
translocation to defective mitochondria, Parkin ubiquitylates sev-
eral outer mitochondrial membrane proteins, resulting in the flag-
ging of dysfunctional organelles within the mitochondrial
population [13-15]. Damaged mitochondria are so recognized
and degraded by the autophagic machinery. The highly conserva-
tion of PINKI and Parkin among diverse species underlines their
vital role in the maintenance of energy homeostasis [8].

Despite advances in the delineation of the molecular mecha-
nisms that regulate mitophagy, no reliable and quantitative, in vivo
approach for monitoring mitochondrial elimination in multicellu-
lar organisms is currently available. Aiming to fill this gap, we
developed two complementary systems for monitoring mitophagy
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in vivo and identified conditions that either induce or suppress
mitophagy in the nematode Caenorbabditis elegans [4, 6]. In the
first approach, we generated transgenic animals expressing the
Rosella biosensor in mitochondria. Rosella is a purpose-built
reporter comprising a fast-maturing pH-insensitive DsRed fused to
a pH-sensitive GFP variant. The Rosella biosensor mode of func-
tion is based on the pH differences between lysosomes and other
cellular compartments. GFP fluorescence becomes quenched in
acidic lysosomes, whereas DsRED fluorescence remains unaf-
fected. This biosensor has been used successfully in previous stud-
ies to monitor mitophagy in the unicellular organism Saccharomyces
cerevisine [16]. We adapted this versatile fluorescent microscopy
assay and examined C. elegans animals carrying mtRosella under
normal and mitophagy-inducing conditions such as oxidative
stress, mitochondrial stress, and heat stress. All treatments reduce
the GFP/DsRed ratio of Rosella fluorescence, indicating stimula-
tion of mitophagy (Fig. 1). In addition to mtRosella, we generated

control paraquat cccp heat stress

e

Jr ¥k
l_ I control
B paraquat
= CCCP

[ heat Stress

wit

Fig. 1 Mitophagy is induced under stress conditions. (a) Transgenic animals expressing the mtRosella biosensor in
body wall muscle cells were treated with either paraquat or CCCP or exposed to heat stress (37 °C). (h)
Mitophagy stimulation is described as the reduction of the ratio between pH-sensitive GFP to pH-insensitive DsRed
(n=120; **P < 0.001; one-way ANOVA). Acquisition information: Exposure time, 100 ms; Contrast, medium.
Images were acquired using a 10x objective lens. Size bars denote 20 pm. Error bars denote S.E.M. values
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transgenic animals expressing a mitochondria-targeted GFP
(mtGEP), together with the autophagosomal marker LGG-1, the
homologue of the mammalian cytosolic microtubule-associated
protein 1 light chain 3 (MAP1LC3/LC3), fused with DsRed in
body wall muscle cells. We examined animals carrying both the
mitochondrial and autophagosomal markers, under normal and
mitophagy-inducing conditions. Mitophagy stimulation induces
the formation of autophagosomes that extensively co-localize with
mitochondria (Fig. 2). The availability of reliable and quantitative
methods for monitoring mitochondrial elimination is a prerequi-
site for the elucidation of the molecular mechanisms and patho-
physiological implications of mitophagy in living cells and
organisms and therefore for the development of therapeutic inter-
ventions to treat several human disorders including mitochondrial
diseases and neurodegenerative conditions.

In the following sections, we describe detailed protocols for
in vivo imaging of mitochondrial-selective autophagy in C. elegans,
using two versatile imaging tools.

2 Materials

1. Wormpick or eyebrow/eyelash hair (see Note 1la, b).

2. Cholesterol stock solution: Prepare 5 mg,/ml solution of cho-
lesterol in absolute ethanol. Dissolve by stirring. Store at
4 °C. Do not flame or autoclave.

3. Nystatin stock solution: Prepare 10 mg,/ml solution of nystatin
in 70% (V/V) ethanol. Store at 4 °C and shake prior to use as
this is a suspension. Do not autoclave.

4. Phosphate buffer: For 1 I, dissolve 102.2 g KH,PO, and 57.06 g
K,HPOy in distilled water and fill up to 1 . Thisisa 1 M solu-
tion, pH 6.0. Autoclave and keep at room temperature.

5. Prepare and autoclave 1 M MgSO, (Sigma cat. no. M-7500)
stock solution.

6. Petri dishes (60 mm x 15 mm).

7. Nematode growth medium (NGM) agar plates: Mix 3 g NaCl,
2.5 g Bactopeptone, 0.2 g Streptomycin, 17 g Agar and add
900 ml distilled water. Autoclave. Let cool to 55-60 °C. Add
1 ml cholesterol stock solution (SERVA Electrophoresis
GmbH, Heidelberg, Germany, cat. no. 1701), 1 ml 1 M CaCl,
(Sigma cat. no. C-5080), 1 ml 1 M MgSO, (Sigma cat. no.
M-7506), 1 ml Nystatin stock solution (Sigma cat. no. N-3503),
25 ml 1 M phosphate buftfer, pH 6.0, and distilled sterile water
up to 1 1. Pour about 8§ ml medium per Petri dish and leave to
solidify. Keep the plates at 4 °C until used (see Note 2).
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Fig. 2 Monitoring mitophagy in vivo. (a) Transgenic animals co-expressing in body wall muscle cells a mito-
chondrially targeted GFP (mtGFP) and the autophagosomal protein LGG-1 fused with DsRed were treated with
paraquat, CCCP or exposed to heat stress (37 °C) and subsequently analyzed by confocal microscopy.
Z-projection images of GFP signals depicting mitochondria are shown in the upper panels, DsRed signals
depicting autophagosomes are shown in the middle panels, and the merged images in the lower panels.
Mitophagy induction is described as co-localization of GFP and DsRed signals. (b) Increased number of mito-
autophagosomes under mitophagy-inducing conditions (n = 60; ***P < 0.001; one-way ANOVA). Acquisition
information:; Resolution, 1024 x 1024; Master gain, Track1: 775 and Track2: 510; Emission filters, Track1
Channell: 612—671 and Track2 Channell: 493-562; Laser intensity, Track1 (543 nm): 12% and Track2
(488 nm) 2%. Images were acquired using a 40x objective lens. Size bars denote 20 pm. Error bars denote
S.E.M. values

per body wall muscle cell
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8.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

NGM plates seeded with Escherichia coli (OP50 strain): OP50
strain is available at the Caenorbabditis Genetics Center
(University of Minnesota, Minneapolis, USA; https://www.
cbs.umn.edu/research /resources/cgc). Use a single colony of
E. coli (OP50) and inoculate a 25 ml culture using Luria
Bertani (LB) liquid medium (10 g Bacto-tryptone, 5 g Bacto-
yeast extract, 5 g NaCl and distilled water up to 1 | and sterilize
by autoclaving). Allow inoculated culture to grow for 8—-10 h
at 37 °C with shaking. Seed NGM plates with 150 pl E. coli
(OP50) solution and incubate the plates at room temperature
overnight to allow the growth of the bacterial lawn. Store the
E. coli (OP50) solution at 4 °C. Prepare freshly new E. coli
(OP50) solution every 4 days.

. M9 buffer: Dissolve 3 g KH,PO, (Merck cat. no.

1.04873.1000), 6 g Na,HPO, (Merck cat. no. 1.06586.0500),
5 g NaCl (Merck cat. no. 1.06404.1000) in 1 [ distilled water.
Autoclave and add 1 ml 1 M MgSO, (sterile; Sigma cat. no.
M-7506). Store M9 bufter at 4 °C.

Paraquat: Dissolve 1 g paraquat (Sigma-Aldrich, St. Louis,
USA cat. no. 856,177) in 8 ml distilled water. Thisisa 0.5 M
solution. Prepare aliquots of 400 pl to avoid contamination
and store them at 4 °C (see Note 3).

Dimethyl sulfoxide cell culture grade BC (DMSO; Applichem,
USA cat. no. A3672,0250; see Note 4).

CCCP: Dissolve 100 mg Carbonyl cyanide
m-chlorophenylhydrazone (Sigma-Aldrich, St. Louis, USA
cat. no. 857,815) in 10 ml of DMSO to make a 49 mM stock
solution. Prepare aliquots of 1 ml and store them at —20 °C
(see Note 3).

Levamisole: To make a 0.5 M solution, dissolve 1.2 g levami-
sole (Sigma-Aldrich, St. Louis, USA cat. no. 196,142) in 10 ml
distilled water. Store levamisole solution at 4 °C.

Incubators for stable temperature (20 and 37 °C).

Agarose pads: Prepare 2% agarose in distilled water and keep it
warm on a heating plate. Add 2-3 drops of boiled 2% agarose on
a blank slide glass and cover it quickly with a second blank slide
glass at 90° to the first one. Wait for 1-3 min until the agarose
pads dry and remove the second blank slide (se¢ Note 5).

Nematode strain expressing mtRosella biosensor; IR1631: N2;
Ex003 [pryos TOMM-20::Rosella] (see Notes 6 and 7).

Nematode strain expressing mtGFP together with the autopha-
gosomal marker LGG-1 fused with DsRed; R1284: N2; Is [ pmyo-
3mtGFEP]; Ex011 [plgy-1DsRed::LGG-1] (see Notes 6 and 7).
Dissecting stereomicroscope.

UV irradiation chamber (356 nm).
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20.
21.
22.

23.

24.
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Epifluorescence microscope.
Confocal microscope.

Image] image processing software: freely available at: http://
rsb.info.nih.gov/ij/ [17].

Microsoft  Office 2011 Excel (Microsoft Corporation,
Redmond, USA).

GraphPad Prism software package (GraphPad Software Inc.,
San Diego, USA).

3 Methods

3.1 Growth

and Synchronization
of Nematodes
Population

3.2 Induction
of Mitophagy

3.2.1 Induction
of Mitophagy by Heat
Stress

Use both nematode strains expressing either mtRosella (IR1631)

or

mtGFDP together with autophagosomal marker LGG-1 fused

with DsRed (IR1284) to monitor mitophagy.

1.

Use a dissecting stereomicroscope to select 14 larvae. Then,
add 8-10 L4 larvae of transgenic animals on a freshly E. coli
(OP50) seeded NGM plate. Use at least ten plates containing
transgenic worms.

2. Incubate the worms at the standard temperature of 20 °C.

4.

5.

. Four days later the plates contain mixed nematode population.

. Synchronize worm population by picking L4 larvae of trans-

genic animals under a dissecting stereomicroscope. Select with
a wormpick and transfer them onto separate plates to start the
experiments (se¢ Note la).

. Add 15-20 14 larvae of transgenic animals per plate. For each

experimental condition, use at least three plates containing
transgenic worms.

. After 2 days, either use 2-days old adult worms directly or

transfer them to freshly seeded NGM plates to avoid progeny
and prevent starvation due to lack of food (see Note 8). After
2 days, the latter would represent 4-days old adult worms.

. Incubate three freshly E. cols (OP50) seeded NGM plates for

30 min at 37 °C and keep three plates at 20 °C, as a control.

. Transfer 10-15 2- or 4-days old adult transgenic animals on

pre-warmed plates for each condition (see Note 9).

. Incubate the animals for 2 h at 37 °C. Keep the control set

at 20 °C.

Remove the plates from 37 °C and let worms recover for 30 min
at 20 °C (see Note 10). Censored or dead animals are removed
from the study (see Notes 11 and 12).

Animals are ready for microscopic examination.


http://rsb.info.nih.gov/ij/
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3.2.2 Induction

of Mitophagy by Oxidative
Stress

and Mitochondrial Stress

3.3 Sample
Preparation
for Imaging

3.4 Imaging, Data,
and Statistic Analysis

3.4.1  Imaging Process
Using Nematode Strain
(IR1631) Expressing
mtRosella in Body Wall
Muscles

. Kill E. coli (OP50) bacteria seeded on six NGM plates by

exposing them to UV light (365 nm) for 15 min in an UV
irradiation chamber (se¢ Note 13).

. Use paraquat to induce oxidative stress. Add paraquat to the

top of three seeded NGM plates at § mM final concentration
in the total agar volume. Add the same volume of water to the
three remaining plates that will serve as controls. To specifi-
cally induce mitochondrial stress, add CCCP, instead of para-
quat, to the top of three seeded NGM plated at 15 pM final
concentration in the total agar volume. Use DMSO for con-
trol plates, since CCCP is not dissolved in water (see Notes 4

and 14).

. Gently swirl the plates and allow the liquid to spread over the

entire surface.

4. Let the plates to dry at room temperature.

. Transfer 10-15 2- or 4-days-old adult transgenic animals on

paraquat- or CCCP-containing plates and on control plates
using a wormpick (se¢ Note 15).

. Incubate the animals at 20 °C.

. After 2 days of exposure to the drug, worms are ready for

microscopic examination. Censored or dead animals are
removed from the analysis (see Notes 11 and 12).

. Collect transgenic animals with an eyebrow/eyelash hair (see

Note 1b).

. Place and let the animals to crawl into an unseeded NGM plate

to remove bacteria for 5 min.

. Add a droplet of 10 pl 20 mM M9-levamisole bufter on 2%

agarose pad.

. Collect transgenic animals with an eyebrow/eyelash hair and

place them in M9-levamisole droplet to immobilize transgenic
animals for imaging. Place 15-30 animals per droplet (see
Note 16).

. Gently place a coverslip on the top to press the animals in

agarosc.

. Samples are ready for imaging.

. Capture images of single transgenic animals expressing mtRo-

sella in body wall muscle cells using a camera attached to epi-
fluorescence microscope. Acquire fluorescent images of whole
transgenic animals by using 10x objective lens (se¢ Note 17).

. Document and keep the same microscope and camera settings

(lens and magnifier used, filters exposure time, resolution, laser
intensity, gain, etc.) during imaging process.

. Collect and save images from each method.



3.4.2 Imaging and Data
Analysis Using Nematode
Strain (IR1631) Expressing
mtRosella in Body Wall
Muscles

3.4.3 Imaging Process
Using Nematode Strain
(IR1284) Co-expressing
Mitochondrial

and Autophagosomal
Marker in Body Wall
Muscles

3.4.4 Imaging and Data
Analysis Using Nematode
Strain (IR1284) Co-
expressing Mitochonadrial
and Autophagosomal Marker
in Body Wall Muscles

3.4.5 Statistic Analysis
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. Open and process images with Image]J software.

. Select the “split channel” command via the “image” and

“color” drop-down menu to convert images to grayscale
images with a pixel depth of 8 bit (256 shades of gray).

. Measure emission intensity. To analyze the area of interest

manually (anterior, middle, and posterior body wall muscles),
use the “freechand selection” tool to enclose the fluorescent
area (see Note 17).

. Select the “measurement” command via the “analyze” drop-

down menu to perform pixel intensity analysis.

. Copy the data from “results” window.

6. Paste and import the data by using any software package, such

as the Microsoft Office 2011 Excel software package (Microsoft
Corporation, Redmond, USA).

. Normalize pixel intensity values to the selected area.
. Calculate GFP to DsRed ratio. GFP/DsRed ratio is decreased

upon mitophagy stimulation since GFP signal is quenched due
to acidic environment of lysosomes, whereas DsRed signal
remains stable.

. Capture single body wall muscle cells of transgenic animals co-

expressing mtGFP together with autophagosomal marker
LGG-1 fused with DsRed using a confocal microscope.

. Perform z-stack method, of an entire single body wall muscle

cell by using 40x or 63x objective lens (see Note 17).

. Document and keep the same microscope and camera settings

(lens and magnifier used, filters exposure time, resolution, laser
intensity, gain, etc.) during imaging process.

. Collect and save images from each method.

. Open and process images acquired in Subheading 3.4.3 with

the confocal software.

. Analyze the number of mitoautophagosomes, autophagosomes

containing dysfunctional or superfluous mitochondria, by manu-
ally counting the mitophagy/co-localization events between mito-
chondrial (mtGFP) and autophagosomal marker (DsRed::L.GG-1)
in each stack of body wall muscle cell (se¢ Note 18).

. Document and import the data by using the Microsoft Office

2011 Excel (Microsoft Corporation, Redmond, USA).

. Use any statistic analysis software, such as GraphPad Prism

software package (GraphPad Software Inc., San Diego, USA),
to report the significance of the study.

. Open the desired statistic analysis software.
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. Create a new “table and graph.”
. Select a graph (e.g., Scatter plot, column graph bar, etc.).
. Import and analyze data obtained in Subheading 3.4.2 or 3.4 .4.

. Increase sample size to obtain more accurate results. For each

experiment, at least 50-60 transgenic animals or 50 body wall
muscle cells should be examined for each strain and condition.
Each assay should be repeated at least three times.

. Use the Student’s t test with a significance cut-off level of

P < 0.05 for comparisons between two groups. Use the one-
factor (ANOVA) variance analysis and correct by the post hoc
Bonferroni test for multiple comparisons.

Examples of such experiments are given in Figs. 1 and 2.

4 Notes

. (a) Cut 2-3 cm of platinum wire (90% platinum, 10% iridium

wire, 0.010 in. diameter, e.g., Tritech Research, Los Angeles,
CA). Break off the thin part of a glass Pasteur pipette and melt
the glass at the site of breakage on a Bunsen burner. Attach the
end of the platinum wire. Make flat one end using pincers or a
light hammer. Before using the wormpick always sterilize the
tip over a flame.

(b) Take a toothpick and glue an eyebrow/eyelash hair to the
tip of'it. Let it dry at room temperature. Then, use this tool to
pick and place transgenic animals on agarose pads for imaging.
Before using the eyebrow/eyelash hair always sterilize it by
using 70% of EtOH.

.1 1 of NGM agar medium is sufficient for 125 plates

(60 mm x 15 mm). At least 30 NGM plates are needed for the
described method.

. Paraquat and CCCP are photosensitive chemicals. Cover the

stock solutions, the aliquots, and plates with foil or keep them
in a dark place.

. The universal solvent DMSO could influence animal’s physiol-

ogy. Use less than 1% of DMSO to avoid possible side effects
and /or toxicity [18, 19].

. Agarose pads have to be freshly made every time.

. For basic C. elegans culture, maintenance, and manipulation

techniques, see WormBook, http://www.wormbook.org/).
Follow standard procedures for C. elegans strain maintenance.
Nematode rearing temperature was kept at 20 °C, unless noted
otherwise.

. The nematode strains are available upon request to Professor

Tavernarakis N (tavernarakis@mbb.forth.gr).


http://www.wormbook.org

10.

11.

12.

13.

14.

15.

16.

17.
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. It is reported that autophagy and mitophagy are stimulated

upon caloric restriction and starvation [4, 20]. Therefore,
well-fed and non-starved animals should be used.

. Itis well known that autophagy efficiency diminished over age-

ing [21]. Therefore, young adult individuals should be used to
monitor mitophagy.

The appropriate duration of heat stress and the recovery time
should be experimentally determined each time, especially
when animals of different genetic backgrounds that are likely
to be sensitive to high temperatures are used.

Animals are characterized as censored when they display defects
that interfere with normal physiology or have been compro-
mised by experimental mishandling. Censored and dead ani-
mals are excluded from analysis. To avoid increased censoring
and lethality due to excessive internal egg hatching (bag-of-
worms phenotype or worm bagging), under mitophagy induc-
ing conditions:

(a) Incubate specimens for shorter period in the presence of

each drug or at 37 °C.

(b) Decrease the concentration of paraquat or CCCP.

(c) Use NGM plates containing fluorodeoxyuridine (FUdR),
an inhibitor of DNA synthesis that blocks egg hatching.

(d) Use older adult hermaphrodites (e.g., 4-day-old worms)
that display reduced egg production.

Contaminations may appear during the experimental proce-
dure. Contamination of NGM plates with bacteria not indented
tor feeding or with fungi may have a detrimental impact on
animal survival and mitophagy stimulation. Contaminated
plates and animals should be removed from the study.

Drug efficiency could be affected by bacterial metabolism and
therefore bacteria are killed by UV irradiation in this step.

Use drug-free plates containing identical solutions of distilled
water or DMSO for control conditions.

The appropriate developmental stage, age, drug concentra-
tion, and duration of oxidative and mitochondrial stress should
be experimentally determine each time, when animals of different
genetic backgrounds that might be sensitive to stress are used.
L1-14 larvae are hypersensitive to paraquat and CCCP leading
to severe lethality.

M9-levamisole buffer (final concentration 20 mM). Use M9
buffer instead of water to ensure a favorable osmotic environ-
ment. Protect the animals from drying out during the imaging
process.

In C. elegans, intestinal autofluorescence increases with age.
Therefore, body wall muscle cells close to the intestine should be
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avoided during the imaging process. Focus on body wall muscle
cells in the pharynx to avoid intestinal autofluorescence.

18. Mitophagy/co-localization event is defined by the overlap
between GFP and DsRed signals, which correspond to mito-
chondria (mtGFP) and autophagosomes (DsRed::LGG-1)

respectively.
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Chapter 22

Assessing Mitochondrial Unfolded Protein Response
in Mammalian Cells

Fiona Durand and Nicholas Hoogenraad

Abstract

Mitochondria serve a key role in the supply of energy to cells in the form of ATP, the supply of essential
cellular components such as phospholipids and heme, in apoptosis and as a mediator of cellular signaling
pathways. Mitochondria have their own DNA, consisting of a small number of genes, but the majority of
the total protein complement is encoded in the nucleus, synthesized in the cytosol, and is imported into
the mitochondria in a largely, if not completely unfolded form. These proteins need to be folded into their
functional form within the organelle with the concomitant requirement that the organelle has its own suite
of molecular chaperones and complexes to degrade damaged proteins to avoid stress arising from accumu-
lation of unfolded proteins. This mitochondrial unfolded protein response can also be induced in cells and
protein regulation can be determined using western blot, luciferase reporter assay, and sensitive mass spec-
trometry techniques. In this chapter, we describe a method to induce mtUPR in mammalian cells and the
three methods to analyze components involved in it.

Key words Mitochondria, Unfolded protein response (UPR), Cell stress, Organelle, Mass spectrometry

1 Introduction

The evolution of complexity in cells has brought with it the prob-
lem that cells operate at the limits of their solvent capacity. The cell
has a myriad of solutes that need to remain in solution for the cell
to function properly. Thus, the protein levels in cells are extraordi-
narily high. The E. co/z cell has a protein concentration of around
150 mg/mL [1] and in eukaryotic cells these concentrations are
even higher, reaching close to 500 mg,/mL in the matrix of mito-
chondria from hepatocytes [2]. To cope with the constant threat of
loss of function due to protein aggregation, cells have evolved
proteostatic mechanisms to either rescue unfolded proteins with
the aid of molecular chaperones or degrade these using proteo-
lytic systems [3].

The heat shock response is one such mechanism and a large
number of proteins are inducible under conditions where proteins

Dejana Mokranjac and Fabiana Perocchi (eds.), Mitochondria: Practical Protocols, Methods in Molecular Biology, vol. 1567,
DOI 10.1007/978-1-4939-6824-4_22, © Springer Science+Business Media LLC 2017

363



364

Fiona Durand and Nicholas Hoogenraad

unfold, such as heat stress, through the binding of heat shock
elements in the promoters of genes that form part of this response
mechanism [4, 5]. However, separate mechanisms acting at the
level of subcellular organelles also exist. The endoplasmic unfolded
protein response (erUPR) was the first organelle-specific UPR dis-
covered [6] and has been extensively characterized [7, 8]. It con-
sists of several elements: inhibition of protein translation to reduce
the pressure of protein unfolding in the organelle, transcription of
genes encoding organelle-specific molecular chaperones to refold
unfolded proteins, activation of an organelle-specific proteolytic
mechanism called ERAD [9], and, if all else fails, induction of an
apoptotic mechanism to remove the cell [10, 11]. In essence, the
heat shock response can be viewed as a whole cell UPR and many
of the genes encoding organelle-localized proteostasis compo-
nents have both heat shock elements and organelle-specific UPR
elements.

In many ways, one might have expected an even more pressing
need for a mitochondrial UPR (mtUPR) since protein concentra-
tions in the mitochondrial matrix are even higher than in the
ER. Indeed, that is what turned out to be the case. Deletion of
mtDNA in rho zero cells in culture resulted in the accumulation of
unfolded nuclear encoded proteins of the oxidative phosphoryla-
tion complexes, resulting in the selective increased transcription of
the matrix chaperonins, chaperonins 60 and 10 and the matrix
protease, ClpP, but not the heat shock inducible cytosolic chaper-
one, Hsp70 [12]. A more detailed analysis of the mtUPR in a cell
model where a mutant form of the matrix protein, ornithine trans-
carbamylase, was expressed, the genes of the mtUPR-inducible
chaperonins and protease were found to contain a CHOP/CEBP
transcription factor binding element responsible for the mtUPR
[13]. The activation of the CHOP promoter elements mirrored
the levels of unfolded proteins in the matrix and deletion of the
element or mutation of the CHOP transcription factor blocked the
mtUPR [13].

The CHOP and CEBPp genes are themselves induced by the
mtUPR and contain mtUPR response elements in their promoters
[14]. The CHOP gene itself has both erUPR (ERSE) and mtUPR
elements, enabling it to be selectively responsible for both erUPR
and mtUPR processes. A more detailed analysis of the mtUPR
showed that the mtUPR elements in CHOP and CEBPp are AP1-
binding sites, which bind transcription factors cJun/APl. cJun is
activated by phosphorylation by JNK2, which in turn is activated
by phosphorylation by MEK kinases, MKK4 and MKK7 [14, 15].
A bioinformatics analysis of a collection of mtUPR responsive
genes further revealed that the promoters of these genes contained
two additional elements on either side of the CHOP/CEBP ele-
ment and were called Mitochondrial Response Elements (MURE)
1 and 2 [16]. Mutational analysis showed the requirement for both
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of these elements, but so far the identity of the transcription factors
that bind these elements has not been clarified. In the fullness of
time, it is highly likely that there will be a large complex of DNA
binding and nonbinding proteins involved in the regulation of
the mtUPR.

Like the erUPR, the mtUPR has a mechanism to inhibit trans-
lation in response to the accumulation of unfolded proteins in the
matrix. The mechanism in both cases is via phosphorylation and
inactivation of the translation initiation factor eIF2 via two differ-
ent protein kinases. Whereas PERK, an ER-membrane-located
kinase that is proteolytically released upon erUPR, inhibits transla-
tion in response to erUPR, in mtUPR the enzyme is the dsRNA
activatable PKR [15]. This kinase is activated through the action of
the mitochondrial matrix protease ClpP, although the connection
between the action of ClpP and PKR is still unknown. Once acti-
vated, PKR both inhibits translation and activates the kinase cas-
cade that leads to the activation of JNK2. Subsequent
phosphorylation of ¢JUN then induces the transcription factors
CHOP and CEBPB, with the consequent activation of the mtUPR
responsive genes [15].

Although there are many parallels between erUPR and mtUPR,
the latter response mechanism does not appear to be present in the
same form in lower eukaryotes such as yeast. However, mtUPR has
been well characterized in C. elegans, which also appears to have a
quite different mechanism for solving the unfolded protein prob-
lem as compared with mammalian cells. Activation of the mtUPR in
C. elegans correlates temporally and spatially with nuclear redistri-
bution of the transcription factor DVE-1 with enhanced binding to
the promoters of mitochondrial chaperone genes such as ubiquitin-
like protein UBL-5. These events are dependent on C. elegans
clpp-1 proteolytic activity, a homologue of the mammalian mito-
chondrial matrix protease, ClpP [17].

More recently, an intermembrane space (IMS) UPR (imsUPR)
has been identified in mammalian cells. Accumulation of unfolded
proteins in the IMS leads to an activation of the cytoplasmic kinase
AKT which activates proteosomal activity. It also leads to the activa-
tion of the nuclear estrogen receptor ERa-P, which binds to the
promoter of genes encoding IMS proteins Htra2 and Nrfl [18].

Ornithine Transcarbamylase (OTC) is one of the urea-cycle
enzymes targeted to the mitochondrial matrix and is expressed only
in the liver and small intestine [19, 20]. Mutant OTC, OTC-A, is
used to induce the mtUPR and the wild-type protein is used as a
negative control. This mutant protein is still imported into mito-
chondria, but its folding is impeded and aggregates are formed,
causing a mitochondrial stress response [13]. This approach to
inducing a mtUPR has been extensively used by many researchers in
many different cell lines [21]. Cells are first transfected with vectors
containing the OTC or OTC-A DNA, and then western blot can be



366 Fiona Durand and Nicholas Hoogenraad

performed on whole cell lysates or isolated mitochondria to assess
upregulation of proteins involved in mtUPR. Alternatively, mass
spectrometry analysis can be used to determine the changed levels of
proteins involved in mtUPR. In a third approach, mtUPR can be
assessed using a luciferase reporter assay in which luciferase expres-
sion is under the control of promoter regions containing the CHOP
and/or MURE 1 and 2 binding motifs from mitochondrial genes
involved in mtUPR. Genes responsive to stress caused by aggrega-
tion of OTC-A show up-regulation of the luciferase enzyme [16].
In the following, we describe the methods to induce mtUPR and
the three methods to assess it in mammalian cells.

2 Materials

2.1 Induction
of mtUPR

2.2 Isolation
of Mitochondria

1. pCAGGS vectors containing wild-type (pCAGGS-OTC) and
mutant (pCAGGS-OTCA) forms of ornithine-transcarbamylase
(see Note 1). Empty vector is used as an additional control.

2. COS-7 cells (see Note 2).

3. Complete Medium: Dulbecco’s modified Eagle medium
(DMEM) containing 45 g/L D-glucose, 4 nM L-glutamine,
110 mg/L sodium pyruvate, 5% (v/v) heat inactivated fetal calf

serum, 1% (v/v) penicillin (added from 10,000 U/mL stock),
and 1% (v/v) streptomycin (added from 10,000 pg,/mL stock).

4. Serum free medium: Complete medium without the addition
of fetal calf serum.

. Fetal calf serum.
. Lipofectamine reagent.
. 1 mM EDTA, pH 7.5.

. Cell lysis buffer for Immunoblot assay: 50 mM Tris—HCI,
pH 8.0, 100 mM NaCl, 1% (v/v) Triton X-100, 0.1% (w/v)
SDS, and 0.5% (w/v) sodium deoxycholate.

® N O U

1. PBS (Phosphate Buffered Saline): Dissolve the following in
800 mL distilled H,0, 0.8 g of NaCl (137 mM), 0.2 g of KCl
(27 mM), 1.44 g of Na,HPO, (10 mM), 0.24 g of KH,PO,
(18 mM). Adjust pH to 7.4 with HCI. Adjust volume to 1 L
with additional distilled H,O. Sterilize by autoclaving.

2. HSDE: 20 mM HEPES-NaOH, pH 7.4, 250 mM sucrose,
1 mM DTT, 1 mM EDTA, 0.5 mM PMSEF.

3. Cell lysis buffer for Immunoblot assay: 50 mM Tris—HCI,
pH 8.0, 100 mM NaCl, 1% (v/v) Triton X-100, 0.1% (w/v)
SDS, 0.5% (w/v) sodium deoxycholate.

4. Mass spectrometry lysis buffer: 7 M urea, 2 M thiourea,
30 mM Tris—HCI, pH 8.6 (see Note 3).
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2.3 Luciferase
Reporter Assay

2.4 Determination
of Optimal SILAC
Labeling Medium
(see Note 5)

1.

NOo U

10.

Complete medium: Dulbecco’s modified Eagle medium
(DMEM) containing 45 g/L p-glucose, 4 nM L-glutamine,
110 mg/L sodium pyruvate, 5% (v/v) heat-inactivated fetal calf
serum, 1% (v/v) penicillin (added from 10,000 U/mL stock),
and 1% (v/v) streptomycin (added from 10,000 pg/mL stock).

. COS-7 cells.
. pPCAGGS-OTCA: pCAGGS vector containing mutant form of

ornithine-transcarbamylase (see Note 1).

. Luciferase reporter plasmid: pGL3 luciferase expression plasmid

in which the expression of luciferase is under the control of the
promoter of one of the genes involved in mtUPR. For this
purpose, promoter regions of the genes of the following mito-
chondrial proteins can be used -YMEIL, MPP{, Trx2,
Tim17A, End G, NDUFB2, and ClpP. A promoter-less lucif-
erase construct is used as a negative control.

. Renilln luciferase plasmid, pRL-SV40.
. Lipofectamine reagent.

. Dual-Luciferase Reporter Assay system (Promega): the kit

consists of Passive Lysis Bufter, “Stop and Glo” reagent and
Luciferase Assay Reagent II.

. Glomax luminometer (Promega) (sec Note 4).
. White 96-well plate.

. Labeling Medium: DMEM medium for SILAC (Thermo

Fisher, 88420), containing 45 g/L bp-glucose, 4 nM 1-
glutamine, 110 mg/L sodium pyruvate, 10% dialyzed FCS
(Life Technologies, 26400-044), 1% (v/v) penicillin (added
from 10,000 U/mL stock), and 1% (v/v) streptomycin (added
from 10,000 pg/mL stock).

. R% r-Arginine reagent grade, >98%.
. K% 1-Lysine monohydrochloride reagent grade, >98% (TLC).
. PY% 1-Proline ReagentPlus®, >99% (TLC).

K®: L-Lysine.2HCI (U-13C6, 99%; U-15N2, 99%).

. R!%: r-Arginine HCL (U-13C6, U-15N4) (see Note 6).
. Light medium x 1: Labeling Medium supplemented with

146 mg/1. K° and 84 mg/L R°.

. Light medium x 2: Labeling Medium supplemented with

146 mg/1. K% 42 mg/L. R° and 600 mg/L P°.

. Light medium x 3: Labeling Medium supplemented with

146 mg/L K° 21 mg/L R 1200 mg/L P°.

Heavy medium x 1: Labeling Medium supplemented with
180 mg/T. K® and 88 mg/T. R,
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2.5 Analysis
of mtUPR by Mass
Spectrometry

11.

12.

13.

14.

15.
16.

17.
18.
19.
20.
21.
22.
23.
24.

1.

Heavy medium x 2: Labeling Medium supplemented with
180 mg/L K& 44 mg/T. R, and 600 mg/L P°.

Heavy medium x 3: Labeling Medium supplemented with
180 mg/L K&, 23 mg/L R and 1200 mg/L P°.

Mass spectrometry lysis buffer: 7 M urea, 2 M thiourea,
30 mM Tris—HCI, pH 8.6 (se¢ Note 3).

Freezing medium for labeled cells: 20% dialyzed FCS, 10%
DMSO and respective heavy or light medium.

Nontransfected COS-7 cells.

Mass spectrometry lysis buffer: 7 M urea, 2 M thiourea,
30 mM Tris—HCI, pH 8.6 (see Note 3).

Bradford assay reagent.

Trypsin made up to 0.5 pg/pL in 0.1 mM HCI.

2% acetonitrile /0.1%TFA (v/v) in dH,O.

C18 zip tip (see Note 7).

Activation buffer: 85% acetonitrile /0.1% TFA (v/v) in dH,O.
Wash butffer: 2% acetonitrile, 0.1% TFA (v/v) in dH,O.
Elution bufter: 85% acetonitrile, 0.1% TEA (v/v) in dH,O.
Resuspension bufter: 2% acetonitrile, 0.1% TFA (v/v) in dH,O.

Optimal Light and Heavy media, as determined in Subheading
34.

2. COS-7 cells.

. pCAGGS vectors containing wild-type (pCAGGS-OTC) and

mutant (pCAGGS-OTCA) forms of ornithine-transcarbamylase
(see Note 1).

4. Lipofectamine.

N U1

. Phosphate Buftered Saline (PBS), as in Subheading 2.1.
. Mass spectrometry lysis buffer: 7 M urea (Sigma), 2 M thiourea

(Sigma), 30 mM Tris-HCI (Invitrogen), pH 8.6.

. 100 mM Tris-HCI, pH 7 4.

. ABC: 50 mM ammonium bicarbonate.

9. Trypsin: made up to 0.5 pg/pL in 0.1 mM HCI.

10.
11.
12.
13.
14.
15.
16.

2% acetonitrile 0.1% TFA (v/v) in dH,O.

10% TFA. (v/v) in dH,O.

TCEP: 50 mM Tris-HCI (2-carboxyethyl) phosphine.

IAA: 500 mM Iodoacetamide.

pH strips.

C18 zip tips (see Note 7).

Activation bufter: 85% acetonitrile /0.1% TFA (v/v) in dH,0.
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17. Wash bufter: 2% acetonitrile, 0.1% TFA (v/v) in dH,O.

369

18. Elution bufter: 85% acetonitrile, 0.1% TFA (v/v) in dH,O.
19. Resuspension buffer: 2% acetonitrile, 0.1% TFA (v/v) in dH,O.

3 Methods

For successtul transfection into cells, negatively charged nucleic
acids are complexed with a cationic liposome formulation. This
creates a net positive charge to overcome the electrostatic repul-
sion of the negatively charged cell membrane and allows the DNA

to be taken up by the cell [22].

pCAGGS vectors contain wild-type OTC, OTCA sequences
that contain an SV40 origin of replication and the chicken p-actin
promoter [23]. The OTC and OTC-A DNA contained in the plas-
mids is translated into protein containing an N-terminal targeting
sequence that targets this protein from the cytosol to the mito-
chondrial matrix. The aggregated protein of the truncated OTC-A
causes a mitochondrial stress response and up-regulation of mito-

chondrial protein folding chaperones and proteases (Fig. 1).

The pGL3 luciferase reporter vectors contain promoters of
some of the genes from these regulated proteins. Thus, the levels
of luciferase will increase after mitochondrial stress, condition in

which transcription of these genes is increased (Fig. 2).

0-BiP | w—
o-Hsp73 . e

a-Hsp72 1 9P
o-mtHsSP70 [ S S
0-CPNBO e oo  wliw

o-Cpn10 | ™ . —
1 2 3

Fig. 1 Induction of mtUPR analyzed by western blot. Cells expressing OTC or
OTC-A were harvested 36 h posttransfection. Cells transfected with the empty
plasmid were used as a control. Total cell lysates were prepared subjected to
SDS-PAGE followed by western blot analysis using depicted antibodies [13]. Note
the increased levels of mitochondrial chaperones Hsp60 and 10 upon expression
of OTC-A but no difference in levels of ER chaperone BiP or cytosolic chaperones

Hsp73 and Hsp72. Levels of mitochondrial Hsp70 were also unchanged
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Fig. 2 Survey of promoters responsive to mtUPR. Reporter construct for mitochondrial proteins YME1L1, MPPB
(mitochondrial processing peptidase B subunit), Trx2 (mitochondrial thioredoxin), Tim17A, End G (Endonuclease
G), NDUFB2 (a component of complex 1), and ClpP, which all have CHOP consensus sequences, Lon, Sam50,
Afg3L2 and Paraplegin, without CHOP consensus sequences, and NOX3 (NADPH oxidase 3) and Typl (Type |
iodothyronine deiodinase), which are non-mitochondrial proteins but have CHOP consensus sequences in their
promoter regions, were tested. Cos-7 cells were co-transfected with vector or vector containing OTC-A and
promoter-luciferase constructs were used for luciferase assays 32 h after transfection. Data represents the
mean + SEM from experiments performed in triplicate [16]

3.1 Induction
of mtUPR

. Grow COS-7 cells in Complete Medium in an atmosphere of 5%

CO; at 37 °C. Set the cells up in 10 cm plates the day before
transfections so the cells are 70-80% confluent on the day of
transfection. For each transfection, one such plate is needed.

. For each transfection, prepare solution A by mixing 10 pg of

DNA (pCAGGS vectors containing OTC or OTCA DNA
sequences) in 800 pLL serum-free medium.

. For each transfection, prepare solution B by mixing 25 pL of

Lipofectamine reagent with 800 pL serum-free medium.
Incubate for 30 min at room temperature.

. Mix gently solutions A and B and leave to stand at room

temperature for 45 min (se¢ Note 8).

. Rinse the cells with 8 mL of serum-free medium twice before

adding 6.4 mL of serum-free medium to the tube containing
the DNA-liposome complexes.

. Overlay the mixture onto rinsed cells and leave to incubate at

37 °C for 5 h.

. Add 8 mL DMEM containing 20% foetal calf serum to the plate

without removing the transfection mixture.



3.2 Isolation
of Mitochondria

3.3 Luciferase
Reporter Assay

Assessing Mitochondrial Unfolded Protein Response in Mammalian Cells 371

8.

11.

12.
13.

14.

Replace the medium with fresh complete medium 18-24 h fol-
lowing the transfection.

. Harvest the cells 36 h after transfection (see Note 9).
10.

Whole cells are harvested by adding 1 mL 37 °C 1 mM EDTA
and return to incubator ~3 min.

Collect cells by washing twice with 5 mL PBS and take 20 pLL
for cell counts.

Centrifuge cells at 500 x g for 3 min and remove PBS.

Lyse ~1 x 104 cells in 100 pL of Cell Lysis buffer. A 10 cm
plate of COS-7 cells grown to confluence will yield ~5 x 104
cells and a concentration of ~500 pg/mL. Check using BCA
assay (see Note 10).

Load 5 pg per lane or ~10 pL of the lysate onto SDS-PAGE gel
tor immunoblot analysis. Probe for appropriate proteins. A
typical example of such an experiment is shown in Fig. 1.

The following method can be used for isolation of mitochondria
from all cells described in this chapter and grown on any kind of
medium used here.

1.
2.

Wash 2 x 10 cm plates of confluent cells twice with 10 mL PBS.

Harvest the cells with a rubber policeman in 1.5 mL HSDE,
incubate on ice for 15 min, and centrifuge at 500 x g for 3 min.

. Resuspend the cells in 1.5 mL HSDE and incubate on ice for

15 min.

. Break cells with 20 strokes of a Dounce homogenizer, remove

unbroken by centrifugation at 750 x g for 10 min.

. Centrifuge the now lysed cells at 8700 x g4 for 10 min to collect

a mitochondrial pellet fraction (see Note 10).

. At this stage the mitochondrial pellet can be prepared for

immunoblot analysis in 100 pL of Cell lysis buftfer. Vortex and
incubate on ice for 10 min Alternatively, mitochondria isolated
from SILAC labeled cells can be lysed in 100 pL of mass spec-
trometry lysis buffer, vortex and incubated on ice 10 min.
Centrifuge lysates at 2000 x g to remove debris (see Note 10).

. Transtect COS-7 cells as in Subheading 3.1. One batch of

COS-7 cells is transfected with the luciferase expression plas-
mid, 100 ng Renilin luciterase plasmid, pRL-SV40, and the
OTC-A vector and one batch with the promoterless versions of
luciferase expression plasmid 100 ng Renilla luciferase plasmid,
pRL-SV40, and the OTC-A vector 32 h before assaying for
luciferase expression (see Note 11).

. Wash cells twice with 10 mL PBS and add 1 mL of Passive

Lysis Buffer to each 10 cm plate while cells are still attached to
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3.4 Determination
of Optimal SILAC
Labeling Medium

the plate (~1 mL for a confluent 10 cm plate of COS-7 cells)
32 h after transfection.

. Rock plate back and forth, for 5 min at room temperature and

then scrape cells off plate into centrifuge tube on ice. Pipette
lysate up and down to homogenize sample.

4. Freeze/thaw sample to complete lysis step.

. Vortex the tube for 15 s.
. Centrifuge thawed lysates at 12,000 x g for 2 min at 4 °C and

transfer supernatant to clean tube.

. Analyze the supernatant as a neat sample and diluted in Cell

Culture lysis bufter (Promega), containing 1 mg BSA, to ratios
of 1 in 10 and 1 in 100. Dilution of the samples ensures the
luminometer readout is in the linear scale.

. Place aliquots of 10 pL each of neat and diluted samples in a

white 96-well plate and, using a Glomax luminometer
(Promega), dispense 50 pL of Luciferase Assay Reagent II to
each well and read for 10 s after a 2 s delay.

. Add 50 pL of “Stop and Glo” reagent to determine the back-

ground fluorescence and enable a ratio to be determined
between the two signals (see Note 12). A typical result of such
an experiment is shown in Fig. 2.

Arginine can be metabolized by cells to proline, which can subse-
quently be incorporated into proteins [24]. Thus, it is important
to obtain an estimate of the conversion of arginine to proline under
the experimental conditions used in the SILAC experiments. This
protocol uses nontransfected COS-7 heavy labeled cells, but grow-
ing cells in both heavy and light media can save time in the next
step as labeled cell stocks can be frozen for future use.

1

. Two six-well plates one containing both the three light and

heavy labeled cells and one with heavy labeled cells only are
split five times over 2 weeks using fresh appropriate media
(see Note 13).

. Collect cells grown in heavy media x1, x2, and x3, wash twice

with PBS, snap freeze in liquid N,, and store at —80 °C.

. Cells in all light and heavy medium from one plate can be col-

lected as above and resuspended in 1 mL of appropriate freez-
ing medium, placed in a freezing cell at —80 °C short term or
liquid N, for long-term storage of labeled cell stock.

4. Resuspend cells in 100 pl. mass spectrometry lysis buffer.

. Perform Bradford protein concentration assay on the lysate

(see Note 14). A typical protein concentration obtained is in the
range of 400-500 pg,/mL, so 8—10 pL will make up 4 pg.
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3.5 Analysis
of mtUPR by Mass
Spectrometry

6.

10.
11.
12.

13.
14.
15.

16.

17.

18.

Dilute the volume of lysate corresponding to 4 pg protein to
60 pL with 50 mM ammonium bicarbonate. Adjust pH to 7.8
with 0.1 M HCL

. Add 100 ng of trypsin to the samples and leave to digest at

37 °C overnight (see Note 15).

. Dry the samples in a SpeedVac.
. Reconstitute the samples in 50 pL. 2% acetonitrile, 0.1% TFA,

adjusted to pH ~2 with 10% TFA.
Desalt the samples by passing them through a C18 zip tip.
Activate the C18 STAGE tips with 50 pL of activation buffer.

Centrifuge at ~300 x g until all liquid had passed through
the tip.

Wash tip with 50 pLL of wash buffer and centrifuge at 300 x g.
Place the acidified sample in the tip and centrifuge at 300 x 4.

Wash the tip with 50 pL of wash buffer and transfer tip to a
fresh microfuge tube.

Elute sample with 50 pL of elution buffer and dry down in a
speedy vac ~10 min.

Resuspend tryptic peptides in 20 pL. of resuspension buffer,
vortex and sonicate in a water bath for 2 min.

Analyze the samples labeled with heavy amino acids on an
Orbitrap Elite mass spectrometer. The results are analyzed
using the MaxQuant program [25, 26] (se¢ Note 16).

After determining the optimal SILAC labeling medium, as
described in Subheading 3.4, cells are transfected to produce a
mitochondrial stress response that can be analyzed against control
cells in the same mass spectrometry run.

1.

2.

Grow COS-7 cells (use frozen cells from stock) to 80 % conflu-
ence in appropriate heavy and light media.

Transiently transtect COS-7 cells with pCAGGS-OTC and
pCAGGS-OTC-A vectors so that cells grown in both heavy
and light media are transfected with both plasmids. For this,
follow the method described in Subheading 3.1 with the dif-
ference that the cells are grown in either light or heavy medium
rather than in complete medium.

. 36 hours after transfection, lyse whole cells or isolated mito-

chondria in mass spectrometry lysis buffer, vortex and incubate
on ice for 10 min. Centrifuge lysates at 2000 x g to remove

debris.

. Perform a Bradford protein concentration assay on the lysate

(see Note 14). 1 x 10° cells in 100 pL of Cell Lysis buffer.
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10.

11.

12.

13.

14.

15.
16.

A 10 cm plate of COS-7 cells grown to confluence will yield
~5 x 106 cells and a concentration of ~500 pg,/mL..

. Mix together equal aliquots (~50 pg each) of heavy labeled

OTC and light labeled OTCA fractions and vice versa (light
labeled OTC and heavy labeled OTCA fractions) at this early
stage of sample preparation. Vortex and centrifuge to pool
samples (sec Note 17).

. Double the volume of each sample with 100 mM Tris—HCI,

pH 7.4, vortex and centrifuge to recover the samples from the
tube wall.

. Add TCEP to a final concentration of 1 mM to each sample

and leave overnight at 22 °C in a Thermomixer at 700 rpm
(see Note 18).

. The next day, add IAA to a final concentration of 20 mM, vortex

and leave at 22 °C in the dark for 40 min by covering with
aluminum foil in a Thermomixer at 700 rpm (se¢ Note 19).

. Add TCEP to a final concentration of 3 mM and incubate for

1 h at 22 °C at 700 rpm to quench the alkylation reaction.

Add 1 pg trypsin diluted in 100 mM ammonium bicarbonate.
Add enough of the diluted trypsin mixture to each sample to
bring the urea concentration down to ~1.0 M (see Note 20).

Leave overnight at 37 °C in a Thermomixer at 700 rpm.

Place samples in a Speed-Vac and concentrate until the volume
is reduced to 50-100 plL, then centrifuge to recover the
sample.

Acidify the samples to pH ~2 with ~10 pL. 10% TFA. Check
pH using 0.5 pLL on a pH strip.

Desalt the samples using a C18 zip tip as in Subheading 3.4,
steps 11-17.

Transfer the samples to mass spectrometry injection vials.

Run each sample in duplicate using an extended HPLC acetoni-
trile gradient on an Orbitrap mass spectrometer (sec Note 21).

4 Notes

. Ornithine Transcarbamylase (OTC) is a mitochondrial protein

expressed only in the liver and small intestine [19]. Mutant
OTC, OTCA, is used to induce the mtUPR and the wild-type
protein is used as a negative control. OTCA is a deletion
mutant where an internal 255 base pair fragment, correspond-
ing to amino acid residues 30-114, from the carbamyl phos-
phate binding domain was removed from the wild-type OTC
DNA. This protein is still imported into mitochondria, but its
folding is impeded and it aggregates, causing a mitochondrial
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stress response [13]. This is the approach used here to create a
cell model of organelle stress for in vitro protein and gene reg-
ulation analysis. We have widely distributed the vectors to other
labs around the world and this method has been used to create
an mtUPR in many different cell types and species. Thus, it is a
universal method for accumulation unfolded proteins in the
mitochondrial matrix and the induction of an mtUPR.

2. pCAGGS vector contains an SV40 origin of replication and the
chicken B-actin promoter [23]. Transient transfection of these
pCAGGS vectors is into COS-7 cells as these cells do not con-
tain endogenous OTC. COS-7 cells are derived from simian
monkey kidney cells. They contain a genetically integrated viral
T antigen and, as such, these cells can support runaway replica-
tion of an exogenously introduced recombinant molecule car-
rying an SV40 origin of replication [27]. Transfection of
pCAGGS-OTCinto COS cells causes expression levels of OTC
to be so high that it can be visualized directly from a Coomassie
blue stained gel [13].

3. This buffer needs to be diluted to 1 M urea content to allow
protein digestion by trypsin.

4. For luciferase assays we typically use Promega kits along with
the Glomax luminometer, but other companies have similar
systems. The Promega luminometer utilizes a 96-well plate
sample format and has two injectors. The volume of injected
reagents and the times between injections and readings of the
signals can be custom set.

5. SILAC labeling of cells: This system involves metabolic label-
ing designed to incorporate amino acids containing different
isotopes into proteins in living cells [28]. One sample is grown
in the presence of natural (light) amino acids and the other in
the presence of amino acids containing nonradioactive, heavy
isotopes. Usually, one sample is treated in some way and the
other is kept as a control. The two types of cells are mixed
before sample preparation. Thus, in this approach, using mass
spectrometry analysis, each peptide appears as a pair in the
mass spectra; the peptide with lower mass contains the light
amino acid and originates from the control population A, and
the peptide with higher mass contains the heavy amino acid
and originates from the population B, for example from cells in
which mtUPR was induced. The ratios of these peptides are
then compared to give a relative quantity between the two con-
ditions as the expected mass differences between the labeled and
unlabeled peptides are known before preparation [28].

6. The heavy amino acids include the following heavy isotope
elements and the increased mass of incorporation of one of
these into a protein is given in parenthesis: ¥C4!°N, lysine
(Lys8) and 3C¢'®Ny arginine (Argl0).
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7.

10.
11.

12.

13.

14.

15.

This is a desalting step to clean and concentrate peptides before
mass spectrometry analysis. Peptides will bind to resin contain-
ing C18 chains and will elute using acetonitrile according to
their hydrophobicity. There are a number of products available
for this step.

. Lipofectamine™ Reagent is suitable for the transfection of DNA

into eukaryotic cells, and is a 3:1 (w/w) liposome formulation of
the polycationic lipid 2,3-dioleyloxy-N-[2(sperminecarboxamido)
ethyl]-N,Ndimethyl- 1 -propanaminium trifluoroacetate (DOSPA)
and the neutral lipid dioleoyl phosphatidylethanolamine (DOPE)
in membrane-filtered water. Lipofectamine and vectors are left to
stand at room temperature for 45 min to allow DNA-liposome
complexes to form.

. This amount of time allows for import of OTC and OTCA

into the mitochondria, stress to take place and protein levels to
accumulate. This time can be tested empirically with cells to
determine optimum stress conditions.

Lysates can be stored at —80 °C until analysis.

Firefly luciferase is used in the gene reporter plasmids and
Renilla luciferase is an internal control reporter plasmid to
ensure normalization across sample batches. Because of their
distinct evolutionary origins they have dissimilar enzyme struc-
tures and substrate requirements. These differences make it
possible to selectively discriminate between their respective bio-
luminescent reactions. Use of the Dual Luciferase Reporter
Assay System allows the luminescence from the firefly luciferase
reaction to be quenched while simultaneously activating the
luminescent reaction of Renilla luciferase. Promoters used in
reporter constructs are based on the human genome sequence
information of NCBI. Promoter regions were amplified by
PCR using human genomic DNA as template and consisted of
1000 bp region upstream of the transcription start site.
Promoter DNA was cloned into the pGL3-Basic vector
(Promega) [16]. Empty plasmid, containing the promoter-less
luciferase, is used as a negative control.

The Stop and Glo reagent allows the firefly and Renzlin lucif-
erases to be measured in succession. Dilution of the samples
ensures the luminometer readout is in the linear scale.

The cells are split five times over 2 weeks to allow maximum
incorporation of heavy labeled amino acids.

Bradford protein concentration assay is performed on the
lysate as this assay is compatible with the lysis buftfer.

The sample does not need to be reduced and alkylated at this
stage, as this is a qualitative assay to determine the conversion
of arginine to proline. Trypsin cleaves on the C terminal side of
lysine and arginine, so it is expected that all peptides will contain
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one of these heavy amino acids and there will be enough pep-
tides containing proline to determine the conversion rate with-
out the reduction and alkylation steps.

16. The MaxQuant program is able to define the expected mass of
peptides after they have been fragmented into individual amino
acids by the mass spectrometer. The program allows for the
change in mass of heavy labeled peptides such as Pro6, infer-
ring arginine to proline conversion.

17. Mixing equal amounts of light and heavy labeled samples at
this early stage of the sample preparation workflow reduces
errors related to discrepancies in reagent use and loss of sam-
ple. All steps taken from this point affect both the control and
test samples in the same manner for that particular biological
replicate. Care must be taken to ensure all samples are treated
with the same reagents using a similar time course for sample
preparation to reduce preparation effects. Many biological and
technical replicates increase the statistical relevance of the
results and reduce the effects of preparative and biological vari-
ations. Reversing the light and heavy stressed or control cells
also verifies the power of the SILAC labeling method and can
be accounted for when analyzing the data.

18. TCEDP is a thiol-free reducing agent that reduces protein disul-
fide bonds.

19. TAA alkylates sulthydryl groups on reduced proteins, which
increases the mass by 57 Da [29].

20. The urea concentration is reduced to 1 M during digestion by
dilution with 25 mM ABC to maintain the activity of the
trypsin [30].

21. MaxQuant detects SILAC peptide pairs as three-dimensional
objects in m/z, elution time, and signal intensity. The assembly
of isotope patterns into SILAC pairs and quantitation is done
prior to the submission of data to an MS/MS search engine
where fragmented peptides are matched to the full length pro-
teins from which they originate. After mitochondrial stress pro-
teins such as HSP60 are expected to have 1.2-1.5 higher fold
changes than the same protein from unstressed mitochondria.
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Chapter 23

Analysis of Mitochondrial RNA-Processing Defects
in Patient-Derived Tissues by qRT-PCR and RNAseq

Robert Kopajtich, Johannes A. Mayr, and Holger Prokisch

Abstract

Transcription of the mitochondrial genome yields three large polycistronic transcripts that undergo mul-
tiple endonucleolytic processing steps, before resulting in functional mRNAs, tRNAs, and rRNAs. Cleavage
of the large precursor transcripts is mainly performed by the RNase P complex and RNase Z that cleave
mitochondrial pre-tRNAs at their 5" and 3" ends respectively. Most likely there are additional enzymes
involved that still await identification and characterization. Defects in mitochondrial RNA processing have
been associated with human disease. There are published cases of patients carrying mutations in either
HSD17B10/MRPP2 (encoding a subunit of RNase P complex) or ELAC2 (coding for RNase Z). In addi-
tion, several mtDNA mutations within tRNA genes have been shown to affect RNA processing. Here, we
describe detailed protocols for analyzing RNA processing of mitochondrial tRNAs, in particular their
3’-ends that are processed by RNase Z. These protocols should serve as a guide to extract RNA for quan-
titative real-time PCR and RNAseq analysis.

Key words Mitochondrial RNA Processing, RNase Z, RNase P, ELAC2, MRPP2, mtDNA, qRT-
PCR, RNAseq

1 Introduction

Human mitochondria harbor their own small genome containing
37 genes, 13 of which encode subunits of respiratory chain com-
plexes I, II1, and IV and the ATP synthase (Fig. 1a). Translation of
these genes is accomplished by the mitochondria’s own transcrip-
tion and translation machinery that comprises both nuclear
encoded protein factors and mitochondrially encoded RNA com-
ponents. Transcription initiates from different promoters and
yields large polycistronic transcripts spanning both strands of
almost the entire mitochondrial genome. These precursor molecules
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Fig. 1 Mitochondrial genome, RNA-processing, and qRT-PCR. (a) Circular map of the human mitochondrial
genome with annotated rRNA, mRNA, and tRNA genes among the heavy and light strands. Numbering 770
indicates RNA-processing sites located directly upstream of rRNAs and mRNAs. (b) The nascent mitochondrial
transcripts are processed by RNase P-complex and RNase Z to yield individual RNA species. A defect in RNA
3’-end processing leads to an increase in intermediates that consist of tRNAs with their downstream RNAs
that are identified in the real-time PCR analysis. As an example for the primer design used in the qRT-PCR
analysis, the tRNAA-NDAL junction is given. (¢) Quantification of ten unprocessed mitochondrial tRNA-rRNA or
tRNA-mRNA junctions analyzed by qRT-PCR in fibroblasts from three patients with ELAC2-deficiency. Values
are given as fold change to the average of three different controls. Error bars indicate +1 standard deviation
of at least three technical replicates. ND1-6, coding for complex | subunits; cytb, coding for complex Il subunit,
COXI-IIl, coding for complex IV subunits, ATP8/6, coding for ATP-synthase subunits. tRNA-genes are indicated
using the single letter code for their cognate amino acids

are then further processed by endonucleases to yield the different
mRNAs, tRNAs, and rRNAs. Human mitochondrial DNA is
intronless and contains scarcely intergenic regions, thus individual
genes are either directly adjacent to each other or only separated by
single noncoding nucleotides. Consequently, processing events have
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to occur with great accuracy to ensure functionality of the resulting
separate transcripts. As proposed by the “tRNA punctuation
model” excision of the 22 intervening tRNAs concomitantly pro-
duces all individual mature RNA species [1, 2].

Defects in tRNA 3’-end processing due to mutations in ELAC2
have been associated with a reduced mitochondrial translation rate
[3]. Eleven of the 13 organelle’s mRNAs do either contain
5-UTRs as short as 1, 2, or 3 nucleotides in length or completely
lack any sequence upstream of the initiation codon. The remaining
two mRNAs (ND4 and ATP6) are both part of bicistronic tran-
scripts with overlapping open reading frames, ND4L/ND4 and
ATP8 /6 respectively; thus, their 5’-UTRs are the corresponding
upstream ORFs [4]. A defect in tRNA 3’-end cleavage results in
processing intermediates that consist of a tRNA joined to the
5-end of an mRNA or rRNA (se¢e Notes 1 and 2). It has been
hypothesized that in case of mRNAs these abnormal 5’-extensions
may interfere with the mitochondrial ribosome and consequently
result in a translation defect in mutant or knock down cells [3, 5].

In this protocol, analysis of tRNA 3’-end processing is per-
formed via qRT-PCR using primer pairs flanking potential RNase
7 cleavage sites. Detection and visualization of tRNA 3'-end pro-
cessing defects is also possible from RNAseq whole transcriptome
data as obtained in gene expression studies. Accumulation of aber-
rantly processed transcripts was even detectable in significant
amounts in RNA extracted from whole blood qualifying this
method as a diagnostic tool for mitochondrial disorders.

2 Materials

2.1 Equipment,
Reagents, and
Gonsumables

2.1.1  Equipment
and Manufacturer

2.1.2 Reagents
and Consumables

1. Benchtop centrifuge, Hettich Mikro 22-R Hettich (Hareaus)
2. PCR cycler, Peqstar Peqlab
3. Nanodrop 1000 spectrophotometer NanoDrop Instruments
4. Real Time PCR Cycler (96-well format), BioRad
iCycler iQ5

5. Real Time PCR Cycler (384-well format), Applied Biosystems
HT7900

6. 2100 Bioanalyzer Agilent Technologies
1. QIAshredder Qiagen
2. RNeasy Mini Kit Qiagen
3. Buffer RLT Plus Qiagen
4. Buffer RPE Qiagen
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2.1.3 Oligonucleotides

5. Ethanol, absolute Merck
6. PAXgene blood RNA tubes PreAnalytix
and isolation kit
7. TRIzol Life Technologies
8. TRI reagent Sigma-Aldrich
9. Chloroform Merck
10. Turbo DNase Ambion

11. Maxima reverse transcriptase Thermo Fisher Scientific
12. RNase inhibitor

13. RiboLock

Thermo Fisher Scientific
Thermo Fisher Scientific
14. Random hexamer primers Thermo Fisher Scientific
15. dNTPs

16. PerfeCta® SYBR® Green FastMix® ROX™

Thermo Fisher Scientific
Quanta Bioscience
17. mtDNA specific oligonucleotides Metabion

18. RNA 6000 Nano Kit Agilent

Oligonucleotides (see Table 1) were purchased (from Metabion) in
standard (“desalted”) purity, dissolved in H,O at a final concentra-
tion of 100 uM.

3 Methods

3.1 RNA Isolation

3.1.1  RNA from PAXgene
Whole Blood

3.1.2 RNA from Cultured
Fibroblasts

When working with RNA, special precautions should be taken to
avoid contamination with RNases and to prevent autohydrolysis of
RNA due to inappropriate storage. Consumables and reagents
should be certified as “RNase-free” and gloves should be worn at
all times. A separate working area including pipettes should be
established to minimize the risk of contamination and carry-over
or RNases from other lab areas. RNA should always be cooled on
ice for shorter periods and be kept at —80 °C for long-term storage
in H,O or a buffer without bivalent metal ions such as Mg?*, Ca**,
Zn**, Mn** to prevent autohydrolysis.

The content of a PAXgene blood RNA tube (consisting of 2.5 mL
whole blood and 6.9 mL additive) is processed using the PAXgene
blood RNA Kit according to the manufacturer’s instructions.

1. A fresh or frozen cell pellet from a 70-80% confluent 75 cm?
flask (corresponding to 2-5 x 10° cells) is resuspended and



Table 1
Oligonucleotides used for qRT-PCR

Mitochondrial RNA-Processing 383

mtDNA
#  Junction/amplicon Primer ID position Sequence 5’ to 3’
1  tRNA™—]12S rRNA MT-TF-F 582 TGTAGCTTACCTCCTCAAAGCA
MT-RNRI-R1 708 AGGGTGAACTCACTGGAACG
2  tRNA%-—16S rRNA MT-TV-F 1,611 GCTTAACACAAAGCACCCAAC
5R 1,930 ACGGGTGTGCTCTTTTAGCTG
3 tRNAMUYWR_ND]  MT-TL1-F 3,245 CCCGGTAATCGCATAAAACT
9R 3,486 TAGATGTGGCGGGTTTTAGG
4  tRNAM—ND2 MT-TM-F 4,405 AAGGTCAGCTAAATAAGCTATCG
GluMet4-R 4,532 AAAAATCAGTGCGAGCTTAGC
5  tRNA*—COII MT-TD-F 7,527 GAAAAACCATTTCATAACTTTGTCA
20R 7,663 GGAAAATGATTATGAGGGCG
6  tRNA"—ATP8 /6 MT-TK-F 8,336 TTAAGAGAACCAACACCTCTTTACA
22R 8,539 GGGCAATGAATGAAGCGAACAG
7  tRNASY—ND3 MT-TG-F 10,012 CCGTTAACTTCCAATTAACTAGTTTTG
26R 10,128 TGTAGCCGTTGAGTTGTGGTAG
8  tRNAA—ND4L/ MT-TR-F 10,410 AACAAAACGAATGATTTCGACTC
ND4 28R 10,613 TAAGAGGGAGTGGGTGTTGAGG
9  tRNAMICWNL_ND5  MT-TLcun-F2 12,281 CAGCTATCCATTGGTCTTAGGC
33R 12,443  GGATGCGACAATGGATTTTA
10 tRNA®"—ND6 40F 14,548  AATAACACACCCGACCACAC
MT-TE-R 14,795  ACAACGATGGTTTTTCATATCATT
HPRT1 HPRTI1-F N/A TTCCTTGGTCAGGCAGTATAATC
nuclear encoded HPRTI1-R N/A GGGCATATCCTACAACAAACTTG
reference gene
RPL27 RPL27-F N/A GCTGGAATTGACCGCTACC
nuclear encoded RPL27-R N/A TCTCTGAAGACATCCTTATTGACG

reference gene

lysed in 350 pL of buffer RLT Plus. At this step, the lysate can
either be stored at —80 °C or processed immediately.

2. The lysate is further homogenized by centrifugation through a
QIAshredder spin column for 2 min at full speed.

3. RNA isolation is performed using the RNeasy Mini Kit, or the
AllPrep DNA /RNA Mini Kit, if also DNA has to be isolated

from the same sample.

All the steps are carried out according to the manufacturer’s

instructions.
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3.1.3 RNA
from Muscle Tissue

1.

Prior to RNA extraction, 5-20 mg of deep frozen (—80 °C)
muscle tissue is wrapped in aluminum foil and placed on a
metal block pre-cooled with dry ice or liquid nitrogen.

. Tissue is mechanically disrupted using a hammer or similar (see

Note 3).

. The frozen tissue powder is scraped off using a scalpel blade

and transferred to a clean micro-centrifuge tube.

. After the addition of 500 pl. TRIZOL or TRI reagent, the

sample is completely dissolved by repeatedly pipetting up and
down (see Note 4).

. Incubate the homogenate for 5 min at room temperature.

. Add 200 pL of chloroform and mix well for 15 s by vigorously

shaking or vortexing.

. Incubate the emulsion for 5 min at room temperature.

. Centrituge at 12,000 x g for 15 min at 4 °C to allow the phases

to scparate.

. Transfer the upper (RNA-containing) aqueous phase to a clean

tube.

From this solution, RNA can either be isolated by performing

a 2-propanol precipitation (according to the TRIZOL/TRI
reagent manuals) or purified via spin columns from the RNeasy
Mini kit using a modified version of the manufacturer’s protocol,
described below.

10.

11.
12.

13.

14.

15.

16.

17.

Combine 200 pL of the aqueous phase with 700 pL bufter
RLT (component of the RNeasy Mini kit) and 500 pL 100%
ethanol (see Note 5).

Mix well by vortexing.

Apply half of the sample (~700 pL) to an RNeasy spin column
placed in a 2 mL collection tube.

Spin for 15 s at 9,500 x g. Discard the flow through and repeat
for the second half of the sample.

Transfer the spin column to a new collection tube and wash by
adding 500 pL of buffer RPE and centrifugation (15 s at
9,500 x g).

Discard the flow through and wash the column twice, first with
80%, then with 75% ethanol (centrifugations as above).

Transfer the spin column to a new 2 mL collection tube and
spin for 5 min at top speed (16,000 x g) to remove any residual
ethanol that might interfere with subsequent applications.

Elute RNA by centrifugation (7,000 x g for 1 min) with 30 pLL
RNase-free water into a new tube (see Note 6).



3.2 DNase Digest

3.3 cDNA Synthesis
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After any of the above isolation procedures RNA concentra-
tions should be measured using a spectrophotometer (e.g.,
NanoDrop). Using the procedures described above, we usually
obtain high-quality RNA. Nevertheless, we recommend validating
the RNA integrity by electrophoretic separation and RNA staining,
e.g., using a 2100 Bioanalyzer and the RNA 6000 Nano Kit,
according to the manufacturer’s instructions (se¢ Note 7).

Since the mitochondrial genome does not contain any introns, even
traces of co-purified DNA can compromise the qPCR analysis.
Therefore, it is necessary to remove any remaining DNA contami-
nants prior to cDNA synthesis by DNase digestion (se¢ Note 8).

1. From each sample treat equal amounts of RNA (100 ng to 1 pg)
are treated with Turbo DNase in the presence of RNase inhibi-
tor (e.g., RNaseOUT or RibolLock) in a total volume of 10 pL.:

Turbo DNase (2 U/pL) 1.0 pLL

Reaction buffer (10x) 1.0 pL
RNase inhibitor 1.0 pLL
RNA (0.1-1.0 pg) x pL
RNase-free H,O ad 10.0 pLL

2. Incubate reactions for 30 min at 37 °C.

3. Inactivate DNase by incubation for 10 min at 85 °C and imme-
diately place reactions on ice.

cDNA synthesis is performed using Maxima reverse transcriptase,
which has been modified by in vitro evolution from M-MulV RT
and possesses a higher thermostability and increased synthesis rate.
Due to the high proportion of secondary and tertiary structural ele-
ments of tRNAs and rRNAs, the RT reaction is performed at increas-
ing temperatures, starting at 25 °C, increasing the temperature
step-wise to allow RNAs to unfold during first strand synthesis.

1. For primer annealing, add 1 pL of random hexamer primers
(0.2 pg/pL) to the DNase-treated RNA, heat for 3 min at
70 °C, then immediately place on ice.

2. Set up reactions with a total volume of 20 pL as follows:

RNA, primer-annealed 11.0 pL
dNTPs (10 mM) 1.0 L
RNase inhibitor 1.0 pL
RT buffer (5x) 4.0 pL

Maxima-RT (200 U/uL) 1.0 pLL
RNase-free H,O 2.0 uL
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3.4 qPCR

3.5 Data Analysis

3. Incubate RT reactions in a PCR cycler with the following
parameters (10 min at 25 °C, 30 min at 50 °C, 10 min at 55 °C,
10 min at 60 °C, 10 min at 65 °C, 10 min at 65 °C, 5 min at
85 °C, 1 min at 25 °C).

4. All ¢cDNA preparations should be stored at —20 °C until
needed.

For qPCR amplification, primers to ten RNase Z processing sites
in the human transcriptome have been designed (see Table 1) with
the forward primer being located within the tRNA and the reverse
primer downstream of the tRNA’s 3’-end (Fig. la, b). In order to
adapt this protocol for the analysis of tRNA 5’-end processing,
primers have to be designed to flank RNase P processing sites,
accordingly (see [6] for details). For normalization, the expression
of two reference genes (HPRT1 and RPL27) is analyzed.

1. For each PCR amplicon, mix forward and reverse primer stocks
(usually 100 pM) to obtain working dilutions with a final con-
centration of 1 pM of each primer (e.g., 1 pL forward
primer + 1 pL reverse primer + 98 pL H,O).

2. Dilute ¢cDNA preparation 1:25 in H,O (see Note 9).

3. Set up reactions in a total volume of 10 pL as follows:

SYBR Green Master Mix 5.0 pL
Template cDNA (1:25 dilution) 1.0 pL
Primer-Mix F+R (1 pM) 4.0 uL

4. Cycle parameters on the iCycler iQ5 are (initial denaturation:
1 min/95 °C; 40 cycles: 2 5/96 °C; 40 s/63 °C; 20 s/72 °C;
final step: 10 s/25 °C). Using the HT7900 cycler, the follow-
ing parameters are used (initial denaturation: 1 min/95 °C;
40 cycles: 30 s/95 °C, 30 s/60 °C; final step: 30 s/25 °C) (see
Note 10).

5. For each target to be amplified, set up several technical repli-
cates (at least in triplicate). Ct values between these replicates
should not differ by more than 0.2 cycles (see Note 11).

For technical replicates, mean Ct values from each individual sam-
ple are normalized to the mean Ct of the two reference genes to
obtain delta Ct values (dCt). Next, the normalized individual dCt
values of the patients are subtracted from the mean of the control
Ct values to yield delta delta Ct (ddCt) values. For biological rep-
licates first ddCt values have to be determined, which can then be
used to calculate the mean ddCt. The resulting deviations (ddCt)
are taken as exponents to the base 2 to obtain the x-fold change of
unprocessed RNA intermediates in a given sample compared to
one or several controls.



3.6 RNAseq
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Example:

The processing intermediates of the tRNAA® and the down-
stream transcript ND4L were found to be 32-fold increased in
fibroblasts (derived from a patient with mutations in ELAC2)
compared to a healthy control.

In details:

1. Mean Ct value for this amplicon was 19.9 in patient fibroblast
¢DNA and 25.0 in control fibroblasts.

2. The mean Ct values for the reference genes were 24.5 and
24.6 respectively.

3. dCt values (deviation of reference gene to region of interest)
were:

— for the patient: 24.5 — 19.9 = 4.6.
— in the controls: 24.6 — 25.0 = —0.4.

4. Deviation of normalized dCt values yields the ddCt of this par-
ticular processing intermediate for this given patient sample:
4.6 - (-04)=5.0.

5. Real-Time PCR amplification exceeds the threshold level 5.0
PCR cycles ecarlier for this tRNA-mRNA boundary in the
patient compared to the control sample.

6. This processing intermediate is therefore theoretically
2% = 32-fold increased (Fig. 1c) (sample #2, R_ ND4L).

Detection of tRNA 3’-processing defect from standard RNAseq
whole transcriptome data made use of the fact that by poly(A)-
capturing, size selection and due to their complex structure, tRNAs
are eliminated during library preparation and therefore not cov-
ered in the sequencing data. In the presence of unprocessed tRNA
3’-ends, the sequence reads for the downstream mRNAs and
rRNAs will extend into the upstream tRNA regions leading to an
increased number of sequence reads (see Note 12).

1. For comparison the relative coverage is calculated for each
sample, by normalizing the coverage at each position to the
number of reads mapped to the mtDNA, multiplied by the
average number of reads mapped to mtDNA over all samples
(in our case 10°).

2. For graphic representation, the normalized coverage for each
position is plotted over the mitochondrial genome to obtain a
coverage histogram (Fig. 2a).

3. Detailed view of the tRNA-coding regions reveals higher num-
ber of sequence reads for the samples derived from patients
carrying mutations in ELAC2 (RNA from fibroblasts and
whole blood), indicating accumulation of tRNA-mRNA inter-
mediates (Fig. 2b).
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Fig. 2 Mitochondrial transcriptome analysis. (a) Mitochondrial transcriptome analysis by next-generation
sequencing (RNAseq) of RNA isolated from three fibroblast cell lines from patients with ELAC2-deficiency.
Relative coverage is plotted over the mitochondrial genome (number according to RefSeq accession number
J01415). Colored lines represent affected individuals; black dotted line indicates the average of four controls.
(b) Processing site between tRNA®Y and ND3 is shown with higher magnification for RNA from three fibroblast
cell lines and for RNA from one blood sample

4 Notes

1. Within the human mitochondrial genome, several tRNA
3’-ends are located adjacent to each other on opposite strands
(the 3’ ends of tRNAs for Ile and Glu, Trp and Ala, Thr and
Pro respectively; Fig. 1a). Consequently, their 3’-processing
sites would be located within one PCR product and cannot be
analyzed individually and distinguished from each other using
this protocol.

2. Junctions between neighboring tRNAs (e.g., tRNAs Tyr, Cys,
Asn, Ala and His, Ser!A¢Yl] Leul®UNl) were also found to be dif-
ficult targets for analyzing RNA-processing. This might be due
to highly structured regions in these potentially very short
RNA species that are only very inefficiently reverse transcribed
using random hexamer primers.

3. Special care should be taken not to damage the aluminum foil
used to wrap the frozen tissue to prevent loss and contamina-
tion of sample.



10.

11.
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. Depending on the amount of input material and the type of

tissue used, resuspending and dissolving can take up to 5 min.

. Excess RNA-containing aqueous phase should be frozen at

—20 °C to serve as a backup in case more RNA is needed at a
later time.

. The total yield of RNA can be increased by repeating the elu-

tion with an additional 30 pL of water from the same column.
At the same time, this will decrease the final concentration of
the eluate.

. RNA Integrity Number (RIN) determined wusing the

Bioanalyzer expresses a ratio of the two most abundant RNAs
(28S and 18S rRINAs) in total RNA preparations. RIN values
can range from 0 to 10 and are a measure for intactness of the
RNA, where a RIN of 10 would represent intact RNA and
lower RINs indicate partial degradation of the preparation. In
our experience, RNA extracted from fibroblast cell pellets usu-
ally yielded RIN numbers between 9.9 and 10.0. RNA prepa-
rations from whole blood were found to have RIN values
between 7.0 and 9.0 and RNA from various tissues (such as
muscle, heart, and liver) resulted in RINs between 7.0 and 8.0.
Whereas even a RIN of 5 or 6 is still tolerable for cDNA syn-
thesis and subsequent qPCR analysis, samples with RIN lower
than 7 should be excluded from RNAseq analysis.

. Primer annealing, DNase digest, and cDNA synthesis should

be performed in thin-walled PCR tubes to ensure a quicker
temperature distribution between PCR-cycler/heating block
and the sample.

. Template cDNA concentrations can vary depending on the

amount and integrity of the input RNA, as well as the effi-
ciency during reverse transcription. Dilute ¢cDNA to obtain
Ct-values ranging from 15 to 25 during the subsequent qPCR
reaction. If Ct values are too low, higher dilutions of cDNA
have to be prepared, it Ct values are too high, cDNA should be
used more concentrated.

Cycling parameters during qPCR strongly depend on the
instrument used and have to be determined experimentally
(e.g., denaturing time on the iCycler vs. HT7900 was 2 s vs
30 s, respectively). The necessity for including an elongation
temperature step into the PCR cycle program is another factor
that needs to be evaluated for every instrument and qPCR
reagent used. In case of the HT7900 cycler, slightly increasing
the length of the annealing step allowed for elimination of the
elongation step from the cycler program.

If possible also biological replicates should be performed. In
the case of cultured cells these correspond to RNA prepara-
tions carried out from individual cell pellets, whereas in the
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case of limited biopsy material this may not be possible.
Alternatively, several batches of ¢cDNA can be reverse tran-

scribed instead.

12. Importantly, the data for samples and controls must be pro-
cessed in parallel and acquired in one sequencing run. When
comparing data from individual RNA-seq experiments, batch-
to-batch effects due to differences in library preparation might
lead to inconclusive results.
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Chapter 24

Identification of Disease-Causing Mutations by Functional
Complementation of Patient-Derived Fibroblast Cell Lines

Laura S. Kremer and Holger Prokisch

Abstract

Diagnosis of mitochondrial disorders is still hampered by their phenotypic and genotypic heterogeneity. In
many cases, exome sequencing, the state-of-the-art method for genetically diagnosing mitochondrial dis-
case patients, does not allow direct identification of the disease-associated gene but rather results in a list
of variants in candidate genes. Here, we present a method to validate the disease-causing variant based on
functional complementation assays. First, cell lines expressing a wild-type cDNA of the candidate genes are
generated by lentiviral infection of patient-derived fibroblasts. Next, oxidative phosphorylation is mea-
sured by the Seahorse XF analyzer to assess rescue efficiency.

Key words Mitochondrial disorders, Exome sequencing, Disease-associated gene, Functional com-
plementation, Oxygen consumption rate

1 Introduction

Mitochondrial disorders are a heterogeneous group of diseases
characterized by impaired oxidative phosphorylation [1]. Despite
good progress in the field, most disease-associated mutations still
have to be identified. In recent years, exome sequencing has
emerged as a reliable tool to not only detect known disease-causing
mutations but also to identify mutations in new disease-associated
genes [2]. However, it should be noted that exome sequencing
analysis rarely results in a direct identification of the disease-causing
variants but rather in a list of variants in candidate genes. The most
likely candidate gene for the observed disease is selected based on
the type of mutation, known or predicted subcellular localization,
function of the protein, biochemical data, and the clinical presenta-
tion of the patient. For a final diagnosis, the candidate gene needs
to be validated using functional studies.

Fibroblast cell lines have proven to be a suitable tool to investi-
gate the pathomechanism of a plethora of disease-causing variants
in various genes, even though not necessarily being directly affected.

Dejana Mokranjac and Fabiana Perocchi (eds.), Mitochondria: Practical Protocols, Methods in Molecular Biology, vol. 1567,
DOI 10.1007/978-1-4939-6824-4_24, © Springer Science+Business Media LLC 2017
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They are established upon taking a muscle biopsy for the measure-
ment of the respiratory chain complexes (RCCs) activities, the stan-
dard diagnostic procedure for mitochondrial disorders. To secure
the genetic diagnosis, wild-type ¢cDNA of the respective candidate
gene is expressed in the patient-derived fibroblasts and the rescue
potential of the observed cellular phenotypes is assessed [2—4].

The complementation assay described is based on the widely
used ViraPower™ HiPerform™ Lentiviral Expression System and
we routinely transduce a control fibroblast cell line and the patient
cell line with the wild-type ¢cDNA of the respective disease-associ-
ated gene. Depending on your specific need, consider also includ-
ing constructs containing ¢DNA carrying patient mutations,
control genes (e.g., GFP), or empty constructs in your study.

The overall activity of the RCCI-IV can be determined by mea-
suring the oxygen consumption, the respiration, of mitochondria.
Here, we look for defects in the maximal oxygen consumption rate
(OCR), which is frequently altered in patient-derived fibroblasts
[5-8]. We measure the OCR using the Seahorse XF analyzer and
derive the maximal OCR, also referred to as maximal respiration
rate, by applying the XF Cell Mito Stress Test. First, ATPase is
blocked by oligomycin, which leads to a complete inhibition of the
respiratory chain since the proton gradient built up by RCCI-IV
cannot be exploited anymore. Second, addition of FCCP, an iono-
phore, dismantles the proton gradient resulting in uncoupling of
RCCI-1V from ATPase, thereby achieving overall maximal respira-
tion. Third, rotenone, a RCCI inhibitor, and antimycin A, a RCCIII
inhibitor, are added to stop mitochondrial respiration, whereafter
only a small OCR contributed to non-mitochondrial respiration
can be measured. The mitochondrial maximal respiration rate is the
difference between FCCP-induced overall maximal OCR and the
non-mitochondrial OCR derived upon addition of rotenone and
antimycin A. The experimental setup is outlined in Fig. 1.

2 Materials

2.1 Generation
of the Rescue Plasmid

1. Ampicillin (Sigma): prepare 100 mg/mL ampicillin in H,O
and store as 1 mL aliquots at —20 °C. Aliquots can be refrozen
but should be thawn on ice.

2. LB-Medium: Dissolve 10 g NaCl, 10 g Trypton, and 5 g yeast
extract in 900 mL deionized H,O, adjust pH to 7.0 with 5 M
NaOH, and fill up to 1 L with deionized H,O. Autoclave and
store at RT.

3. LB-Amp plates: Dissolve 10 g NaCl, 10 g Trypton, and 5 g
yeast extract, in 900 mL deionized H,O, adjust to pH 7.0 with
5 M NaOH. Add 20 g agar, fill up to 1 L with H,O, and auto-
clave. Let cool to 40 °C before adding 1 mL of ampicillin
(100 mg/mL stock in H,O). Pour 25 mL in 10 cm petri dishes
and let it solidify. Store at 4 °C.



Functional Complementation of Disease Causing Mutations 393

Generation of the pLenti6.3 vector containing
the gene of interest

Amplify cDNAs

Ligate the cDNA into
pLenti6.3 vector

Transform E.coli
cells

Selection of positive
clones

Production of lentiviral particles and
transduction of fibroblast cell lines

Produce lentiviral stocks in
HEK 293FT cells

Harvest viruses

Transduce control and
patient fibroblast cell lines

Analysis of rescue effect by measurement
of oxygen consumption

Fig. 1 Experimental setup for target gene expression and evaluation of rescue
effect in control and patient fibroblast cell lines

4. DNA Agarose, Biozym.

5. 6x DNA Loading Dye.

6. Filtration system Stericup-GP, 0.22 pm, Merck Millipore.
7. QIAGEN Plasmid Midi Kit, Qiagen.
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8.
9.
10.

11.
12.

2.2 Production 1
of Lentiviral Particles 2
and Transduction 3
of Patient Cell Lines 4
5
6
7
8
9
10.
11.
12.
13.
14.
2.3 Measurement 1.
of Oxygen 2
Gonsumption
3
4
5
6

QIAprep Spin Miniprep Kit, Qiagen.
QIAshredder™, Qiagen.

Platinum® Taq DNA Polymerase High Fidelity, Thermo Fisher
Scientific.

SERVA DNA Stain G, SERVA.

ViraPower™ HiPerform™ Lentiviral TOPO® Expression Kit
(K531000), Thermo Fisher Scientific.

. Blasticidin S HCL, Thermo Fisher Scientific.
. Dulbecco’s Phosphate buffered saline (PBS), Gibco.
. Geneticindisulfat (G418) (50 mg/mlL), Carl Roth.

. Normal Human Dermal Fibroblasts from Neonatal Tissue

(NHDF-neo), Lonza.

. Penicillin-Streptomycin (5000 U/mL), Gibco.
. 0.05%-Trypsin-EDTA, Gibco.

. Prepare a 100 mM Uridine (Sigma) stock solution in ultrapure

H,O and filter through a 45 pm filter. Store as 1 mL aliquots at
=20 °C.

. Fibroblast growth medium: High glucose Dulbecco’s Modified

Eagle’s Medium (DMEM, Gibco) supplemented with 10%
(v/v) fetal bovine serum (FBS, Gibco), 1% (v/v) penicillin-
streptomycin, and 200 pM Uridine. The medium may be
stored at 4 °C for 1 month.

. 293FT growth medium: High glucose DMEM supplemented

with 10% (v/v) EBS, 1% (v/v) penicillin-streptomycin, and
300 pg/mL G418. The medium may be stored at 4 °C for
1 month.

Medium 1: High glucose DMEM supplemented with 10%
(v/v) FBS.

Medium 2: High glucose DMEM supplemented with 10% (v/V)
FBS, 1 % (v/v) penicillin-streptomycin, and 200 pM Uridine.

Medium 3: High glucose DMEM.

Medium 4: High glucose DMEM supplemented with 2% (v/V)
FBS.

Medium 5: Nonfiltered fibroblast growth medium.

CyQUANT® Cell Proliferation Assay Kit, Life Technologies.

. DMEM (without glucose, 1-glutamine, phenol red, sodium

pyruvate and sodium bicarbonate, powder, Sigma).

. Fluorescence plate reader.
. Glucose (20% sterile solution), B. Braun.
. Hydrochloric acid 37% (HCI), Sigma.

. Non-carbon dioxide incubator.
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7. Cell Counter.

13.

14.

15.

16.

. Seahorse XF96 analyzer, Seahorse Bioscience.
. Sodium pyruvate (100 mM solution), Sigma.
10.
11.
12.

XF96 Cell Culture Microplate, Seahorse Bioscience.
XF96 Sensor Cartridge, Seahorse Bioscience.

Seahorse medium (SH medium): dissolve one vial of sodium
bicarbonate free DMEM powder in 900 mL of ultrapure H,O,
add 10 mL sodium pyruvate (10 mM) and 22.5 mL 20% glu-
cose. Adjust the pH to 7.2 with potassium hydroxide and fill up
to 1 L with H,O. Prepare 50 mL aliquots and store at —20 °C.

FCCP (Sigma): prepare 10 mM FCCP in DMSO and store as
4 pL aliquots at —20 °C. On the day of assay, prepare a 4 pM
FCCP working solution in SH medium.

Rotenone (Sigma): prepare 5 mM rotenone in DMSO and
store as 15 pL aliquots at =20 °C. On the day of assay, prepare
a 20 pM rotenone working solution in SH medium.
Oligomycin (Sigma): prepare 5 mM oligomycin in DMSO and
store as 9 pL aliquots at —20 °C. On the day of assay, prepare
a 10 pM oligomycine working solution in SH medium.
Antimycin A (Sigma): prepare 25 mM antimycin A in DMSO
and store as 5 pL aliquots at —20 °C. On the day of assay, pre-
pare a 25 pM antimycin A working solution in SH medium.

3 Methods

3.1 Generation Clone the cDNA of the gene of interest into the pLenti6.3 vector

of the Rescue Plasmid ~ using appropriate primers (se¢e Notes 1-3) according to the
ViraPower™ HiPerform™ Lentiviral TOPO® Expression Kit pro-
tocol. A brief outline is given below.

1. PCR reaction:
For 10 puL Final

Component reaction concentration
10x High Fidelity PCR Buffer 1 pL 1x
2 mM dNTP mixture 1 pL 0.2 mM each
50 mM MgSO, 0.4 uL 2.0 mM
10 uM forward primer 0.4 pL 0.2 uM
10 pM reverse primer 0.4 pL 0.2 pM
Template DNA 1 pL <5 ng
Platinum® Taq DNA Polymerase High Fidelity (5 U/pL) 0.04 pL 0.2 U/rxn
Ultrapure H,O 5.76 pL -
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2.

12.

13.

14.

PCR program:

Temperature (°C) Time
Heat Lid 110
Denature 95 2 min
Start Cycle (30x)
Denature 95 30s
Anneal primer Tm - 5 30s
Extend 68 1 min/kb
End Cycle
Extend 68 10 min

. Check the PCR product by agarose gel electrophoresis (see

Note 4).

. Warm up the water bath to 42 °C, the LB-Amp plate (1 per

construct) to 37 °C and the S.0.C. medium (provided with
ViraPower™ HiPerform™ Lentiviral TOPO® Expression Kit)
to RT and set the shaker temperature to 37 °C.

. Mix 1 pL fresh PCR product, 1 pL salt solution, 2 pL ultrapure

H,O, and 1 pL pLenti-TOPO vector.

. Incubate the reaction at RT for 5 min.

. Place the mixture on ice and thaw one stock of One ShotR

Stbl3™ Competent E. coli cells (provided with ViraPower™
HiPerform™ Lentiviral TOPO® Expression Kit).

. Add the whole reaction volume to the cells and incubate on ice

for 30 min.

. Heat-shock the cells at 42 °C for 30 s in the water bath.
10.
11.

Place the cells on ice for 2 min.

Add 225 pL S.0.C. medium and shake the cells at 37 °C for
1 h in a shaker.

Plate the complete mix on the pre-warmed LB-Amp agar plates
and incubate overnight at 37 °C.

On the following day, warm a LB-Amp plate to 37 °C and
mark the plate with as many sections as the number of colonies
you pick for follow-up analysis (see Notes 5 and 6).

Fill as many wells of a 96-well PCR plate as the number of
colonies you pick with 40 pL sterile ultrapure H,O. Pick a col-
ony with a pipette tip, dip it into the well, and spread the rest
on the respective section of the LB-Amp plate. Incubate the
LB-Amp plate overnight at 37 °C for subsequent inoculation
of liquid cultures on the following day.



15.
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Place the 96-well PCR plate in a PCR cycler for 20 min at
95 °C to denature bacterial cells.

16. Use 5 pL of denatured bacterial suspension as template for

colony PCR:
Component For 20 pL reaction Final concentration
DNA 5 uL
10x PCR-buffer 2 uL 1x
dNTPmix (2 mM) 2 uL 0.2 mM each
Forward primer (10 pmol/pL) (se¢ Note 6) 0.8 pL 0.2 yM
Reverse primer (10 pmol/pL) (see Note 6) 0.8 pL 0.2 yM
Taq-polymerase (5 U/pL) 0.1 pL 0.5 U/rxn
Ultrapure H,O 9.3 uL.

Temperature (°C) Time
Heat Lid 110
Denature 95 5 min

17.

18.

19.

20.

21.

22.

23.

Start Cycle (25x)

Denature 95 1 min
Anneal primer Tm - 5 30s
Extend 72 4 min
End Cycle

Extend 72 5 min

Check the PCR product by agarose gel electrophoresis for
expected product size and correct orientation (see Note 7).

Pick the respective colony from the overnight LB plate and
inoculate 5 mLL LB medium containing 100 pg/mL ampicillin
and incubate overnight at 37 °C (see Note 8).

Isolate the plasmid DNA using the QIAprep Spin Miniprep Kit
according to the manufacturer’s protocol.

Sequence the plasmid for sequence validation.

Pick the validated clone from the sectioned LB agar plate and
inoculate 100 mL LB medium containing 100 pg/mL ampi-
cillin. Incubate overnight at 37 °C (see Note 9).

Isolate the plasmid DNA using the QIAGEN Plasmid Midi Kit
according to the manufacturer’s protocol.

Measure the DNA concentration of your pLenti expression
plasmid.
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3.2 Production

of Lentiviral Particles
and Transduction

of Patient Cell Lines

Lentivivuses must be handled with care and in accordance with
national and institutional guidelines and might require permission.
Always consult the person in charge of health and safety before work-
ing with the lentiviral system!

The procedure below is adapted from the ViraPower™
HiPerform™ Lentiviral TOPO® Expression Kit protocol. It is
designed for one transfection experiment corresponding to one
10 cm dish of 293FT cells yielding enough virii to transduce two
10 cm dishes of fibroblast cell lines with the respective construct.
For transduction of more than two fibroblast cell lines or the usage
of several constructs scale up the protocol accordingly (see Note
10). In addition to the patient cell line a control cell line that is not
derived from a mitochondrial disease patient (e.g., NHDF-neo)
should be transduced to exclude unspecific rescue. The control cell
line also serves as a reference for the respiration experiment
described below.

Day 1
Thaw 293FT cells and maintain them in medium 1 at 37 °C and

5% CO,. On the same day, thaw patient and control cell lines and
culture them in fibroblast growth medium at 37 °C and 5% CO,.

Day 3

Split the 293FT cells and seed them on a 10 cm dish in approxi-
mately 8 mL of medium 1. The 293FT cells should be 70-80%
confluent on the next evening (se¢ Note 11).

Day 4
1. Warm up medium 1 and 3 and thaw the Packaging Mix on ice.

2. Calculate the required vector quantity corresponding to 3 pg
pLenti expression vector.

3. Mix 1.5 mL medium 3 and 36 pL Lipofectamine in a 15 mL
Falcon tube.

4. Incubate for 5 min at room temperature.

5. Mix 1.5 mL medium 3.9 pL Packaging Mix, and 3 pg pLenti
vector in a 15 mL Falcon tube and add this solution dropwise

to the Lipofectamine solution. Gently mix by inverting the
tube.

6. Incubate for 20 min at RT.

7. Aspirate the medium of the 293FT cells and add 5 mL of fresh
medium 1 (see Note 12).

8. Add the transfection solution to 293FT cells dropwise.
9. Incubate the 293FT cells overnight at 37 °C and 5% CO,.
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Day 5
1. Seed patient and control cells on a 10 cm dish in medium 2 to
reach 70-80% confluency on the day of viral transduction.

2. Aspirate the medium from 293FT cells and replace it very care-
fully with 7 mL of medium 4 (add the medium dropwise) (see
Note 13). Incubate for 72 h at 37 °C and 5% CO,.

Day 8
1. Cool down centrifuge to 4 °C, warm up medium 2, prepare

and label 15 and 50 mL Falcon tubes, prepare syringes and
filters, label cryotubes if necessary.

2. Collect the supernatant of the 293FT cells (approximately
7 mL) into a 15 mL Falcon. This supernatant contains lentivi-
ral particles.

3. Centrifuge supernatant at 2000 x g for 15 min at 4 °C.
4. Transfer 7 mL of medium 2 in a 50 mL Falcon tube.

5. Filter the supernatant with a 45 pm filter into the 50 mL Falcon
tube containing medium 2 and mix gently (see Note 14).

6. Aspirate the medium from the fibroblast cell lines and gently
add 7 mL of the mixture of viral supernatant and medium to

each dish of fibroblast cell lines.

7. Incubate the cells at 37 °C and 5% CO, for 24 h. During this
step, the virii infect the cells.

Day 9
Aspirate the medium of the transduced fibroblast cell lines and
replace with medium 5.

Day 10

Begin the selection by adding blasticidin to a final concentration of
5 pg/mL. Only infected fibroblasts expressing your gene of inter-
est will survive the selection.

For further cultivation of transduced cell lines, change medium
every 2 or 3 days (always use selection medium). Split cells if neces-
sary (see Note 15). Before performing experiments with the cells
assess the biosafety level (see Note 16).

We recommend measuring at least 14 replicates per cell line on the
XF96 to account for outliers and variability in the assay. Therefore,
a maximum of six cell lines can be investigated on one XF96 Cell
Culture Microplate. The corner wells of the microplate are used
for background correction. On each plate, include at least one con-
trol cell line (e.g., NHDF-neo), the patient cell line and the patient
cell line transduced with the respective wild-type ¢cDNA to be
tested (see Note 17). The control cell line, which should be derived
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from a healthy person or alternatively from a non-mitochondrial
patient, serves as an indicator for normal respiratory chain
activity.

1.
2.

Detach the cells from the flask by trypsinization.

Collect the cells by centrifugation at 500 x g for 3 min 30 s at
RT.

. Aspirate the medium and resuspend in 2 mL fresh fibroblast

growth medium.

4. Determine the cell concentration using a cell counter.

. Plates 20,000 cells/well in 80 pL of growth medium onto the

XF96 Cell Culture Microplate and incubate at 5% CO, and
37 °C overnight.

. Rehydrate the cartridge (green part) by lifting it off the XF96

utility plate and adding 200 pL of XF calibrant solution per
well. Place the cartridge back onto the utility plate and incu-
bate at 37 °C overnight.

. Set up the experimental procedure

Command Time (min) Port

Calibrate 30
Equilibrate 15
Mix
Wait
Measure
Mix
Measure

Mix

WO WD W NN

Measure
Inject A
Mix
Wait
Measure
Mix
Measure

Mix

WO WD W NN

Measure
Inject B
Mix 2
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of Cell Number/Well
Using CyQuant

10.
11.

12.

13.

14.
15.
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Command Time (min) Port

Wait

Measure

2

3
Mix 2
Measure 3
Mix 2
Measure 3
Inject C
Mix
Wait
Measure
Mix
Measure

Mix

WO W N W NN

Measure

. On the following day replace growth medium with SH medium

(see Note 18) by aspirating 60 pL growth medium.

. Wash by adding and aspiring 150 pL of pre-warmed SH

medium.
Add 160 pL of pre-warmed SH medium.

Place the Cell Culture Microplate into a CO,-free incubator at
37 °C for 30 min to allow equilibration of the CO, levels.

Load 20 pL of 10 uM oligomycin into port A, 22 pL. of 4 pM
FCCP into port B, and 24 pL. of 20 pM rotenone and 25 pM
antimycin A into port C.

Start the experiment and insert the XF cartridge into the XF
analyzer to start the calibration, which takes approximately
20 min.

Replace the utility plate with the Cell culture Microplate.

After the measurement is completed, remove the SH medium
from the Cell Culture Microplate, wash once with 200 pL
PBS, and freeze the Microplate at —80 °C for further determi-
nation of cell number (see Note 19). A representative measure-
ment is depicted in Fig. 2.

Growth rates of control, patient, and transduced cell lines may dif-
fer. Therefore, OCR values/well need to be normalized to the
total number of cells in each well. One method employs the quan-
tification of DNA by CyQuant Cell Proliferation Kit.
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Fig. 2 Representative result of a XF Cell Mito Stress Test seahorse measurement. OCR is monitored under
basal conditions and after addition of oligomycin, of FCCP, and of rotenone and antimycin A

1.

Generate a standard curve according to the manufacturer’s
instructions.

. Per XF Cell Culture Microplate, dilute in a 50 mL Falcon

1 mL of the 20x cell-lysis buffer stock solution in 19 mL dis-
tilled H,O and add 50 pL of the CyQUANT® GR stock solu-
tion. Protect from light.

. Unfreeze the measured XF Cell Culture microplate and add

200 pL of the solution to each well by vigorously pipetting up
and down three times to ensure proper cell lysis.

4. Incubate the plate in the dark for 5 min.

. Measure the fluorescence with a fluorescence microplate reader

(excitation: 480 nm, emission: 520 nm).

3.5 Analyzing The seahorse XF machine generates two files, the .xtd file that can
the Seahorse XF Data be analyzed with the seahorse software and the .xls file that can be
analyzed in excel. Here, we outline the strategy using excel.

1. Derive the OCR values of the whole plate from the excel sheet

and normalize each well for the cell number calculated using
the CyQuant data.

. For each well, calculate the maximal respiration by subtracting

the value of time point 12 (lowest value after the addition of
rotenone and antimycin A) from its respective value at time
point 7 (maximal value after FCCP addition) (see Note 20).
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Fig. 3 Representative result of an analyzed seahorse measurement. The maximal res-
piration of the patient cell line, the patient cell line transduced with the gene of interest
(Patient-T), and the control cell line transduced with the gene of interest (Control-T) are
normalized to the maximal respiration of the control cell line (Control)

3. For each cell line, remove outliers of the maximal respiration by
excluding data points that are 50% off the median (sec Note 21).

4. For each cell line, calculate the average maximal respiration
and the respective standard deviation.

5. Express the average maximal respiration of the patient cell line
and the transduced cell lines as % of the control cell line.

The disease-causing gene variant is likely identified when the defect
in respiration of the patient fibroblast cell line is rescued upon len-
tiviral transduction with the wild-type cDNA. The maximal respi-
ration of the complemented patient cell line should be close to
normal when compared to the control cell line. This effect should
not be observed for the patient cell line transduced with an empty
vector. A positive example is illustrated in Fig. 3. In many instances
we observed clear-cut results. In some cases, we saw improved
activity but intermediary between patient and control levels. To
draw final conclusions and calculate significance, replicated investi-
gations on several plates are necessary.

4 Notes

1. Thaw all reagents on ice and keep them on ice during the
whole experiment. After use, discard buffers, substrates, inhib-
itors, and uncouplers.
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2.

10.

11.

Human wild-type ¢cDNA can be produced or commercially
obtained (e.g., DNASU Plasmid Repository). In the latter case
perform a plasmid mini-preparation and dilute the eluted DNA
1:1000.

. pLenti6.3 does neither contain an ATG start codon nor a

Kozak sequence for translation start, include both in your for-
ward primer design if not already present in the DNA template
(CGCCATG...). Depending on the template either include a
stop codon in your reverse primer or clone in frame for tagging
the construct with a V5 epitope.

. Proceed to the transformation step if you see a discrete band

with the expected product size. If you observe several bands
gel-purify the appropriate fragment and proceed.

. If you do not see distinctive single colonies repeat the transfor-

mation. You might try diluting the input mini-preparation
DNA 1:500 and 1:1000 to produce fresh PCR products for
turther ligation and transformation.

. Pick at least ten colonies if possible. Mutations might have

occurred during PCR amplification and stochastically it is
expected that 50% of the inserts ligated in the wrong direction.

. Use the forward primer of the ¢cDNA insert and the reverse

primer of the vector (V5) to check for the right orientation of
the insert into the vector. It is recommended to also use the
forward and reverse primer of the cDNA insert to confirm
proper ligation and presence of the insert.

. If you did not obtain any bands in neither the insertion nor

orientation setting, there might be a technical problem with
the colony PCR. In this case, perform Mini culture of ten ran-
dom colonies and sequence verify.

. If the single colonies on the sectioned plate began to grow into

each other or if the plate was contaminated, retransform One
ShotR Stbl3™ Competent E. coli cells with mini-preparation
DNA from the validated clone.

This protocol was designed to transduce patient fibroblast cell
lines and the multiplicity of infection (MOI) of the virus was
chosen to likely result in overexpression of the protein. A
reduction of MOI (1:10) resulted in our hands in lower expres-
sion level [3]. If you desire other levels of protein expression or
want to transduce a different cell type, you should determine
the MOI as described in the Manufacturer’s protocol. It is
mandatory to use only patient cell lines that are free of HIV,
HBV, HCV, and mycoplasma contamination.

If the 293FT cells are allowed to grow into a closed mono-
layer, they are more likely to detach from the dish during tur-
ther procedures.
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