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Preface to the Series

Experimental life sciences have two basic foundations: concepts and tools. The Neuro-
methods series focuses on the tools and techniques unique to the investigation of the nervous
system and excitable cells. It will not, however, shortchange the concept side of things as
care has been taken to integrate these tools within the context of the concepts and questions
under investigation. In this way, the series is unique in that it not only collects protocols but
also includes theoretical background information and critiques which led to the methods
and their development. Thus it gives the reader a better understanding of the origin of the
techniques and their potential future development. The Neuromethods publishing program
strikes a balance between recent and exciting developments like those concerning new
animal models of disease, imaging, in vivo methods, and more established techniques,
including, for example, immunocytochemistry and electrophysiological technologies. New
trainees in neurosciences still need a sound footing in these older methods in order to apply
a critical approach to their results.

Under the guidance of its founders, Alan Boulton and Glen Baker, the Neuromethods
series has been a success since its first volume published throughHumana Press in 1985. The
series continues to flourish through many changes over the years. It is now published under
the umbrella of Springer Protocols. While methods involving brain research have changed a
lot since the series started, the publishing environment and technology have changed even
more radically. Neuromethods has the distinct layout and style of the Springer Protocols
program, designed specifically for readability and ease of reference in a laboratory setting.

The careful application of methods is potentially the most important step in the process
of scientific inquiry. In the past, new methodologies led the way in developing new dis-
ciplines in the biological and medical sciences. For example, Physiology emerged out of
Anatomy in the nineteenth century by harnessing new methods based on the newly discov-
ered phenomenon of electricity. Nowadays, the relationships between disciplines and meth-
ods are more complex. Methods are now widely shared between disciplines and research
areas. New developments in electronic publishing make it possible for scientists that
encounter new methods to quickly find sources of information electronically. The design
of individual volumes and chapters in this series takes this new access technology into
account. Springer Protocols makes it possible to download single protocols separately. In
addition, Springer makes its print-on-demand technology available globally. A print copy
can therefore be acquired quickly and for a competitive price anywhere in the world.

Saskatoon, Canada Wolfgang Walz
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Preface

Analysis of Post-translational Modifications and Proteolysis in Neuroscience is designed to
provide detailed experimental procedures for proteomics studies of post-translational mod-
ifications (PTMs) to answer basic and translational research questions in neuroscience. Our
main focus is on recent studies that apply state-of-the-art mass spectrometry techniques for
either qualitative identifications of PTMs or the determination of their dynamics in neuronal
cells and tissues. That said, we have also included additional cutting-edge approaches that
may benefit future neuroscience studies. In many cases, the chapters presented here include
novel and sophisticated examples of targeted proteomics, where much creativity is employed
in the sample work-up.

Given that space is held at a premium in journal articles, some of the technical intricacies
are not always described precisely within the methods and protocols sections, complicating
the efforts of others to either reproduce the results or apply similar methods to study PTMs
in neuronal cells and tissues. We hope this collection of articles will fill this gap and provide
sufficient details that will help readers to successfully conduct similar experiments in their
labs.

Applications utilizing proteomics to answer neuroscience questions have made tremen-
dous progress. These approaches are becoming more effective due to significant improve-
ment in the sensitivity of mass spectrometers and the sophistication of affiliated
bioinformatics software. The recent availability of the Orbitrap and Triple-TOF mass
spectrometers has revolutionized protein detection sensitivities to low attomole levels,
while the development of electron transfer dissociation (ETD) has allowed preservation of
PTMs that often degraded during MS/MS fragmentation. On the digital end, development
of MaxQuant and other software packages for rapid analysis of either unlabeled or stable
isotope-labeled phosphopeptides has greatly enabled our ability to understand protein-
signaling networks in cells and tissues. Furthermore, state-of-the-art software such as
Skyline has made targeted quantification of selected proteins in a large number of biological
samples much more feasible.

Yet, despite this progress, neuroproteomicists must still confront multiple layers of
complexity associated with neurological processes and structures. In both the central and
peripheral nervous systems, many cells types form intricate networks, highly intertwined, to
accomplish the complex biological tasks such as the ones associated with memory and
thought formation, judgment, and neuromuscular activity. In this complex milieu it is
very difficult to dissect cell-specific functions, where contributions of the neighboring cells
often obfuscate analysis. An additional complication is that proteomes are more complex
compared to genomes, where a diverse array of dynamic processes regulate PTMs, including
proteolysis. Such post-translational activities are crucial for maintaining protein function,
enzymatic activities, protein subcellular localization, protein-protein interactions, and even
protein turnover. On a systems level, abnormally modified and processed proteins have been
implicated to be accumulated in brains of patients suffering from many neurodegenerative
diseases including Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, and prion
diseases among others. In addition, proteins with rare PTMs, including citrullination, have
been shown to be associated with increased autoimmunity in multiple sclerosis and other
degenerative neuronal diseases. Therefore, it is essential to be able to accurately identify
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PTMs and regulated proteolysis in neuronal proteins and quantify their dynamic changes
during normal signaling events, and during disease progression.

Each individual chapter in Analysis of Post-translational Modifications and Proteolysis in
Neuroscience is designed to provide detailed information regarding the analysis of protein
processing and PTMs, as well as notes that draw attention to key steps that require extra care
for the successful execution of the experiment. The methods described here are contributed
by experts in neuroproteomics, most of whom published their original research on proteins
derived from neuronal cells and tissues in peer-reviewed journals.

Post-translational Modifications and Processing in Neuroscience begins by considering
PTM analysis from the systems level, where Gu et al. describe their technology to analyze a
bevy of PTMs using an immunoaffinity LC-MS/MS proteomics approach. Their approach,
termed PTMScan Direct, is focused on detecting peptide epitopes representing proteins
found at key nodes within major signaling cascades, especially kinases. These authors
describe methods for working with both cell culture and frozen mouse brain tissue and
utilize examples from studies of dopamine signaling.

From there, a bead-based method for large-scale capture and analysis of glycoproteins,
using boronic acid’s ability to covalently bond with cis-diols, is presented by Xiao et al. This
covalent bond can be reversed, leading to an effective method for large-scale glycoprotein
analysis when combined with enzymatic deglycosylation in 18O water, followed by mass
spectrometric analysis.

Incorporation of D-amino acids is a unique modification that is often overlooked and
technically challenging to detect, yet may have significant consequences in neuroscience. Jia
et al. employ ion mobility spectrometry (IMS) to identify the site-specific location of D-
amino acids within peptides. First, fragment ions are generated by collision-induced disso-
ciation (CID), whereupon the presence of D-amino acid epimers is detected by analyzing
potential arrival time differences between fragment ion epimers that become apparent
during IMS.

Protein S-nitrosylation (SNO) or S-nitrosation is often delicately balanced with S-
oxidative events and both are intimately associated with intracellular signaling. Wang and
Thatcher discuss the use of the d-SSwitch method to simultaneously detect and quantify S-
nitrosylation and S-oxidation events. In this instance, they use this method to elucidate the
status of these PTMs in neuroblastoma cells, employing Fourier Transform Inductively
Coupled Resonance (LTQ-FT-ICR) for MS and MS/MS detections. Showcasing nitrosyla-
tion impacts on a mouse model of Alzheimer’s disease, Zaręba-Kozioł et al. utilize Biotin
Switch as well as SNO site identification technique to identify SNO targets present within
synaptosomes.

Turning additional attention to oxidation of cysteine, Jain et al. describe the use of a
recombinant form of the nucleus-directed thioredoxin 1 (Trx1) mutant to trap protein
targets of its activity, namely proteins targeted for disulfide reduction or denitrosylation.
The authors illustrate the use of this method in neuroblastoma cells, utilizing an LTQ-
Orbitrap Velos mass spectrometer for identification and quantification of affinity-captured
peptides.

An additional contribution to understanding oxidative stress, Silva et al. present their
method for large-scale proteomic analysis of lysine ubiquination in mouseHT22 cells, which
also allows for quantification of these events. Taking advantage of the K63-TUBE recombi-
nant system, this technique utilizes a SILAC approach to quantify ubiquitination, relying on
an LTQ Orbitrap Velos mass spectrometer for detection.
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Among the more prevalent PTMs, phosphorylation is crucial to a myriad number of
regulatory and cell signaling events. On the one hand, phosphorylation of serine and
threonine plays a key role in modulating the activity of enzymes and represents a large and
diverse overall kinome. Tyrosine phosphorylation, on the other hand, occurs more rarely,
functioning in select cell signaling cascades. Both PTMs provide technical challenges. In this
volume, Huang et al. present a method for global phosphoproteomics profiling utilizing
both hydrophobic interaction chromatography (HILIC) and titanium dioxide (TiO2)
phosphopeptide enrichment, and focusing on hybrid mouse neuroblastoma/rat glioma
NG108 cells. LC-MS/MS analysis was performed with a hybrid quadrupole/Orbitrap
mass spectrometer operated in tandem with HPLC.

Taking advantage of a robust epitope formed by phosphotyrosine, Chalkely and Brad-
shaw describe how they couple immunoprecipitation method with LC-MS/MS, in order to
decipher the phosphorylation of tyrosines. Because CID utilizes beams of ions, as opposed
to resonant excitation, it is more likely to generate the pTyr immonium ion at m/z 216,
providing confirmation of the presence of Tyr during MS/MS analysis. In a third article,
Mendoza et al. provide insight into the analysis of phosphorylation of Tau protein, a major
component of neurofibrillary tangles associated with Alzheimer’s disease, using an LC-MS3

method. In this instance, an LTQ-Orbitrap mass spectrometer was used to acquire mass
spectra, allowing for use of data-dependent neutral loss analysis of the MS3 data. Rounding
out this survey of effective methods of studying phosphorylation, Li et al. describe proce-
dures for identifying substrates of the PINK and CAMKII kinases using CID, ETD, and
higher-energy C-trap dissociation (HCD) techniques, with emphasis on use of the Orbitrap
mass spectrometer.

While PTMs play diverse roles within the neuronal cell, there are also proteolytically
generated bioactive peptides that shape endocrine and cellular signaling and functions. In
their first description of a method to analyze proteolytic PTMs, Kockmann et al. provide
expertise on how to identify candidate protease substrates using the iTRAQ-TAILS
approach, utilizing a Hybrid Quadrupole-Orbitrap Mass Spectrometer. In a separate chap-
ter, the Fricker laboratory reports on the use of isotopic labels built on a trimethylammo-
nium butyrate base to analyze protein proteolysis in neuronal tissue, a method that allows
quantification of up to five different samples within one LC-MS/MS run. For these studies,
electrospray ionization Quadrupole Time of Flight (ESI q-TOF) instruments were used for
detection.

Myelin, an important neuronal protein in its own right, is subjected to a variety of
modifications. Proteolytic degradations can impair axon function and are recognized as a
biomarker for traumatic brain injury. Complicating matters, myelin exists in any of several
isoforms, presenting a severe challenge to PTM analysis. Ottens, in his contribution,
provides an isotope dilution method for quantifying specific isoforms of myelin, illustrating
strategies for monitoring proteolytic degradation of myelin in brain tissues. Detection
involves multiple reaction monitoring (MRM) mass spectrometry. He provides a list of
precursor/product ionm/z values, helpful for dynamic data acquisition (DDA) for studying
the myelin isoforms, and then offers advice on detecting theMRM transitions and validating
the method.

We’ve included one DIGE application in this volume, a testament to the power of DIGE
quantitative gel electrophoresis in detecting PTMs. With this method, free sulfhydryls are
first labeled with N-ethyl-maleimide. As illustrated for a palmitoylated protein, the palmi-
toylation is then removed chemically, freeing a sulfhydryl. This sulfhydryl is subsequently
labeled with a fluorescent Cy dye as a marker for palmitoylation. Protocols for analyzing
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phosphorylation, ubiquination, and nitrosylation are also included. A strength of this 2D
gel-based method is that specific PTM-modified protein bands/spots can be excised from
the gel and sequenced using MS/MS methods.

Detyrosination and polyglutamylation events are not to be overlooked and have serious
consequences for neuronal issue. Recognizing the drawbacks of antibody approaches, Mori
et al. provide mass spectrometric protocols for the measurement of detyrosination and
polyglutamylation of tubulin within neuronal cells. The techniques presented utilize 2-D
gel electrophoresis in conjunction with strategic endoprotease digestion to enrich samples
for C-terminal tubulin peptides. In this case, an AXIMA-QIT mass spectrometer was
employed.

Attachment of poly-(R)-3-hydroxybutyrate (PHB) to a protein is a novel PTM whose
importance in ion transport process, among others, is emerging. PHBmodification presents
several challenges, including disintegration of this PTM duringMS analysis, and the fact that
PHB adducts are polymers, resulting in variable mass additions according to the number of
PHB molecules present at the site of attachment. In this application, Zakharian et al.
illustrate the use of an Orbitrap mass spectrometric analysis of PHB modifications of the
mammalian ion channel TRMP8 using LC-MS/MS.

This volume provides insightful protocols in the study of PTMs using proteomics
techniques to understand neurological processes, provided by experts in their field. Even
as much progress has been made understanding PTMs, and their impact on cell function and
disease, this is an exciting time in their study as techniques are expanded to provide more
global information more effectively. We, the editors, can safely anticipate more progress as
sophisticated experimental regimens are more consistently brought to bear to solve chal-
lenges in neuroscience.

Menomonie, Wisconsin, USA Jennifer Elizabeth Grant
Newark, NJ, USA Hong Li
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Proteomic Analysis of Posttranslational Modifications
in Neurobiology

Hongbo Gu, Matthew P. Stokes, and Jeffrey C. Silva

Abstract

Advancements in mass spectrometry instrumentation and proteomics software have made LC-MS technol-
ogy the primary tool for discovering protein biomarkers in many different areas of biological research,
including neurobiology. Coupling novel approaches for sample preparation such as antibody enrichment
and other affinity techniques has facilitated proteomic efforts to characterize proteins on a global scale, and
has led to a better understanding of the complex dynamic changes in protein expression and posttransla-
tional modifications (PTMs). Together these techniques have proven effective in the study of the functional
role of complex signaling and regulatory networks in many model systems. Here we describe a general
approach for immunoaffinity purification (IAP) and LC-MS/MS-directed identification and quantification
of a variety of critical PTMs such as phosphorylation, methylation, acetylation, succinylation, ubiquitina-
tion, and cleaved caspase proteolytic processing. Immunoaffinity LC-MS has been routinely used for
characterizing changes in response to a multitude of biological perturbations or treatment conditions,
and is applicable for numerous model systems and species whose genome sequences are available.

Keywords: Posttranslational modification, Immunoaffinity LC-MS/MS, Phosphopeptide profiling,
Acetylation, Succinylation, Ubiquitination, Methylation

Abbreviations

MeCN Acetonitrile
IAP Immunoaffinity purification
IMAC Immobilized metal affinity chromatography
LC Liquid chromatography
LC-MS/MS Tandem mass spectrometry
MS Mass spectrometry
PTM Posttranslational modification
TFA Trifluoroacetic acid
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1 Introduction

Developmental neuroscience focuses on growth, death, and mor-
phological changes of neuronal cells and involves many complex
signaling networks. These topics include the differentiation of neu-
ronal stem cells along the neural crest, glial or neuronal lineages,
and the growth and maturation of neurons and neuronal connec-
tivity [1–4]. These networks are modulated by posttranslational
modifications of key proteins that drive each of these critical path-
ways. Posttranslational modifications are key regulators of protein
function, and they play fundamental roles in cell development, but
due to the nature of their low abundance, their identification and
the analysis of the cellular processes that they regulate are challeng-
ing. Proteomic methods that can efficiently assay protein/peptide
PTMs, and quantitatively monitor their alterations in the context of
signaling pathways, are urgently needed for the study of disease
mechanisms and advancement of basic and translational research
and would be a valuable tool for drug development programs.

Genetic methods have long been available to profile many
genes or whole genomes simultaneously, such as comparative geno-
mic hybridization arrays, single-nucleotide polymorphism analysis,
or whole-genome sequencing. However, these methods have the
disadvantage that many changes observed at the genetic level do
not necessarily affect progression of the disease. Quantitative pro-
teomic methods represent a more direct measure of changes that
affect various disease states, providing information complementary
to that obtained through genomic methods [5–8].

Historically, the study of protein activity in complex diseases
and cellular signaling pathways has either focused on a few proteins
known to be critical to themodel system of interest or has employed
proteomicmethods that provide rich data sets that randomly sample
the entire proteome with limited coverage of the signaling pathways
known to be involved in the underlying pathology. The detailed
study of one or a few specific proteins has the advantage of focusing
on known pathway components but suffers from an inability to
sample many data points from complex systems. Proteomic analyses
using liquid chromatography-tandemmass spectrometry (LC-MS/
MS) have allowed simultaneous profiling of many thousands of
proteins and PTMs but some peptide enrichment methods, such
as IMAC, can suffer from a lack of sensitivity for low-abundance
proteins and their associated PTMs [9, 10]. The metal affinity
methods tend to enrich for the more abundant phosphoserine and
phosphothreonine peptides present in a sample, whereas critical
signaling may occur through phosphotyrosine-modified proteins
that are present at low levels. For example, in a yeast protein extract,
the IMAC method was used to identify 216 phosphopeptides but
only 3 phosphotyrosine phosphorylation sites [11]. In a separate
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study, IMAC was used to perform a phosphopeptide analysis of
capacitated human sperm cells, whereby only a small fraction of
the isolated phosphopeptides were phosphotyrosine [12]. The use
of antibodies to immunoaffinity enrich for specific PTMs can over-
come these limitations [13, 14].

Using antibodies to enrich for specific PTMs allows studies to
be focused on a particular class of related PTM peptides, such as
those sharing a consensus phosphorylation motif or against a par-
ticular posttranslational modification type [15–20]. Employing
these antibody-based strategies has yielded many insights into sig-
naling pathways and key regulators of disease. Current methods
allow for simultaneous identification and quantification of thousands
of PTM peptides across serine, threonine, and tyrosine phosphoryla-
tion, as well as ubiquitination, neddylation, ISGylation, acetyla-
tion, succinylation, methylation, and cleaved caspase substrates
(see Fig. 1) using antibodies engineered for peptide enrichment
(http://www.cellsignal.com/common/content/content.jsp?id¼
motif-antibody-kits) [21–24]. This particular approach can be
applied to any model system (prokaryotic, eukaryotic, or viral)
since the motif antibody reagents were designed to recognize
peptides with a particular PTM or a PTM in the context of a
conserved sequence motif. In a typical experiment, cells, tissues,
or other biological materials are prepared under denaturing con-
ditions to produce a protein lysate. The protein lysate is subse-
quently digested to peptides with a standard protease such as
trypsin (or endoproteinase LysC) and the resulting peptides are
purified by reverse-phase chromatography. The purified peptides

Fig. 1 PTMScan™ method. An immunoaffinity LC-MS/MS method for profiling a variety of different PTMs by
utilizing the appropriate motif antibody or PTM-specific antibody of interest (serine, threonine, and tyrosine
phosphorylation, ubiquitination, neddylation, ISGylation, acetylation, succinylation, methylation, and/or
cleaved caspase)
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are subjected to immunoaffinity purification (IAP) using antibody
bound to Protein A (or Protein G) beads. Bound peptides are
eluted off the beads, desalted over C18, and analyzed under
standard LC-MS conditions. The relative abundance of the each
identified PTM-modified peptide ion is compared across multiple
samples using either a label-free quantitative method that reports
the integrated peak area (or height) in the MS1 channel
(corresponding to the intact peptide ion) or labeling methods
such as SILAC, reductive amination, or isobaric tagging
[24–33]. This method provides quantitative analysis of hundreds
to thousands of PTM-modified peptides in a single experiment.

One of the key factors contributing to the success of the
immunoaffinity LC-MS method for PTM profiling was the devel-
opment of motif antibodies [34]. In a typical antibody develop-
ment program, one peptide or protein antigen is used to elicit an
immune response for the antigen-specific antibody. However, with
motif antibodies (and PTM antibodies), degenerate peptide
libraries are utilized for immunization, in which one or a few key
residues are fixed and present in all peptides in the library, while
other amino acids in the conserved peptide sequence are varied.
The concept of a phosphorylation motif antibody is illustrated by a
phospho-Akt substrate antibody, which recognizes phosphopep-
tides with Arg in the �3 and �5 positions, relative to the site of
phosphorylation (RXXRX[pS/pT]). This sequence corresponds to
the conserved substrate sequence motif recognized and phosphory-
lated by the kinase, Akt [15]. This strategy has allowed the devel-
opment of antibodies that recognize phosphotyrosine, a series of
antibodies that recognize consensus kinase substrate motifs, and
other posttranslational modifications such as lysine-acetylation,
lysine-succinylation, lysine- and arginine-methylation, and lysine-
ubiquitination.

The combination of IAP enrichment and LC-MS/MS analysis
is not limited to analysis of PTM classes, but can be applied as well
to the study of specific signaling pathways [25, 35]. This approach,
termed PTMScan Direct, focuses on a defined set of peptides from
proteins to monitor specific nodes in key signaling pathways or
derived from a single protein type, such as kinases (http://www.
cellsignal.com/common/content/content.jsp?id¼proteomics-direct).
To date, PTMScan Direct antibody mixtures have been developed
for IAP enrichment and LC-MS/MS analysis in the following
signaling areas: (1) tyrosine kinases, (2) serine/threonine kinases,
(3) Akt/PI3K signaling, (4) cell cycle and DNA damage, (5) apo-
ptosis and autophagy, and (6) a multi-pathway reagent that moni-
tors key regulators in approximately 13 critical signaling pathways,
including Akt signaling,MAP kinase signaling, cell cycle regulation,
apoptosis, and TGF signaling (see Fig. 2 and Table 1).

The combination of IAP enrichment and LC-MS/MS analysis
has been used to conduct many types of proteomic studies, as
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illustrated above. The immunoaffinity LC-MS method can be used
to probe a variety of PTM-related studies, such as the following
examples listed below:

l Discovering candidate biomarkers linked to activation or repres-
sion of a specific class of PTMs.

l Performing a comprehensive proteomic survey of thousands of
PTM sites associated with a new model organism or disease
model, integrating the data into known signaling pathways or
helping to define novel signaling networks.

Fig. 2 Two representative signaling pathways targeted by PTMScan Direct Multi-Pathway. Two of the nine
critical signaling pathways monitored by PTMScan Direct Multi-Pathway, Akt/PI3K signaling (left) and AMPK
signaling (right). Phosphopeptides to the proteins highlighted in purple are accessible using the immunoaffinity
enrichment reagent
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l Detecting substrates of novel signaling proteins (kinases,
phosphatases, ubiquitin ligases, deubiquitinases, acetyl trans-
ferases, methyl transferases, or succinyl transferases).

l Profiling global effects of a candidate therapeutic on a specific
type of PTM, identifying nodes of interest for further study.

l Exploring how cross talk among various PTMs (phosphoryla-
tion, acetylation, succinylation, methylation, ubiquitination) is
related to a particular biological response or involved in cell
development or differentiation.

Fig. 2 (continued)
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l Analyzing downstream effects of targeted gene silencing
(siRNA, CRISPR) on signaling and activation of alternative
compensatory pathways.

l Identifying protein-protein interaction binding partners along
with their corresponding PTMs.

In addition to the LC-MS/MS methods described in this
chapter, there are hundreds of activation-state and total protein
antibodies available for the study of molecular, cellular, and devel-
opmental neuroscience as well as neurodegenerative diseases. These
reagents have been validated for a number of different applications
such as western blot, immunofluorescence, immunohistochemistry,
flow cytometry, and chromatin immunoprecipitation. Among these
include antibodies directed against neurotransmitter receptors such
as glutamate, GABA, and serotonin. These neurotransmitters cross
the synaptic gap between individual neurons, resulting in intercel-
lular signaling and the ability to rapidly communicate nervous
system signals throughout the body. At the molecular level,
reagents are available to monitor protein participants of neuronal
signaling events and brain function. Such targets include Akt,
CDK3, p35, Tau, and GSK-3, which are involved in the production
of the amyloid plaque and neurofibrillary tangles characteristic of
Alzheimer’s disease (Fig. 3—Alzheimer’s Pathway) as well as those
critical nodes involved in dopamine signaling in Parkinson’s disease
(Fig. 4—Parkinson’s Pathway).

The following method will describe in detail the protocol for
performing IAP and liquid chromatography-tandem mass spec-
trometry (IAP LC-MS/MS) in nine sections: (a) general solutions
and reagents, (b) cell lysis, (c) reduction and alkylation of proteins,

Table 1
Targeted coverage of signaling pathways or kinase classes using
PTMScan

PTMScan direct reagent type
PTM sites
recognized

Proteins
covered

Multi-pathway 1006 409

PI3K/Akt signaling 296 105

Apoptosis/autophagy signaling 175 100

Cell cycle/DNA damage
signaling

168 263

Serine/threonine kinases 385 130

Tyrosine kinases 671 120

A total of six different PTMScan Direct reagents are available for pathway-specific PTM

profiling. For each immunoaffinity enrichment reagent, the total number of validated

PTM sites recognized and the total number of corresponding proteins are indicated
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(d) protein lysate digestion, (e) Sep-Pak C18 purification of lysate
peptides, (f) IAP of PTM peptides, (g) concentration and purifica-
tion of peptide for LC-MS analysis, (h) LC-MS/MS analysis of
peptides, and (i) sample data (http://www.phosphosite.org/
staticSupp.do) review from mouse brain tissue.
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Fig. 3 Amyloid plaque and neurofibrillary tangle formation in Alzheimer’s disease. Antibody reagents to total
and site-specific PTMs are available for many proteins involved in amyloid plaque and neurofibrillary tangle
formation (http://www.cellsignal.com/common/content/content.jsp?id¼pathways-park)
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2 Immunoaffinity LC-MS Protocol for PTM Peptides Using PTMSCAN™Antibodies

2.1 General

Solutions

and Reagents

1. HEPES (Sigma, H-4034)

2. Sodium pyrophosphate (Sigma, S-6422)

3. β-Glycerophosphate (Sigma, G-9891)

4. Urea, Sequanal Grade (Thermo Fisher Scientific, 29700)

5. Sodium orthovanadate (Sigma, S-6508)

6. Iodoacetamide (Sigma, I-6125)

7. Dithiothreitol (DTT) (American Bioanalytical, AB-00490)

8. Trypsin-TPCK (Worthington, LS-003744)

9. Trypsin (Promega, V5113)

10. Lysyl Endopeptidase, LysC (Wako, 129-02541)

11. Trifluoroacetic acid, Sequanal Grade (Thermo Fisher Scientific,
28903)

12. Acetonitrile (Thermo Fisher Scientific, 51101)

13. Sep-Pak® Classic C18 columns, 0.7 mL (Waters, WAT051910)

14. Burdick and Jackson Water (Honeywell, AH365-4)

2.1.1 Note Prepare solutions for cell lysis, Sep-Pak purification, and IAP
enrichment with Milli-Q or equivalent grade water. Prepare solu-
tions for subsequent steps with HPLC-grade water (Burdick and
Jackson water).

2.1.2 Stock Solutions 1. 200 mM HEPES/NaOH, pH 8.0: Dissolve 23.8 g HEPES in
approximately 450 mL water, adjust pH with 5 M NaOH to
8.0, and bring to a final volume of 500 mL. Filter through a
0.22 μM filter (as used for cell culture), and use for up to 6
months.

2. Sodium pyrophosphate: Make 50� stock (125 mM,
MW ¼ 446): 1.1 g/20 mL. Store at 4 �C, and use for up to
1 month.

3. β-Glycerophosphate: Make 1000� stock (1 M, MW ¼ 216):
2.2 g/10mL. Divide into 100 μL aliquots and store at�20 �C.

4. Sodium orthovanadate (Na3VO4): Make 100� stock
(100 mM, MW ¼ 184): 1.84 g/100 mL. Sodium orthovana-
date must be depolymerized (activated) according to the fol-
lowing protocol:

(a) For a 100 mL solution, fill up with water to approximately
90 mL. Adjust the pH to 10.0 using 1 M NaOH with
stirring. At this pH, the solution will be yellow.

(b) Boil the solution until it turns colorless and cool to room
temperature (put on ice for cooling).
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(c) Readjust the pH to 10.0 and repeat step 2 until the
solution remains colorless and the pH stabilizes at 10.0
(usually it takes two rounds). Adjust the final volume with
water.

(d) Store the activated sodium orthovanadate in 1 mL ali-
quots at �20 �C. Thaw one aliquot for each experiment;
do not refreeze thawed vial.

5. DTT: Make 1.25 M stock (MW ¼ 154): 19.25 g/100 mL.
Divide into 200 μL aliquots, and store at �20 �C for up to 1
year. Thaw one aliquot for each experiment.

6. Trypsin-TPCK: Store dry powder for up to 2 years at �80 �C.
Parafilm cap of trypsin container (Worthington) to avoid col-
lecting moisture, which can lead to degradation of the reagent.
Prepare 1 mg/mL stock in 1 mM HCl. Divide into 1 mL
aliquots, and store at �80 �C for up to 1 year.

7. Lysyl Endopeptidase (LysC): Store dry powder up to 2 years at
�80 �C. Parafilm cap of LysC container to avoid collecting
moisture, which can lead to degradation of the reagent. Prepare
5 mg/mL stock in 20 mMHEPES pH 8.0. Divide into single-
use aliquots, and store at �80 �C for up to 1 year.

2.2 Cell Lysis

2.2.1 Solutions and

Reagents

1. NOTE: Prepare solutions with Milli-Q or equivalent grade
water.

1. Urea lysis buffer: 20 mM HEPES pH 8.0, 9 M urea, 1 mM
sodium orthovanadate, 2.5 mM sodium pyrophosphate, 1 mM
β-glycerophosphate.

2. NOTE: The urea lysis buffer should be prepared prior to each
experiment. Aliquots of the urea lysis buffer can be stored in the
�80 �C freezer for up to 6 months.

3. NOTE: Dissolving urea is an endothermic reaction. Urea lysis
buffer preparation can be facilitated by placing a stir bar in the
beaker and by using a warm (not hot) water bath on a stir plate.
9 M urea is used so that upon lysis, the final concentration is
approximately 8 M. The urea lysis buffer should be used at room
temperature. Placing the urea lysis buffer on ice will cause the urea
to precipitate out of solution.

2. DTT solution, 1.25 M (see stock solutions for preparation).

3. Iodoacetamide solution: Dissolve 95 mg of iodoacetamide
(formula weight ¼ 184.96 mg/mmol) in water to a final vol-
ume of 5 mL. After weighing the powder, store in the dark and
add water only immediately before use. The iodoacetamide
solution should be prepared fresh prior to each experiment.
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2.2.2 Preparation of Cell

Lysate from Suspension

Cells

1. Grow approximately 1–2 � 108 cells for each experimental
condition (enough cells to produce approximately 10–20 mg
of soluble protein).

1. NOTE: Cells should be washed with 1� PBS before lysis to
remove any media containing protein contaminants. Elevated levels
of media-related proteins will interfere with the total protein
determination.

2. Harvest cells by centrifugation at 130 rcf (g), for 5 min at room
temperature. Carefully remove supernatant, wash cells with
20 mL of cold PBS, centrifuge and remove PBS wash, and
add 10 mL urea lysis buffer (room temperature) to the cell
pellet. Pipet the slurry up and down a few times (do not cool
lysate on ice as this may cause precipitation of the urea).

2. NOTE: If desired, the PTMScan™ protocol may be interrupted
at this stage. The harvested cells can be frozen and stored at�80 �C
for several weeks.

3. Using a microtip, sonicate at 15 W output with three bursts of
15 s each. Cool on ice for 1 min between each burst. Clear the
lysate by centrifugation at 20,000 rcf (g) for 15 min at 15 �C or
room temperature and transfer the protein extract (superna-
tant) into a new tube.

3. NOTE: Centrifugation is performed at 15 �C or room tempera-
ture to prevent urea from precipitating out of solution. Centrifuga-
tion should be performed in an appropriate container rated for at
least 20,000 rcf (g).

2.3 Preparation

of Cell Lysate

fromAdherent Cells

1. Grow 1–2 � 108 cells for each experimental condition
(enough cells to produce approximately 10–20 mg of soluble
protein). The cell number corresponds to approximately three
to ten 150 mm culture dishes (depending on the cell type),
grown to between 70 and 80 % confluence.

1. NOTE: Cells should be washed with 1� PBS before lysis to
remove any media containing protein contaminants. Elevated levels
of media-related proteins will interfere with the total protein
determination.

2. Take all 150 mm culture dishes for one sample, remove media
from the first dish by decanting, and let stand in a tilted
position for 30 s so the remaining medium flows to the bottom
edge. Remove the remainder of the medium at the bottom
edge with a P-1000 micropipettor. Wash each dish with 5 mL
of cold PBS. Remove PBS as described above.

3. Add 10 mL of urea lysis buffer (at room temperature) to the
first dish, scrape the cells into the buffer, and let the dish stand
in tilted position after scraping the buffer to the bottom edge

12 Hongbo Gu et al.



of the tilted dish. Remove the medium from the second dish as
above. Transfer the lysis buffer from the first dish to the second
dish using a 10mL pipette, then tilt the first dish with the lid on
for 30 s, and remove the remaining buffer from the dish and
collect. Scrape cells from the second dish and repeat the process
until the cells from all the dishes have been scraped into the lysis
buffer. Collect all lysate in a 50 mL conical tube.

2. NOTE: DO NOT place urea lysis buffer or culture dishes on ice
during harvesting. Harvest cells using urea lysis buffer at room
temperature. During lysis, the buffer becomes viscous due to
DNA released from the cells.

4. The yield will be approximately 9–12 mL lysate after harvesting
all the culture plates.

3. NOTE: If desired, the PTMScan protocol may be stopped at this
stage. The cell lysate can be frozen and stored at �80 �C for several
weeks.

5. Using a microtip, sonicate at 15 W output with three bursts of
15 s each. Cool on ice for 1 min between each burst. Clear the
lysate by centrifugation at 20,000 rcf (g) for 15 min at 15 �C or
room temperature and transfer the protein extract (superna-
tant) into a new tube.

4. NOTE: Lysate sonication fragments DNA and reduces sample
viscosity. Ensure that the sonicator tip is submerged in the lysate. If
the sonicator tip is not submerged properly, it may induce foaming
and degradation of your sample (refer to the manufacturer’s
instruction manual for the sonication apparatus).

2.4 Preparation of

Cell Lysate from

Frozen Tissue

1. NOTE: Where possible, with xenograft or general tissue sam-
ples, the tissue representing each experimental condition should be
pooled from at least three different animals. This is to average the
biological variability for each condition.

2. NOTE: For xenograft tissue, the tissue weight from each animal
should be no greater than 150 mg to ensure the healthy tissue,
without any signs of necrosis influencing the experiment.

1. Harvest tissue. Separate approximately 50 mg of tissue (wet
weight) for each experimental condition and reserve the mate-
rial for other supplemental analyses (e.g., western blots, IHC
staining). Flash freeze the 50 mg samples directly in liquid
nitrogen and transfer them into labeled cryo-vials. Store the
tissue samples at �86 �C.

2. Cut the remaining tissue (300–450 mg, wet weight) into small
pieces and place into a round-bottom centrifuge tube.

3. Add 1 mL of freshly prepared urea lysis buffer for each 100 mg
of wet tissue.
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4. Homogenize the tissue sample using a Polytron set at
maximum speed: 2 � 20-s pulses. Chill on ice for 1 min
between each pulse.

5. Sonicate the tissue homogenate. First cool on ice for about
1 min, and then sonicate using a microtip set to 15 W output
with three bursts of 30 s each. Cool on ice for 1 min between
each burst.

6. Centrifuge the cell homogenate/lysate to clear cell debris.
Centrifuge at 20,000 rcf (g) at 4 �C for 15 min, and then
transfer the supernatant (this is your protein sample) to a
50 mL screw-cap bottle.

3. NOTE: Reserve 100 μL of each sample in a microfuge tube for
protein concentration determination and any subsequent western
blot analysis.

4. NOTE: If the cell lysate is left on ice for a prolonged period of
time, the urea may precipitate. If a precipitate forms, remove from
ice and warm slightly by hand until urea is in solution.

2.5 Reduction and

Alkylation of Proteins

1. Add 1/278 volume of 1.25 M DTT to the cleared cell super-
natant (e.g., 36 μL of 1.25 M DTT for 10 mL of protein
extract), mix well, and place the tube into a 55 �C incubator
for 30 min.

2. Cool the solution on ice briefly until it has reached room
temperature (tube should feel neither warm nor ice-cold by
hand).

3. Add 1/10 volume of iodoacetamide solution to the cleared cell
supernatant, mix well, and incubate for 15 min at room tem-
perature in the dark.

2.6 Protein Lysate

Digestion

1. NOTE: Alternative proteases such as GluC, chymotrypsin, and
others can be used in addition to the protease treatments outlined
above to expand the coverage of modified peptides from each
antibody reagent. When considering the use of additional protease
treatments it should be compatible with the respective motif anti-
body by not cleaving residues within the designated sequence
motif. Protease treatments that generate larger proteolytic peptides
may not be ideal if the resulting peptides do not ionize well in the
mass spectrometer (Table 2).

1. Dilute threefold with 20 mM HEPES pH 8.0 to a final con-
centration of 2 M urea and 20 mM HEPES, pH 8.0. For
example, for 10 mL of lysate add 30 mL 20 mM HEPES
pH 8.0.
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2.6.1 Trypsin Digestion 1. Add 1/100 volume of 1 mg/mL trypsin-TPCK (Worthing-
ton) stock in 1 mMHCl and digest overnight at room temper-
ature with mixing.

2. Analyze the lysate before and after digest by SDS-PAGE to
check for complete digestion.

3. Continue through the Sep-Pak, IAP, and StageTip protocols
prior to LC-MS analysis of enriched peptides.

2.6.2 LysC Digestion 1. Prepare 5 mg/mL stock solution of LysC in 20 mM HEPES
pH 8.0. Aliquot for single use and store at �80 �C.

Table 2
Protease digest reference for PTM antibodies

Catalogue
No PTMScan kit description Motif Protease

5563 Phospho-Akt Substrate
motif Kit

RXRXX(S*/T*) LysCa

5561 Phospho-Akt Substrate
motif Kit

RXX(S*/T*) LysCa

5564 Phospho-AMPK Substrate
motif Kit

LXRXX(S*/T*) LysCa

5565 Phospho-PKA Substrate
motif Kit

RRX(S*/T*) LysCa

8803 Phospho-Tyrosine Kit (Y*) Trypsin

5567 Phospho-T*PP Motif Kit T*PP Trypsin

5566 Phospho-ST*P Motif Kit ST*P Trypsin

4652 Phospho-MAPK/CDK
Substrate Motif Kit

PXS*P and S*PX
(K/R)

Trypsin

13416 Acetyl-Lysine Kit K-acetyl Trypsin

12810 Cleaved Caspase Substrate Kit DE(T/S/A)D Trypsin

13474 Di-methyl-Arginine
(asymmetric) Kit

R-(methyl)2 Trypsin

13563 Di-methyl-Arginine
(symmetric) Kit

R-(methyl)2 Trypsin

12235 Mono-methyl-Arginine Kit R-methyl Trypsin

5562 Ubiquitin Remnant Motif Kit K-epsilon-GG Trypsin

aFor LysC-digested material, there is a second digestion performed after the StageTip

purification of enriched peptides (see the protocol after StageTip Purification). Refer to
the following link for an updated version of available PTMScan Kits: http://www.

cellsignal.com/services/ptmscan_kits.html
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2. Add LysC solution to peptides at 1:250 (w:w). For 20 mg
sample, use 20 mg � 250 ¼ 80 μg � 1 μL/5 μg ¼ 16 μL
LysC and digest overnight at room temperature.

3. Analyze the lysate before and after digest by SDS-PAGE to
check for complete digestion.

4. Continue through the Sep-Pak®, IAP, and StageTip protocols
before conducting the SECONDARY DIGESTION with
trypsin (see end of Section 2.12).

2.7 Sep-Pak® C18

Purification of Lysate

Peptides

1. NOTE: Purification of peptides is performed at room tempera-
ture on 0.7 mL Sep-Pak columns from Waters Corporation,
WAT051910.

2. NOTE: Sep-Pak® C18 purification utilizes reversed-phase
(hydrophobic) solid-phase extraction. Peptides and lipids bind to
the chromatographic material. Large molecules such as DNA,
RNA, and most protein, as well as hydrophilic molecules such as
many small metabolites are separated from peptides using this
technique. Peptides are eluted from the column with 40 % acetoni-
trile (MeCN) and separated from lipids and proteins, which elute at
approximately 60 % MeCN and above.

3. NOTE: About 20 mg of protease-digested peptides can be
purified from one Sep-Pak column. Purify peptides immediately
after proteolytic digestion.

2.7.1 Solutions and

Reagents

1. NOTE: Prepare solutions with Milli-Q® or equivalent grade
water. Organic solvents (trifluoroacetic acid, acetonitrile) should
be of the highest grade. All percentage specifications for solutions
are vol/vol.

1. 20 % trifluoroacetic acid (TFA): Add 10 mL TFA to water to a
total volume of 50 mL.

2. Solvent A (0.1 % TFA): Add 5mLof 20 %TFA to 995mLwater.

3. Solvent B (0.1 % TFA, 40 % acetonitrile): Add 400 mL of
acetonitrile (MeCN) and 5 mL of 20 % TFA to 500 mL of
water, and adjust final volume to 1 L with water.

2.8 Acidification of

Digested Cell Lysate

NOTE: Before loading the peptides from the protein digest on the
column, the digest must be acidified with TFA for efficient peptide
binding. The acidification step helps remove fatty acids from the
digested peptide mixture.

1. Add 1/20 volume of 20 % TFA to the digest for a final concen-
tration of 1 % TFA. Check the pH by spotting a small amount
of peptide sample on a pH strip (the pH should be under 3).
After acidification, allow precipitate to form by letting stand for
15 min on ice.
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2. Centrifuge the acidified peptide solution for 15 min at 1780 rcf
(g) at room temperature to remove the precipitate. Transfer
peptide-containing supernatant into a new 50 mL conical tube
without dislodging the precipitated material.

2.9 Peptide

Purification

1. NOTE: Application of all solutions should be performed by
gravity flow.

1. Connect a 10 cc reservoir (remove 10 cc plunger) to the
SHORT END of the Sep-Pak column.

2. Pre-wet the column with 5 mL 100 % MeCN.

2. NOTE: Each time solution is applied to the column air bubbles
form in the junction where the 10 cc reservoir meets the narrow
inlet of the column. These must be removed with a gel-loader tip
placed on a P-200 micropipettor; otherwise the solution will not
flow through the column efficiently. Always check for appropriate
flow.

3. Wash sequentially with 1, 3, and 6 mL of Solvent A (0.1 %
TFA).

4. Load acidified and cleared digest (from Section 2.2).

3. NOTE: In rare cases, if the flow rates decrease dramatically upon (or
after) loading of sample, the purification procedure can be acceler-
ated by gently applying pressure to the column using the 10 cc
plunger after cleaning it with organic solvent. Again make sure to
remove air bubbles from the narrow inlet of the column before doing
so. Do not apply vacuum (as advised against by the manufacturer).

5. Wash sequentially with 1, 5, and 6 mL of Solvent A (0.1 %
TFA).

6. Wash with 2 mL of 5 % MeCN and 0.1 % TFA.

7. Place columns above new 15 or 50 mL polypropylene tubes to
collect eluate. Elute peptides with a sequential wash of
3 � 2 mL of Solvent B (0.1 % TFA, 40 % acetonitrile).

8. Freeze the eluate on dry ice (or �80 �C freezer) for 2 h to
overnight and lyophilize frozen peptide solution for a mini-
mum of 2 days to assure that TFA has been removed from the
peptide sample.

4. NOTE: The lyophilization should be performed in a standard
lyophilization apparatus. DO NOT USE a SPEED-VAC apparatus
at this stage of the protocol.

5. NOTE: The lysate digest may have a much higher volume than
the 10 cc reservoir will hold (up to 50–60 mL from adherent cells)
and therefore the peptides must be applied in several fractions. If
available a 60 cc syringe may be used in place of a 10 cc syringe to
allow all sample to be loaded into the syringe at once.
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6. NOTE: Lyophilization: The digested peptides are stable at
�80 �C for several months (seal the closed tube with parafilm for
storage). The PTMScan procedure can be interrupted before or
after lyophilization. Once the lyophilized peptide is dissolved in
IAP buffer (see next step), continue to the end of the procedure.

2.10 Immunoaffinity

Purification of PTM

Peptides

2.10.1 Solutions

and Reagents

1. NOTE: Prepare solutions with Milli-Q or equivalent grade
water. Trifluoroacetic acid should be of the highest grade. All
percentage specifications for solutions are vol/vol.

2. NOTE: Dilute 10� IAP buffer with water to 1� buffer before
use. Store 1� buffer for up to 1 month at 4 �C.

1. Centrifuge the tube containing lyophilized peptide in order to
collect all material to be dissolved. Add 1.4 mL IAP buffer.
Resuspend pellets mechanically by pipetting repeatedly with a
P-1000 micropipettor taking care not to introduce excessive
bubbles into the solution. Transfer solution to a 1.7 mL
Eppendorf tube.

3. NOTE: After dissolving the peptide, check the pH of the
peptide solution by spotting a small volume on pH indicator
paper (the pH should be close to neutral, or no lower than 6.0).
In the rare case that the pH is more acidic (due to insufficient
removal of TFA from the peptide under suboptimal conditions of
lyophilization), titrate the peptide solution with 1 M Tris base
solution that has not been adjusted for pH. 5–10 μL is usually
sufficient to neutralize the solution.

2. Clear solution by centrifugation for 5 min at 10,000 rcf (g) at
4 �C in a microcentrifuge. The insoluble pellet may appear
considerable. This will not pose a problem since most of the
peptide will be soluble. Cool on ice.

3. Wash motif antibody-bead slurry sequentially, four times with
1 mL of 1� PBS, and resuspend as a 50 % slurry in PBS to
remove the glycerol contaminating buffer.

4. Transfer the peptide solution into the microfuge tube contain-
ing motif antibody beads. Pipet sample directly on top of the
beads at the bottom of the tube to ensure immediate mixing.
Avoid creating bubbles upon pipetting.

5. Incubate for 2 h on a rotator at 4 �C. Before incubation, seal
the microfuge tube with parafilm in order to avoid leakage.

6. Centrifuge at 2000 rcf (g) for 30 s and transfer the supernatant
with a P-1000 micropipettor to a labeled Eppendorf tube to
save for future use. Flow-through material can be used for
subsequent IAPs.
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4. NOTE: In order to recover the beads quantitatively, do not spin
the beads at lower g-forces than what is specified in this procedure.
Avoid substantially higher g-forces as well, since this may cause the
bead matrix to collapse. All centrifugation steps should be per-
formed at the recommended speeds throughout the protocol.

5. NOTE: If the cells were directly harvested from culture medium
without PBS washing, some Phenol Red pH indicator will remain
(it co-elutes during the Sep-Pak® C18 purification of peptides) and
color the peptide solution yellow. This coloration has no effect on
the immunoaffinity purification step.

6. NOTE: All subsequent wash steps are at 0–4 �C.

7. NOTE: In all wash steps, the supernatant should be removed
reasonably well. Avoid removing the last few microliters, except in
the last step, since this may cause inadvertent carryover of the
beads.

7. Add 1mL of IAP buffer to the beads, mix by inverting tube five
times, centrifuge for 30 s, and remove supernatant with a P-
1000 micropipettor.

8. Repeat step 7 once for a total of two IAP buffer washes.

8. NOTE: All steps from this point forward should be performed
with solutions prepared with Burdick and Jackson or other HPLC-
grade water.

9. Add 1 mL chilled Burdick and Jackson water to the beads, mix
by inverting tube five times, centrifuge for 30 s, and remove
supernatant with a P-1000 micropipettor.

10. Repeat step 9 two times for a total of three water washes.
During the last water wash, the tube may need to be shaken
while inverting in order to ensure efficient mixing.

9. NOTE: After the last wash step, remove supernatant with a
P-1000 micropipettor as before, then centrifuge for 5 s to remove
fluid from the tube walls, and carefully remove all remaining super-
natant with a gel-loading tip attached to a P-200 micropipettor.

11. Add 55 μL of 0.15 % TFA to the beads, tap the bottom of the
tube several times (do not vortex), and let stand at room
temperature for 10 min, mixing gently every 2–3 min.

10. NOTE: In this step, the posttranslationally modified peptides
of interest will be in the eluent.

12. Centrifuge for 30 s at 2000 rcf (g) in a microcentrifuge and
transfer supernatant to a new 1.7 mL Eppendorf tube.

13. Add 50 μL of 0.15 % TFA to the beads, and repeat the
elution/centrifugation steps. Combine both eluents in the
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same 1.7 mL tube. Briefly centrifuge the eluent to pellet any
remaining beads and carefully transfer eluent to a new 1.7 mL
tube taking care not to transfer any beads.

2.11 Concentration

and Purification of

PTM Peptides for LC-

MS/MS Analysis

1. NOTE: We recommend concentrating peptides using the fol-
lowing protocol by Rappsilber and co-workers [36].

2. NOTE: We recognize that there are many other routine meth-
ods for concentrating peptides using commercial products such as
ZipTip® (see link provided below) and StageTips (see link provided
below) that have been optimized for peptide desalting/concentra-
tion. Regardless of the particular method, we recommend that the
method of choice be optimized for recovery and be amenable for
peptide loading capacities of at least 10 μg.

2.11.1 StageTips http://www.proxeon.com/productrange/sample_preparation_
and_purification/stage_tips/index.html

2.11.2 ZipTip® http://www.millipore.com/catalogue/item/ZTC18S096

2.11.3 Solutions

and Reagents

NOTE: Prepare solutions with HPLC-grade water. Organic sol-
vents (trifluoroacetic acid, acetonitrile) should be of the highest
grade.

1. Solvent C (0.1 % trifluoroacetic acid, 50 % acetonitrile): Add
0.1 mL trifluoroacetic acid to 40 mL water, then add 50 mL
acetonitrile, and adjust the final volume to 100 mL with water.

2. Solvent D (0.1 % trifluoroacetic acid): Add 0.1 mL trifluoroa-
cetic acid to 50 mL water, and adjust the final volume to
100 mL with water.

3. Solvent E (0.1 % trifluoroacetic acid, 40 % acetonitrile): Add
0.1 mL trifluoroacetic acid to 30 mL water, then add 40 mL
acetonitrile, and adjust the final volume to 100 mL with water.

NOTE: Organic solvents are volatile. Tubes containing small
volumes of these solutions should be prepared immediately before
use and should be kept capped as much as possible, because the
organic components evaporate quickly.

2.11.4 Procedure 1. Equilibrate the StageTip by passing 50 μL of Solvent C
through (once) followed by 50 μL of Solvent D two times.

2. Load sample by passing IP eluent through the StageTip. Load
IAP eluent in two steps using 50 μL in each step.

3. Wash the StageTip by passing 55 μL of Solvent D through two
times.

4. Elute peptides off the StageTip by passing 10 μL of Solvent E
through two times, pooling the resulting eluent.
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NOTE: For enriched LysC peptides, a second digest with trypsin
will be performed. Therefore, we recommend eluting the LysC
peptides into a 0.5 mL Eppendorf tube in preparation for the
trypsin digestion protocol, described below.

5. Dry down the StageTip eluent in a vacuum concentrator
(Speed-Vac) and redissolve the peptides in an appropriate sol-
vent for LC-MS analysis such as 5 % acetonitrile and 0.1 % TFA.

2.12 Trypsin

Digestion of Enriched

LysC PTM Peptides

NOTE: Continued from Section 2.6 of the Protein Lysate
Digestion

NOTE: Trypsin digestion of enriched LysC peptides is recom-
mended for all basophilic motif antibodies.

1. Prepare 1 M ammonium bicarbonate stock solution.

2. Prepare digestion buffer, 50 mM ammonium bicarbonate with
5 % acetonitrile.

3. Dilute a stock solution of sequencing-grade trypsin (Promega)
with digestion buffer from 0.4 μg/μL to a final concentration
of 25 ng/μL.

4. Resuspend the dried, LysC-digested peptides generated from
the StageTip concentration protocol above with 10 μL of
trypsin solution (25 ng/μL, 250 ng total). Vortex three times
to redissolve the peptides and microfuge the sample to collect
peptide/trypsin solution at the bottom of the microfuge tube
as the final step.

5. Incubate the solution at 37 �C for 2 h.

6. After trypsin digestion, add 1 μL of 5 % TFA to the digest
solution. Vortex to mix and microfuge to collect peptide solu-
tion at the bottom of the microfuge tube.

7. Transfer the acidified peptide solution to a newly conditioned
StageTip, rinse the 0.5 mL Eppendorf tube with 40 μL of 0.1 %
TFA once, and apply the rinse solution to the StageTip.

8. Perform the StageTip desalting of the peptide digest and elute
the peptides into an HPLC insert. Dry purified peptides under
vacuum prior to LC-MS analysis (as described above).

2.13 LC-MS/MS

Analysis of Peptides

1. Resuspend vacuum-dried, immunoaffinity-purified peptides in
0.125 % formic acid. 15 mg of starting material will generate
sufficient peptide for two to three injections on the instrument.

2. Separate on a reverse-phase column (75 μm inner diameter
� 10 cm) packed into a PicoTop emitter (~8 μm diameter
tip) with Magic C18 AQ (100 Å � 5 μm). Elute PTM peptides
using a 90-min gradient of acetonitrile (5–40 %) in 0.125 %
formic acid delivered at 280 nL/min.
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NOTE: Run samples on a high-mass-accuracy instrument (ppm
accuracy in the MS1 channel) to ensure high-quality peptide iden-
tifications and accurate quantification. We use the LTQ-Orbitrap
VELOS or ELITE systems (Thermo Scientific).

3. LC-MS/MS instrument parameter settings: MS run time
120 min, MS1 scan range (300.0–1500.00), top 20 MS/MS,
min signal 500, isolation width 2.0, normalized coll. energy
35.0, activation-Q 0.250, activation time 20.0, lock mass
371.101237, charge state rejection enabled, charge state 1+
rejected, dynamic exclusion enabled, repeat count 1, repeat
duration 35.0, exclusion list size 500, exclusion duration
40.0, exclusion mass width relative to mass, exclusion mass
width 10 ppm.

4. Database search the files generated in the run versus the correct
species database with a reverse decoy database included to
estimate false discovery rates [37]. Search settings: mass accu-
racy of parent ions: 50 ppm, mass accuracy of product ions:
1 Da, up to four missed cleavages, up to four variable modifica-
tions, max charge ¼ 5, variable modifications allowed on
methionine (oxidation, +15.9949), serine, threonine, and tyro-
sine (phosphorylation, +79.9663). Semi-tryptic peptides are
allowed (K or R residue on one side of peptide only). Results
can be further narrowed by MError (usually �3 ppm) and the
presence of the intended motif (phosphorylation, caspase
cleavage, validated apoptosis/autophagy peptides, etc.).

5. Quantification can be performed via a number of methods such
as SILAC, reductive amination, isobaric tags, or label-free. For
label-free quantification, we use Progenesis (Nonlinear
Dynamics) to retrieve the integrated peak area for each
observed PTM peptide in the MS1 channel. To quantify
changes of PTM peptides in a profiling study, this software
only requires one MS/MS event for a particular peptide across
all samples, eliminating “holes” (no data) in the study due to
LC-MS duty cycle limitations.

2.14 Sample Data

Review: Mouse Brain

Tissue

In the current study, mouse brain tissue was used as a neuronal
model system for identifying posttranslational modifications. Tryp-
tic or Lys-C peptides from mouse brain tissue was subjected to
immuno-affinity purification using phospho-motif antibody mix-
tures (atypical phospho-motif antibody pool, basophilic phospho-
motif antibody pool, proline-rich phospho-motif antibody pool,
and phospho-Ser/Thr motif antibody pool), phospho-tyrosine
antibody, immobilized metal affinity chromatography (Fe3+-
IMAC), lysine-acetylation antibody, lysine-succinylation antibody,
ubiquitin-remnant (K-GG) antibody, mono-methyl-arginine anti-
body, mono-methyl-lysine antibody, and caspase cleavage antibody,
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respectively. A total of 4692 unique proteins with at least one PTM
were identified in this sample data set (http://www.phosphosite.
org/staticSupp.do) (Table 3).

From the comparative analysis results of phosphorylation using
phospho-motif antibody pools and Fe3+-IMAC, we have observed
significant complementarity between these two types of enrichment
methods (Fig. 5). As an established highly efficient enrichment
method for phosphopeptide, IMAC enabled highly specific enrich-
ment (>92 % phosphopeptides) and identification of 5786 unique
phosphorylation sites from a single LC-MS/MS analysis. However,
the phosphoproteome contains a large number of different phos-
phorylation sites, and the general affinity of the Fe3+ ion for phos-
phate groups could lead to a bias towards enrichment of the more
abundant phosphopeptides. In the alternative, antibody-based
enrichment approach, phospho-motif antibodies are designed
based on the recognition motif of substrates by a specific kinase
(Table 4). For example, phospho-Akt substrate antibody recog-
nizes phosphopeptides with the �3 and �5 positions as arginine
residues (RXRXX[pS/pT]), as defined by the substrate sequence

Table 3
Summary of PTM identifications

PTM type Antibody/reagent

Unique PTM
peptides
identified

Unique
PTM sites

Proteins
identified

Phosphorylation Atypical motif mix 527 397 290

Phosphorylation Basophilic motif mix 1775 1253 628

Phosphorylation Proline-rich motif mix 1740 1239 528

Phosphorylation Phospho-Ser/Thr motif mix 3791 2733 1133

Phosphorylation IMAC 8371 5786 2010

Phosphorylation Phospho-tyrosine 1977 1177 775

Methylation Mono-methyl Arginine 1441 787 485

Methylation Mono-methyl Lysine 407 201 330

Acetylation Acetyl-lysine 5128 2344 756

Succinylation Succinyl-lysine 6778 3143 727

Ubiquitination Ubiquitin remnant (K-e-GG) 3778 2423 1335

Caspase cleavage Caspase cleavage 186 139 132

Total 4692

A summary of the unique PTM peptide identifications and sites is provided for various types of PTM enrichment

experiments performed with mouse brain tissue (5 mg). The list of qualitative identifications can be downloaded from
PhosphoSitePlus at the following link, http://www.phosphosite.org/staticSupp.do
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recognized and phosphorylated by Akt. Therefore, phospho-motif
antibodies are able to enrich for phosphopeptides from a particular
branch of the Kinome Tree, and are not dependent on the relative
abundance of the target phosphopeptides. In addition, all motif
antibodies can be used as a primary antibody reagent for western
blots, providing a fast pre-screening for the pathways that are most
affected by different biological interventions or perturbations. In
our study, the overlap between IMAC and phospho-motif antibo-
dies ranges from 5 to 22 %, showing the complementarity of the
two methods for phosphopeptide enrichment. Therefore, parallel
enrichment and analysis using IMAC and phospho-motif antibody
pools are recommended if a comprehensive phosphoproteome
study is desired.

The analysis of cellular perturbations by peptide-level affinity
enrichment of PTMs and LC-MS/MS always generates a rich data
set. To better understand the significance of a given data set, it is
important to analyze the involvement of PTMs in individual path-
ways and the potential for cross talk between pathways. One com-
mon strategy used for this purpose is to query the list proteins and
PTMs identified using pathway analysis tools such as STRING
(http://string-db.org/), KEGG (http://www.genome.jp/kegg/),
Cytoscape (http://www.cytoscape.org/), Ingenuity (http://www.
ingenuity.com/products/ipa), or Reactome (http://www.
reactome.org/), to name a few examples. Peptide-level affinity

Basophilic
1024

Atypical
334

Proline-rich
998

pY
1123

IMAC
5217

63

229

221

54

IMAC
5470

stMix
2419314

Fig. 5 Overlap of unique phosphorylation sites enriched by Fe3+-IMAC and phospho-motif antibody pools.
(Left) Phospho-motif antibodies are grouped based on the recognition motif; (right) s/t Mix is the pool of all
phospho-Ser/Thr motif antibodies in the atypical-, basophilic-, and proline-rich groups
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enrichment of PTM and following LC-MS/MS analysis always
generate rich datasets; therefore, subsequent pathway analysis and
interacting protein analysis facilitate illustration of the involvement
of PTMs in individual pathway and their potential cross talks. In the
current study, we analyzed the compiled PTM data set at unique
protein level by KEGG pathway analysis by merging all individual
PTM subsets together. Interestingly, we have identified most of the
proteins in various neuronal pathways including dopaminergic syn-
apse, GABAergic synapse, and axon guidance. Among all PTMs,
ubiquitination and phosphorylation are the most highly repre-
sented in the identified proteins. Besides, large numbers of novel
modification sites were identified on some crucial signaling nodes
in neuronal pathways including mono-methyl-arginine in voltage-
dependent calcium channel (VGCC), lysine-succinylation on
GABA transaminase, and mono-methyl-lysine on PAK (Fig. 6).

Table 4
Summary of phospho-motif antibodies

Antibody Recognition motif Group

ATM/ATR substrate (s/t)QG Atypical

ATM/ATR substrate (s/t)Q Atypical

CK substrate t(D/E)X(D/E) Atypical

PDK1 docking motif (F/T)(s/t)(F/Y) Atypical

tXR tXR Atypical

Akt substrate RXX(s/t) Basophilic

Akt substrate RXRXX(s/t) Basophilic

AMPK substrate LXRXX(s/t) Basophilic

PKA substrate (K/R)(K/R)X(s/t) Basophilic

PKC substrate (K/R)XsX(K/R) Basophilic

PKD substrate LXRXX(s/t) Basophilic

14-3-3 binding motif (R/K)XXsXP Basophilic

CDK substrate (K/R)sPX(K/R) Proline-rich

MAPK substrate PXsP Proline-rich

PLK binding motif StP Proline-rich

tP motif tP Proline-rich

tPE motif tPE Proline-rich

Different recognition motifs can be grouped into atypical-, basophilic-, and proline-rich

pools, respectively. All phospho-motif antibodies are combined together in the phospho-
Ser/Thr pool. The site of phosphorylation within the recognition motif is indicated by

lower case “s” or “t”
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Fig. 6 KEGG pathway analysis of identified proteins (pink rectangle) with PTMs in mouse brain. (a) Axon
guidance, (b) GABAergic synapse. Proteins are color-coded to indicate the various modification types of PTMs
identified in the sample data



PhosphoSitePlus is another commonly used bioinformatics
resource that can provide comprehensive information related to
the biological role of associated posttranslational modifications
(http://www.phosphosite.org) along with examples from a variety
of sample data sets related to the characterization of many types of
PTM-modified proteins (http://www.phosphosite.org/stat
icDownloads.do). The mouse brain PTM sample data described
here can be downloaded from the following link.

The example data set described above provides a representative
sampling of PTMs that are accessible from mouse brain tissue using
the immunoaffinity LC-MS techniques outlined in this chapter.
The qualitative results presented in this method can be accessed
from PhosphoSitePlus at the following URL, http://www.pho
sphosite.org/staticSupp.do.

3 Conclusions

The development of the nervous system, its function, and its
continued viability are initiated and maintained through a complex
milieu of interacting networks consisting of critical signaling path-
ways and cellular interactions. These pathways can be perturbed in
response to a multitude of endogenous and exogenous cellular
stresses or stimuli. A shift in the balance of these carefully orche-
strated signaling pathways after stress or in response to disease can
have severe consequences on the development of the nervous sys-
tem. Characterizing the numerous events necessary to support
these complex biological processes is challenging, but technical
developments in proteomics have evolved to enable us to probe
these systems for a better understanding of protein expression,
function, and organization in complex signaling and regulatory
networks. Improvements in mass spectrometry instrumentation,
the implementation of protein arrays, sample preparation techni-
ques, the availability of antibody reagents to probe specific activated
proteins, and the development of robust informatics software have
made proteomics a powerful analytical platform for many areas of
biology. These advances have provided sensitive and robust techni-
ques for high-throughput technologies to enable large-scale iden-
tification and quantification of protein expression, thorough
characterization of protein modifications, efficient monitoring of
subcellular localization of protein targets, insight into protein-
protein interactions, and protein function. Utilizing immunoaffi-
nity methods within the proteomics workflow will have significant
implications for advancing our understanding of how cellular pro-
teomes are regulated in the nervous system in developing and
mature neural networks and in healthy and disease states.
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A Boronic Acid-Based Enrichment for Site-Specific
Identification of the N-glycoproteome Using MS-Based
Proteomics

Haopeng Xiao, George X. Tang, Weixuan Chen, and Ronghu Wu

Abstract

Modification of proteins by N-linked glycans plays a critically important role in biological systems,
including determining protein folding and trafficking as well as regulating many biological processes.
Aberrant glycosylation is well known to be related to disease, including cancer and neurodegenerative
diseases. Current mass spectrometry (MS)-based proteomics provides the possibility for site-specific identi-
fication of the N-glycoproteome; however, this is extraordinarily challenging because of the low abundance
of many N-glycoproteins and the heterogeneity of glycans. Effective enrichment is essential to comprehen-
sively analyze N-glycoproteins in complex biological samples. The covalent interaction between boronic
acid and cis-diols allows us to selectively capture glycopeptides and glycoproteins, whereas the reversible
nature of the bond enables them to be released after non-glycopeptides are removed. By virtue of the
universal boronic acid-diol recognition, large-scale mapping of N-glycoproteins can be achieved by com-
bining boronic acid-based enrichment, PNGase F treatment in the presence of heavy oxygen (18O) water,
and MS analysis. This method can be extensively applied for the comprehensive analysis of N-glycoproteins
in a wide variety of complex biological samples.

Keywords: N-glycoproteome, Mammalian cells, Boronic acid-based enrichment, PNGase F,
MS-based proteomics

1 Introduction

Protein co-translational and posttranslational modifications regu-
late almost all aspects of protein functions and cellular activity
[1–4]. Glycosylation is particularly important because it plays criti-
cal roles in protein folding and trafficking, antigenicity, molecular
recognition, and cell-cell interactions [5–8]. Numerous studies
have proven that aberrant glycosylation events are hallmarks of
disease states, highlighting the clinical importance of protein gly-
cosylation analysis [9–13]. However, the low abundance of glyco-
proteins and the heterogeneity of glycan structures make the global
analysis of protein glycosylation extremely challenging [14, 15].

Lectin-based methods have most commonly been used to
enrich glycoproteins [16, 17], but each lectin is inherently specific
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to one or several types of carbohydrates, rendering a single type of
lectin or a group of lectins incapable of effectively enriching glyco-
proteins. While the reaction between boronic acid and cis-diols has
previously been applied for small-scale analysis [18, 19], a universal
boronic acid-based chemical enrichment method was employed to
comprehensively investigate protein N-glycosylation in complex
biological samples in combination with mass spectrometry (MS)-
based proteomics [20]. Boronic acid was conjugated onto magnetic
beads to selectively enrich glycopeptides from whole cell lysate
peptides. In order to generate a common tag for MS analysis,
enriched peptides were treated with peptide-N4-(N-acetyl-beta-
glucosaminyl) asparagine amidase (PNGase F) in heavy-oxygen
water (H2

18O) to remove N-glycans, which converted asparagine
(Asn) to heavy oxygen labeled aspartic acid (Asp) and created a
mass shift of +2.9883 Da. Heavy oxygen on Asp can distinguish
authentic N-glycosylation sites from those caused by accumulated
deamidation. Finally, the peptides were analyzed by an on-line LC-
MS/MS system. Here in this chapter, we describe the protocol to
prepare peptide samples, enrich glycopeptides using boronic acid
conjugated beads, and analyze them by MS (Fig. 1).

Fig. 1 Experimental procedures of the boronic acid-based enrichment strategy for the global analysis of
N-glycoproteins in mammalian cells
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2 Materials

2.1 Cell Culture 1. Human HeLa or HEK293 cells (or any other types of mamma-
lian cells)

2. Culturemedium:Dulbecco’sModifiedEagleMedium(DMEM),
low glucose (1 g/L), with 10 % fetal bovine serum (FBS).

3. Appropriate cell culture flasks and supplies

2.2 Protein

Extraction

1. Phosphate-buffered saline (PBS), pH ¼ 7.4

2. Lysis buffer: 150 mM NaCl, 50 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) (pH ¼ 7.4), 0.5 %
sodium deoxycholate SDC, 1 % NP-40, 10 U/mL benzonase
inhibitor, 0.1 pellet/mL protease inhibitor EDTA-free (Roche)

3. Ice bath

4. Refrigerated benchtop centrifuge (Thermo)

5. Appropriate experimental supplies, e.g., 15 and 50 mL centri-
fuge tubes, pipettes, Eppendorf tubes, etc.

2.3 Protein

Reduction, Alkylation,

Precipitation, and In-

Solution Digestion

1. 1 M dithiothreitol (DTT)

2. Iodoacetamide (IAA, powder)

3. Heat block set to 56 �C

4. Refrigerated benchtop centrifuge (Thermo)

5. Incubating shaker (Troemner)

6. Methanol

7. Chloroform

8. Water from aMilli-Qwater purification system (EMDMillipore)

9. Digestion buffer: 1.6 M urea, 50 mM HEPES pH ¼ 8.6, 5 %
acetonitrile (ACN)

10. Lys-C, mass spectrometry grade (Wako)

11. Trypsin, mass spectrometry grade (Promega)

2.4 Peptide

Desalting

1. 10 % trifluoroacetic acid (TFA) in water

2. tC18 Sep-Pak cartridge (Waters)

3. Activation buffer: (1) ACN; (2) 50 % ACN, 0.5 % Acetic acid in
water

4. Equilibration buffer: 0.1 % TFA in water

5. 0.5 % Acetic acid in water

6. Elution buffer: (1) 50 % ACN, 0.5 % Acetic acid in water; (2)
75 % ACN, 0.5 % Acetic acid in water

7. �80 �C freezer (Thermo)

8. Speed-vacuum (Labconco)
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2.5 Boronic Acid

Enrichment

1. Boronic acid (BA) conjugated magnetic beads stored in ethanol
(BA concentration ¼ 6 mM)

2. Binding buffer: 200 mM ammonium acetate buffer
(pH ¼ 10.0)

3. Elution buffer: ACN:H2O:TFA ¼ 50:49:1

4. Incubating shaker

5. Magnetic rack

6. �80 �C freezer

7. A speed-vacuum sample dry system

2.6 PNGase F

Treatment

1. PNGase F (Sigma)

2. Heavy-oxygen water (H2
18O) (Cambridge Isotope Labora-

tories, Inc.)

3. Incubating shaker

2.7 Glycopeptide

Fractionation

1. Materials for peptide desalting (see Section 2.4)

2. HPLC (Agilent)

3. 4.6 � 250 mm 5 μm particle reversed phase column (Waters)

4. Buffer A: 10 mM ammonium acetate pH ¼ 10.0 in water

5. Buffer B: 10 mM ammonium acetate pH ¼ 10.0 in 90 % ACN,
10 % water

2.8 Stage Tip 1. Stage tips, C18 material

2. Activation buffer: (1) Methanol; (2) 80 % ACN, 0.5 % acetic
acid

3. Equilibrium buffer: 1 % formic acid (FA)

4. Elution buffer: 50 % ACN, 0.5 % acetic acid

5. Benchtop centrifuge (Thermo)

2.9 LC-MS/MS

Analysis

1. WPS-3000TPLRS autosampler (UltiMate 3000 thermostatted
Rapid Separation Pulled Loop Wellplate Sampler, Dionex)

2. Microcapillary column packed with C18 beads (Magic
C18AQ, 5 μm, 200 Å, 100 μm � 16 cm)

3. Buffer A: 97.5 % H2O, 2.375 % ACN, 0.125 % FA

4. Buffer B: 97.5 % ACN, 2.375 % H2O, 0.125 % FA

5. Hybrid dual-cell quadrupole linear ion trap-orbitrap mass spec-
trometer (LTQ Orbitrap Elite, Thermo)

6. Software: Xcalibur 3.0.63
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2.10 Database

Searches, Data

Filtering, and

Glycosylation

Site Localization

1. SEQUEST algorithm (version 28)

2. UniProt Human (Homo sapiens) database (88,591 protein
entries, downloaded in February 2014)

3 Methods

3.1 Cell Culture 1. Place cell seeds in the culture flask at a ratio of 1:5

2. Change medium every 2 days. When cells reaches ~80 % con-
fluency, harvest cells by scraping in PBS pH ¼ 7.4 or trypsinize
cells and passage to new flasks

3.2 Protein

Extraction

1. Wash cells twice with PBS (pH ¼ 7.4)

2. Freshly prepare lysis buffer (see Section 2.2). For every
8.4 � 106 cells, add 1 mL lysis buffer

3. Incubate the lysis buffer and cells on an end-over-end rotor for
45 min at 4 �C

4. Centrifuge the resulting cellular extract at 20k � g for 10 min
at 4 �C

5. Carefully transfer the supernatant to a new tube

3.3 Protein

Reduction, Alkylation,

Precipitation, and

In-Solution Digestion

1. Add 5 μL of 1 M DTT for every 1 mL of supernatant collected
in Section 3.2, incubate in heat block for 30 min at 56 �C, then
cool to room temperature

2. Add IAA to a final concentration of 14 mM in the solution and
incubate for 25 min at room temperature in the dark (Note 1)

3. To every one starting volume of sample add four volumes of
methanol, then vortex

4. Add one volume of chloroform and three volumes of water,
then vortex well

5. Centrifuge sample at 4500 � g for 10 min at 4 �C

6. Carefully pipette out the top liquid layer (Note 2)

7. Add four volumes of methanol and vortex well

8. Centrifuge sample at 4500 � g for 10 min at 4 �C

9. Carefully pipette out all the liquid and dry the protein pellet in air

10. Dissolve the protein pellet in digestion buffer (see Section 2.3)

11. Add Lys-C at a 1/100–1/200 enzyme:protein ratio. Incubate
at 31 �C overnight

12. Add trypsin at a 1/100–1/200 enzyme:protein ratio. Incubate
at 37 �C for 4 h (Note 3)
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3.4 Peptide

Desalting

1. Quench the digestion by acidification with 10 % TFA to
0.4 % (vol/vol). Verify that the pH is <2.0; otherwise add
more 10 % TFA

2. Peptides are then desalted using a tC18 Sep-Pak cartridge.
Here we use a 500 mg cartridge as an example. The maximum
capacity is 5 % cartridge weight

3. Wash and condition the cartridge with 10 mL ACN and then
with 5 mL of 50 % ACN and 0.5 % acetic acid

4. Equilibrate with 10 mL of 0.1 % TFA

5. Load sample

6. Wash with 10 mL of 0.1 % TFA

7. Wash with 1 mL of 0.5 % acetic acid to remove TFA

8. Elute peptides with (1) 3.5 mL of 50 % ACN, 0.5 % acetic acid
in water; (2) 1.5 mL of 75 % ACN, 0.5 % acetic acid in water

9. Freeze the eluate in a �80 �C freezer for 15 min

10. Lyophilize the sample using a speed-vacuum sample dry sys-
tem. The resulting purified peptides should appear as a white
fluffy powder

3.5 Boronic

Acid Enrichment

1. For every 5 mg of peptides, pick up 250 μL of BA magnetic
bead slurry to work with (Note 4)

2. Wash beads three times with 2 mL of 200 mM ammonium
acetate buffer pH ¼ 10.0 (binding buffer)

3. Resuspend BA beads in 500 μL of binding buffer, then transfer
the slurry into the Eppendorf tube containing all peptides

4. Incubate the tube at 37 �C for 1 h with appropriate shaking

5. Wash beads five times with 500 μL binding buffer

6. Elute glycosylated peptides with 1.5 mL solution containing
ACN:H2O:TFA ¼ 50:49:1 (elution buffer), incubate the reac-
tion at 37 �C for 30 min with appropriate shaking

7. Transfer the eluate into a new tube. Wash the beads twice with
200 μL elution buffer, then combine the resulting solutions
with the eluate

8. Freeze the final solution in �80 �C freezer for 15 min then
lyophilize the sample overnight (Note 5)

3.6 PNGase

F Treatment

1. Dissolve PNGase F in heavy-oxygen water to a concentration
of 1 U/μL

2. Dissolve lyophilized glycopeptide (entirely dry) in 100 μL of
heavy-oxygen water

3. Add 5 μL of 1 U/μL PNGase F

4. Incubate the reaction at 37 �C for 3 h with appropriate shaking
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3.7 Glycopeptide

Fractionation

1. Quench the reaction by acidification with 10 % TFA to 0.4 %
(vol/vol). Verify the pH is<2.0; otherwise add more 10 % TFA

2. Desalt glycopeptides using a 50 mg cartridge (see Section 3.4)

3. Fractionate glycopeptides using HPLC with a 4.6 � 250 mm
5 μm particle reversed phase column. Set up the HPLC gradi-
ent method as follows (Table 1)

4. Wash the column for 30 min with buffer B (Note 6)

5. Equilibrate the column for 40 min with buffer A

6. Load the glycopeptides to the column in 300 μL buffer A
(Note 7)

7. Starting from minute 10, collect 10 fractions in total with a
4-min interval between fractions

8. Freeze the final solution in a �80 �C freezer for 15 min, then
lyophilize

3.8 Stage Tip 1. Prepare ten stage tips for ten glycopeptide fractions

2. For each stage tip, add 50 μLmethanol, then spin at 2500 rpm.
Remove the flow-through (Note 8)

3. Add 40 μL 80 % ACN and 0.5 % acetic acid to each stage tip,
then spin at 2500 rpm. Remove the flow-through

4. Equilibrate the stage tip with 40 μL 1 % FA. Spin at 3.0 �
k rpm, then remove the flow-through

5. Dissolve the glycopeptide sample in 50 μL 1 % FA (Note 9)

Table 1
The HPLC gradient for glycopeptide fractionation

Time (min) Buffer A (%) Buffer B (%) Flow (mL/min)

0.0 100.0 0.0 0.7

3.0 100.0 0.0 0.7

4.0 95.0 5.0 0.7

7.5 86.5 13.5 0.7

30.0 68.0 32.0 0.7

34.5 66.0 34.0 0.7

44.5 45.0 55.0 0.7

47.0 0.0 100.0 0.7

51.0 0.0 100.0 0.7

55.0 100.0 0.0 0.7

80.0 100.0 0.0 0.7
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6. Load the sample to the stage tip. Spin at 2000 rpm, then
remove the flow-through

7. Desalt with 50 μL 1 % FA. Spin at 3000 rpm, then remove the
flow-through

8. Elute purified glycopeptides with 20 μL 50 % ACN and 0.5 %
acetic acid. Collect the eluate in a mass spectrometry insert

9. Freeze the final solution in �80 �C freezer for 2 min, then dry
them in a Speed-Vacuum system

3.9 LC-MS/MS

Analysis

1. Dissolve the dried glycopeptides in 10 μL 5 % ACN and 4 % FA.
Sonicate the samples in a water bath for 15 s and vortex at high
speed for 15 s, then spin briefly

2. Set up acquisition methods for full MS (Table 2) and MS2

3. Load 4 μL of each enriched glycopeptide sample from step 1
on to the column and perform LC-MS/MS analysis

3.10 Database

Searches, Data

Filtering, and

Glycosylation Site

Localization

1. Convert the raw files into mzXML format

2. Check the precursors for MS/MS fragmentation for incorrect
monoisotopic peak assignments while refining precursor ion
mass measurements

3. Set the following parameters for database searching (Table 3)

4. Search all MS/MS spectra using SEQUEST algorithm, match-
ing mass spectra against UniProt Human (Homo sapiens) data-
base protein entries

5. Perform linear discriminant analysis (LDA) [21] to distinguish
correct and incorrect peptide identifications using parameters
such as Xcorr, ΔCn, and precursor mass error

Table 2
Some parameters set for MS analysis

Resolution 60,000

AGC target 1,000,000

Analyzer FTMS

Polarity Positive

Data type Centroid

Activation CID

Isolation width (m/z) 1

Normalized collision energy 35

Activation time 10

Mass range (m/z) 300–1500
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6. Discard peptides fewer than six amino acids in length

7. Filter the peptides to a less than 1 % false positive rate based
on the number of decoy sequences in the final data set [22]
(Note 10)

8. Use Modscore (similar to Ascore, indicating the likelihood that
the best site match is correct when compared with the second
best match) to evaluate the site confidence of site localizations
[23]. We consider sites with a score � 19 (P < 0.01) to be
confidently localized

9. Further data analysis

4 Notes

1. IAA must be freshly prepared before use. A higher IAA con-
centration or longer reaction time may induce protein N- and
S-carbamidomethylation, which should be avoided

2. Proteins exist between the two layers and may be visible as a
thin wafer

3. Longer incubation time may induce miscleavages

4. The composition of the slurry is beads:solution ¼ 1:1

5. Peptides must be completely dried to allow full incorporation
of O18 during the PNGase F treatment

6. Isopropanol could be used for stringent wash

7. We recommend “sandwich injection”—pick up 100 μL of
buffer A, 300 μl of sample solution, and 100 μL of buffer A
accordingly, then load to the column

8. Make sure there is not any solution left above the packing

Table 3
The parameters for database searching

Precursor mass tolerance 20 ppm

Product mass tolerance 1.0 Da

Digestion Fully tryptic digestion

Miscleavages Up to two

Fixed modifications Carbamidomethylation of cysteine (+57.0214)

Variable modifications Oxidation of Methionine (+15.9949)

Tag for the glycosylation site on Asn (+2.9883)

False positive rate <1 %
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9. If the peptides cannot be dissolved completely, sonicate the
mixture for 30 s, then spin at 17,000 � g for 5 min before
loading to the stage tip.

10. The data set should be restricted to glycopeptides when deter-
mining false positive rate.
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Site-specific Localization of D-Amino Acids in Bioactive
Peptides by Ion Mobility Spectrometry

Chenxi Jia, Christopher B. Lietz, Qing Yu, and Lingjun Li

Abstract

In this study, we describe a site-specific strategy to rapidly and precisely localize D-amino acids in peptides
by ion mobility spectrometry (IMS) analysis of mass spectrometry (MS)-generated epimeric fragment ions.
Briefly, the D/L-peptide epimers are separated by online reversed-phase liquid chromatography (LC) and
fragmented by collision induced dissociation (CID), followed by IMS analysis. The epimeric fragment ions
resulting from D/L-peptide epimers exhibit arrival time differences, thus showing different mobility in
IMS. The arrival time shift between the epimeric fragment ions is used as criteria to localize the D-amino
acid substitution. We provide the technical details on sample preparation, LC-tandem mass spectrometry
analysis, data processing, and collisional cross-section calibration.

Keywords: Neuropeptide, Peptidomics, De novo sequencing, Mass spectrometry, Crustacean, Ion
mobility

1 Introduction

The isomerization of an L- to D-amino acid is a remarkable post-
translational modification of peptides in RNA-based protein syn-
thesis and has been documented in amphibians, invertebrates, and
mammals [1–9]. In many cases, the D-amino acid-containing pep-
tides (DAACPs) exhibit dramatically higher affinity and selectivity
for receptor binding than their all-L counterparts and thus are
essential for biological function [3]. Generally, the targeted
approaches for discovery of endogenous DAACPs include two
steps: screening DAACP candidates in biological samples and
then localizing D-amino acid residues [10, 11]. Many new
DAACPs were found by observing the differences in biological
activity or chromatographic retention time between synthetic pep-
tides and naturally occurring peptides [3, 10, 11, 12]. In addition,
immunoassays based on conformational antibodies have been suc-
cessfully used to screen DAACPs at the tissue and cellular levels
[11, 13]. For localization of D-amino acids in DAACP candidates,
the most popular approach relies on matching chromatographic
retention time of the naturally occurring peptide with a panel of
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synthetic peptides [11]. For example, validation of a deca-DAACP
presumably requires testing ten synthetic peptides, each of which
contains a D-amino acid at a different position, leading to high cost
and limited analytical throughput. Other techniques utilize Edman
degradation [14] or acid hydrolysis [11] to release free amino acids,
followed by chromatographic analysis of the free or derivatized
amino acids. However, cleavage of amide bond by chemical meth-
ods induces a 3–15 % level of racemization [5]. Therefore, there is a
great demand for development of a simple and low-cost method to
localize D-amino acids in a wide range of DAACP candidates.

The ion mobility spectrometry (IMS)-mass spectrometry (MS)
technique has been widely used to probe the gas-phase conforma-
tions of biomolecules by measuring their mobility in a buffer gas
and has shown very broad applicability in the separation and iden-
tification of isomeric peptides [15–21]. In this study, we developed
a novel liquid chromatography (LC)-MS/MS-IMS strategy which
allows site-specific characterization of peptide epimers. Using a
theoretical 7-mer peptide, Fig. 1 illustrates the workflow for the
strategy discussed in this chapter. The analysis can be completed in
one LC-MS/MS-IMS run. First, peptide epimers are separated by
reversed-phase LC and online submitted to CID fragmentation.

Fig. 1 Workflow of the proposed strategy for localization of D-amino acids in peptides. The analysis can be
performed in one LC-MS/MS-IMS run. The two peptide epimers are separated by RPLC and respectively
fragmented by CID. Their fragment ions are then submitted to IMS for arrival time measurement. By comparing
the arrival time distributions between the two sets of fragment ions, the position of D-amino acid can be
determined. √, Arrival time shift. �, No shift. For illustration purpose, only y ions are listed in this workflow.
Note that other fragment ions can also act as indicators for localization of D-amino acids
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The resulting peptide fragment ions are then subjected to IMS for
measurement of arrival time, or the ion transit time from the
entrance of the mobility cell to the entrance of the mass analyzer.
The epimeric ions of y6, y5, and y4 derived from the two peptide
epimers respectively contain the L- or D-Thr, which possibly leads
to conformational differences between each epimeric y ion pair,
resulting in arrival time shift during IMS analysis. In contrast, the
two peptide epimers produce the same y3, y2, and y1 ions contain-
ing all-L amino acids, since the D- or L-Thr has been removed from
peptide chain by CID fragmentation. Thus, these y ion pairs show
identical arrival times. By determining at which the arrival time shift
suddenly appears, the D-amino acid can be confidently localized at
the threonine. The practical utility was demonstrated by analysis of a
peptide standard, [D-Trp]-melanocyte-stimulating hormone (MSH)
and an endogenous large neuropeptide, crustacean hyperglycemic
hormone (CHH) isolated from American lobster Homarus
americanus.

2 Materials

1. American lobster Homarus americanus were purchased from
Maine Lobster Direct Web site (http://www.
mainelobsterdirect.com). All animals were kept in a circulating
artificial seawater tank at 10 � 15 �C [22].

2. The reagents and buffers for peptide digestion are 2.5 mM
Dithiothreitol (DTT, Promega), 7 mM iodoacetamide (IAA,
Sigma-Aldrich), 50 mM ammonium bicarbonate, and
sequencing-grade trypsin (Promega).

3. The LC-MS/MS-IMS experiments were performed on a
Waters nanoAcquity ultra performance LC system coupled to
a Synapt G2 high-definition mass spectrometer.

4. Chromatographic separations were performed on a Waters
BEH 300 Å C18 reversed-phase capillary column (150 mm
� 75 μm, 1.7 μm).

5. The mobile phases used were 0.1 % formic acid in water (A);
0.1 % formic acid in ACN (B).

3 Methods

3.1 Animal

Dissection and Sample

Preparation

1. Animals were anesthetized in ice, and the sinus glands were
dissected and collected in chilled acidified methanol and stored
in �80 �C freezer prior to further sample processing [23].
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2. The tissues were homogenized and extracted with 100 μL of
acidified methanol (methanol:H2O:acetic acid, 90:9:1, v:v:v)
three times.

3. For trypsin digestion of CHHs, 1 μL of tissue extract was
reduced and alkylated by incubation in 2.5 mM DTT for 1 h
at 37 �C followed by incubation in 7 mM IAA in the dark at
room temperature for 1 h, and then digested at 37 �C over-
night after addition of 50 mM ammonium bicarbonate buffer
with 0.5 μg of trypsin.

3.2 LC-MS/MS

Coupled to Ion Mobility

Spectrometry

1. The peptide sample was injected and loaded onto the Waters
Symmetry C18 trap column (180 μm � 20 mm, 5 μm) using
97 % mobile phase A and 3 % mobile phase B at a flow rate of
5 μL/min for 3 min.

2. The gradient started from 3 to 10 % B during the first 5 min,
increased to 45 % B in the next 65 min, and then was kept at
90 % B for 20 min.

3. For LC-MS-IMS experiment, an LC-MS survey was carried out
to separate the peptide epimers. Subsequently, each epimer was
analyzed by IMS.

4. For LC-MS/MS-IMS experiment, a fixed MS/MS survey was
employed to select the peptide molecular ions in a traveling-
wave (T-Wave) trap cell for CID fragmentation with adjusted
collision energy 22–30 eV.

5. The resulting fragment ions were online submitted to T-Wave
mobility cell and time-of-flight analyzer to measure the arrival
time. Instrument acquisition parameters used were as follows:
an inlet capillary voltage of 2.8 kV, a sampling cone setting of
35 V, and a source temperature of 70 �C.

6. The argon gas pressure in the traveling wave ion guide trap and
the traveling wave ion guide transfer cell were 2.44 � 10–2 and
2.61 � 10–2 mbar, respectively.

7. The wave height, the wave velocity, and the nitrogen pressure
in the traveling wave IM drift cell were 32.0 V, 800 m/s, and
2.96 mbar, respectively.

8. The .raw data was processed by DriftScope V2.4. The “Use
Selection Tool” was used to select two separated LC peaks of
the two peptide epimers, respectively. The .raw file of each
peptide epimer was exported from DriftScope and further
opened by Masslynx V4.1. The arrival time distributions of
the two peptide epimers and their fragment ions were gener-
ated as shown in Figs. 2 and 3 [24].
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3.3 Collision Cross-

Section Measurement

1. Gas-phase helium collision cross-section values (CCSHe) for all
of the ions described in the manuscript were measured on the
Synapt G2 travelling-wave ion mobility mass spectrometer with
nitrogen buffer gas [25–27]. Although the nitrogen drift gas is
more commonly employed experimentally, CCSHe is preferred
for its easier integration into computational simulations. Using

Fig. 2 Site-specific characterization of D/L-MSH peptide epimers. (a) Extracted ion chromatogram of LC-MS
analysis of D/L-MSH peptides. (b) Molecular ions and (c) the corresponding IMS distributions of D/L-MSH
peptides. (d) IMS distributions of fragment ions of D/L-MSH peptides. (e) Localization of D-amino acid residue
position by comparison of arrival time shift. √, Arrival time shift.�, No shift. Adapted with permission from ref.
[24]
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CCSHe values for the calibrant ions allows relatively accurate
calculation of unknown CCSHe values from nitrogen gas arrival
times [25].

2. Polyalanine peptides (Sigma Aldrich) were dissolved in 49.5/
49.5/1 water/ACN/formic acid at a concentration of
10–100 μg/mL.

3. A separate calibration spectrum was acquired for each of the
following wave velocities (m/s): 600, 700, and 800. The wave
height was kept constant at 40 V. Following acquisitions, the
log of the arrival times (tD), or the portion of the arrival times
spent in the mobility cell, were plotted against the log of the
reduced CCS to determine the constants needed to calculate
unknown ΩHe.

4. The equations in the following paragraph were obtained from
previously published sources [25, 26]. In travelling wave ion
mobility, tD and CCSHe (ΩHe) are nonlinearly related by Eq. 1:

ΩHe ¼ ze

16

18π

kbT

1

m
þ 1

MHe

� �� �1=2760
P

T

273:2

1

NL
At BD ð1Þ

The variables z and emake up the charge of the analyte, T is the
temperature of the drift gas,MHe is the mass of the helium drift
gas,m is the mass of the analyte, P is the pressure inside the drift

Fig. 3 Localization of D-amino acid in tryptic peptides, pQVD/LFDQAC
*K. (a) IMS distributions of fragment ions

from tryptic peptide epimers I and II. (b) Localization of D-amino acid residue by comparison of arrival time
shift. √, Arrival time shift. �, No shift. It should be noted that the elution order of the two D/L-peptide epimers
cannot be determined by our current method, so we use Epimer I and II for annotation. Adapted with
permission from ref. [24]
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cell, N is the number density of drift gas molecules, L is the
length of the drift cell, and kb is Boltzmann’s constant.A and B
are constants that arise from the nonuniformity of the
travelling-wave electric field and must be empirically deter-
mined by calibration.

5. The tD for each calibration standard was converted to corrected
arrival time (tD

0) by Eq. 2 to account for the m/z-dependent
travel time through the Synapt G2’s ion optics:

t
0
D ¼ tD � c

ffiffiffiffiffiffiffiffiffi
m=z

p
1000

 !
ð2Þ

C is the delay constant set by the MS control software.

6. The reduced collision cross section (Ω0) was normalized for
mass and charge contributions and calculated by Eq. 3:

Ω
0 ¼ ΩHe

z 1
m þ 1

MHe

� �1=2 ð3Þ

7. Plotting the natural log of Ω0 versus the natural log of tD
0

yielded a linear best-fit line, the slope of which is B from
Eq. 1. From here, the doubly corrected arrival time (tD

00) was
calculated by Eq. 4:

t
00
D ¼ z t

0
D

� �B 1

m
þ 1

MHe

� �1=2

ð4Þ

A final plot was constructed with tD
00 on the x-axis and ΩHe on

the y-axis. The equation of the best-fit line was then used to
calculate the ΩHe of the unknown peptides and peptide frag-
ments. The results are shown in Fig. 4 [24].

Fig. 4 CCS differences (ΔCCS, absolute values) of peptide precursor and fragment ions. Error bars stand for
standard deviations. Adapted with permission from ref. [24]
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4 Notes

1. To achieve unambiguous discrimination, the peptide epimers
need to be baseline-separated by LC. If the two peptide epimers
are co-eluted during the reversed-phase LC separation, the LC
gradient needs to be adjusted to achieve a base-line separation.
Usually, increasing the elution time can result in a better
separation.

2. Efficient fragmentation of peptides is essential for producing
abundant sequential fragment ions, such as y and b ions. Oth-
erwise, over-fragmentation may generate internal fragment
ions, which is not useful for localization of the D-amino acids.
Therefore, the collision energy needs to be optimized to ensure
that the peptide can be efficiently fragmented but also avoid
over-fragmentation.

3. Use of inappropriate settings for the trap ion gate may cause
poor resolution of ion mobility. For the analysis of small pep-
tides, we set the trap voltage at 20 V, to ensure that the ions do
not escape from the trapping ion guide before the injection
pulse to the ion mobility cell separator.

4. When extracting the arrival time distribution from .raw data,
using a wide mass window may cause the contaminant ions to
be included in the arrival time distribution as well. Therefore, a
narrow mass window less than 0.02 Da was used.

5. It is important to observe a high signal-to-noise ratio and high
mass accuracy for the polyalanine calibrants. Signal-to-noise
ratios can be improved by increasing acquisition times. In our
experience, acquisition times of 5–10 min are often sufficient.
Under poor instrumental conditions, calibration acquisition
times may need to be increased to 20 min or more.

6. For mass accuracy, it is crucial to use a lockspray correction
during calibration. Our lab has developed transparent, open-
source software called pepCCScal for CCS calibration. It is
available for free by request.

7. The two peptide epimers should be fragmented at the same
collision energy, so it is important to set the same collision
energy.

8. Optimal wave height and wave velocity are absolutely crucial to
IMS separation. We recommend always keeping the wave
height at its maximum value, 40 V, and only adjusting the
wave velocity. Lower wave velocities will decrease the IMS
peak width, but may also decrease the temporal separation of
two IMS peak apexes.
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9. The sample amount for analysis is usually 5–50 ng. Overloading
of samples may cause saturation of the ion mobility analysis and
poor distribution of arrival time.

10. Arrival times are dependent on internal ion energies, and thus
they can be affected by temperature changes in the room where
analysis takes place. It is important to perform a new CCS
calibration at the start of each set of experiments to minimize
such errors.

11. A complete series of fragment ions is necessary for the compar-
ison and to determine the identity of a DAACP. To maximize
the duty cycle for a peptide of interest, targeted MS/MS can be
performed to generate a satisfactory spectrum.

12. If the D-amino acid is at the N-terminus of the peptides, a LC-
MS-IMS run without fragmentation is needed to measure the
arrival times of peptide molecular ions.

13. While avoiding over-fragmentation, efficient ion transmission
has to be maintained by using high enough voltage settings.

14. Although unlikely to occur on the SYNAPT G2 under settings
specific to this kind of experiment, the possibility that peptide
ions still retain their solution-phase structure preferences has to
be ruled out since the approach is focused on gas-phase CCS,
and solution-phase structures can complicate the interpretation
of resulting spectra. This can be done by using standard pep-
tides in different solvent compositions.

15. Since temperature and humidity from surrounding environ-
ment could introduce systematic errors into actual measure-
ments, calibration has to be done right before each data
acquisition to minimize such effects.

16. Due to limited resolving power of ion mobility separation on
Synapt G2 Ω

ΔΩ � 30
	 


, the large peptide CHHs cannot be
directly analyzed. Therefore, the large peptide was digested to
produce small segments for enhanced discrimination. For anal-
ysis of small peptides with molecular weights of less than 2 kDa,
the step of tryptic digestion is unnecessary.

17. This site-specific strategy is also applicable to other ion mobility
instruments, such as Agilent 6560 Ion Mobility Quadrupole
Time-of-Flight mass spectrometer.
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Quantitative Profiling of Reversible Cysteome Modification
Under Nitrosative Stress

Yue-Ting Wang, Sujeewa C. Piyankarage, and Gregory R.J. Thatcher

Abstract

Reversible modifications of protein cysteine residues via S-nitrosylation and S-oxidation via disulfide
formation are posttranslational modifications (PTM) regulating a broad range of protein activities and
cellular signaling. Dysregulated protein nitrosothiol and disulfide formation have been implicated in
pathogenesis of neurodegenerative disorders. Under nitrosative or nitroxidative stress, both nitrosylation
and oxidation can theoretically occur at redox-sensitive cysteine residues, mediating thiol-regulated stress
response. However, few detection strategies address both modifications. Nonquantitative approaches used
to observe S-nitrosylation, regardless of unmodified and oxidized thiol forms, may lead to causal conclu-
sions about the importance of protein nitrosothiol in NO-mediated signaling, regulation, and stress
response. To observe quantitatively the modification spectrum of the cysteome, we developed a mass
spectrometry-based approach, denoted as d-SSwitch, using isotopic labeling and shotgun proteomics to
simultaneously identify and quantify different modification states at individual cysteine residues. Both
recombinant protein and intact neuroblastoma cells were analyzed by d-SSwitch after treatment with
nitrosothiol or NO. In proteins identified to be modified after nitrosothiol treatment, S-oxidation was
always observed concomitant with S-nitrosylation and was quantitatively dominant. Herein, we describe the
detailed procedures of d-SSwitch and important notes in practice.

Keywords: S-Nitrosylation, Disulfide formation, Nitrosative stress, Posttranslational modification
(PTM), MS, d-SSwitch

1 Introduction

Despite the low occurrence within the human proteome [1], cyste-
ine residues play key roles in sensing and responding to the pertur-
bation of cellular redox homeostasis. The electronic structure of the
cysteine sulfhydryl group (SH) permits multiple modifications in
response to oxidative, nitrosative, or nitroxidative stimuli. These
posttranslational modifications include sulfenylation to form sulfe-
nic acid (SOH, often the initial step to form disulfides), sulfinyla-
tion to form sulfinic acid (SO2H), sulfonylation to form sulfonic
acid (SO3H irreversible), disulfide formation (SS); and nitrosation
to form protein nitrosothiol (SNO). Among all these modifications
that may occur at a redox-sensitive cysteine thiol, SNO formation
(widely termed S-nitrosylation) and SS formation have attracted
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interest as reversible signal transduction events. These transient
PTMs have been implicated as mediators of protein activity, protein
relocalization/interaction, and cell signaling as regulatory
“switches,” showing great similarity to the consequences of phos-
phorylation [2–5].

S-Nitrosylation is a product of nitrosation of cysteine sulfhydryl
group with a nitrosonium (NO+) equivalent readily provided by
endogenous nitrosothiols, such as S-nitrosoglutathione (GSNO) and
S-nitrosocysteine (CysNO), N2O3, or Lewis acid-catalyzed reac-
tions of nitric oxide (NO) and NO2

� [6–8]. Extensive studies
implicating protein SNO have led to the hypothesis that this PTM
is the major mechanism by which NO elicits diverse effects on cell
proliferation, apoptosis, and the immune response [5, 9–11]. The
disulfide bond is a reversible covalent linkage formed between the
sulfur atoms from two sulfhydryl groups. It can form between
protein thiols as protein disulfides, or between protein thiol and
low molecular weight (LMW) thiols as mixed disulfides (e.g. S-
glutathionylation by GSH). The disulfide formed after reaction
with H2S, though potentially important, has received little atten-
tion. Protein disulfides are essential structural components and
can participate protein–protein interactions and/or catalytic activity
[2, 12, 13]. Over the past 30 years our perspective of disulfides has
dramatically evolved: the importance of disulfides in redox regula-
tion under both normal and stress conditions is emerging [2–4, 14].
Nitrosative or nitroxidative stress is often linked to formation of
reactive nitrogen species (RNS) [15–17], which often occur con-
comitantly with reactive oxygen species (ROS), i.e. ROS/RNS.
Oxidation is the dominant modification caused by RNS such as
N2O3, NO2, and peroxynitrite; a process usefully termed nitroxida-
tion [15, 16, 18]. Protein S-nitrosylation can also be nitroxidative,
providing a mechanism for regulatory disulfide formation including
glutathionylation [19, 20]. Aberrant nitrosative and/or nitroxida-
tive stress likely play a role in pathogenesis of many disease states,
including Alzheimer’s and Parkinson’s disease; although the major-
ity of researchers focus on S-nitrosylation [21–24].

The identification of modified cysteine residue(s), and quanti-
tatively assessment of the different modification events at each
cysteine will provide information crucial to understand the regu-
latory role of nitrosative stress at protein levels via transient PTMs.
A number of mass spectrometry (MS)-based methods have been
established to identify and sometimes quantify protein nitrosothiols
and disulfides in separate experiments [25]. While direct detection
of SNO and SS is still technically challenging, most methods used
today require selective reduction of the reversible PTM and differ-
ential labeling prior to shotgun proteomic analysis. The most com-
monly used approach for detecting S-nitrosylation is the modified
biotin switch technique (BST) that reduces SNOwith large amount
of ascorbate and labels the nascent thiol with a biotin tag, followed
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byMS analysis in place of the original qualitative analysis by western
blot [26]. Several modifications of the BST approach published
after the initial report include stable isotope labeling to address
limitations in quantification [27, 28]. Alternative approaches for
analyzing S-oxidation also rely on isotopic labeling of unmodified
and oxidized thiols using various isotopologues upon reduction
[29]. Unfortunately very few of these methods described above
can provide quantitative information of SNO, SS, and unmodified
thiol for specific cysteine residues in parallel. In S-nitrosylation
studies, complete neglect of cysteine oxidation and unmodified
cysteine can be a serious flaw causing gross overestimation of
protein-SNO formation. Given the complexity in nitrosative
stress-induced modification profiles, it is sensible to develop meth-
ods allowing simultaneous quantitation of cysteome inventory
(SNO + SS + SH) of specific cysteine residue.

In our recent study we introduced a novel proteomic method-
ology, noted as “d-SSwitch” to quantitatively profile different mod-
ification states (SNO + SS + SH) for targeted cysteine residue
(Fig. 1). Adapted from the “d-Switch” approach we developed to
measure SNO versus SH, d-SSwitch reduces SNO and SS function-
alities to free thiols by selective chemical reactions, then use two
isotopologues of the alkylating agent N-ethylmaleimide (NEM) to

Fig. 1 d-SSwitch scheme
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probe one split sample in parallel to simultaneously quantify different
chemical states of one protein thiol [30]. Human glutathione
S-transferase pi-1 (GSTP1-1) was used in method development
and to provide comparison with results from the d-Switch approach.
GSTP1-1 has bene proposed to play a regulatory role in cell response
to NO and nitrosative stress via S-nitrosylation of the most reactive
cysteine residue Cys47 [31]; although the weight of evidence is for
S-oxidation as the response to nitrosative stress, which mediates
function [32]. Intra- and intermolecular disulfide formations also
contribute to GSTP1-1 mediated signal transduction in cell prolifer-
ation and cell death [33]. Using d-SSwith combined with shotgun
proteomic analysis we demonstrated that under nitrosative stress
S-oxidation to disulfide was the dominant modification universal to
all NO donors. We also observed that S-nitrosylation and disulfide
formation result from nitrosothiol-induced nitrosative stress in a
concentration-dependent manner and independent of oxygen.
These observations made using recombinant protein were extended
to living neuronal cells: nitrosative stress induced by nitrosothiol,
caused S-nitrosylation and S-oxidation of intracellular GSTP1 at
Cys47 quantitatively comparable to that observed in recombinant
protein. Further analysis of the cellular cysteome using d-SSwitch
revealed that S-oxidation is the major cysteome modification under
nitrosative stress.

In this chapter, we describe the detailed experimental proce-
dures of d-SSwitch, the quantitative analysis strategy, and technical
notes important in practice. As depicted in Fig. 1, free thiols of
treated proteins are blocked with NEM under denaturing condi-
tion. The resulting sample is divided into two portions as dSS-1 and
dSS-2, followed by selective reduction and labeling with d5-NEM.
In dSS-1 all SH and SNO are labeled with NEM and all SS are
labeled with d5-NEM; whereas in dSS-2 both SNO and SS are
labeled with d5-NEM, only unmodified thiols are coded with
NEM. Shotgun proteomic analysis is applied to identify light and
heavy NEM-labeled peptides that have identical retention time and
ionization efficiency, and peak areas of differentially labeled peptides
are acquired from corresponding chromatograms. Simple algebraic
derivation using peak area ratios obtained from dSS-1 and dSS-
2 provides the quantitative profile of the modified cysteome.

2 Materials

2.1 Nitrosating

Agents/NO-Donors

Nitrosocysteine (CysNO) is prepared from cysteine and sodium
nitrite in the presence of hydrochloric acid (HCl). Diethylamine
NONOate is purchased from Sigma Aldrich. Nitroglycerin (GTN)
and GT-094 were synthesized in-house according to published
procedures [34, 35]. The HNO donor AcOM-IPA/NOwas kindly
provided by Dr. Daniela Andrei (Dominican University) [36].
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All the NO/HNO donor stock solutions except CysNO solution
are prepared in methanol (HPLC grade, Thermo Fisher, Rock
Field, IL) freshly before addition to reaction mixture.

1. Cysteine, sodium nitrite (NaNO2), sodium hydroxide (NaOH)
(Sigma Aldrich, St. Louis, MO), HCl (Fisher Scientific, Rock-
ford, IL). 210 mM NaNO2 solution is prepared in deionized
water and stored at 4 �C; 1MHCl, 1 MNaOH stock solutions
stored at room temperature; 200 mM cysteine in water is
freshly prepared from solid before experiment.

2. UV quartz cuvette, 1 mL volume, two sides polished (Sigma
Aldrich, St. Louis, MO).

3. Amber-colored glass vial, 1 and 3 mL volume (Fisher
Scientific).

2.2 d-SSwitch 1. Ammonium bicarbonate, EDTA, neocuproine, N-ethylmalei-
mide (NEM), cupper (I) chloride (CuCl), and sodium ascor-
bate (Sigma Aldrich). Tris(2-carboxyethyl)phosphine (TCEP)
500 mM solution at neutral pH (Thermo Fisher, Rockford, IL)
(see Note 1).

2. N-ethylmaleimide (ethyl-d5, 98 %) (d5-NEM, Cambridge Iso-
tope Laboratories, Tewksbury, MA) 50 mM stock solution
prepared in anhydrous DMF and stored at �20 �C.

3. Reaction buffer 1: 40 mM ammonium bicarbonate
(NH4HCO3), 1 mM EDTA, 0.1 mM neocuproine at pH 7.4.

4. Reaction buffer 2: reaction buffer 1 without EDTA and
neocuproine.

5. 20 % SDS.

6. Amicon®Ultra centrifugal filter device with 10 kDamass cutoff
(EMD Millipore, Bedford, MT).

7. Amber-colored safe-lock microcentrifuge tubes, 1.5 mL
volume (Eppendorf, Hauppauge, NY).

2.3 Cell Culture/

Handling/Cell Lysate

Preparation

Human neuroblastoma cell line SH-SY5Y cells were obtained from
American Type Culture Collection (ATCC) and maintained in 1:1
mixture of Dulbecco’s Eagle’s Minimum Essential Medium and
Opti-Minimum Essential Medium (DMEM/Opti-MEM) supple-
mented with 5 % fetal bovine serum (FBS), 1 % penicillin–strepto-
mycin and 5 % CO2 at 37 �C. The normal growth medium is
replaced by Opti-MEM phenol red free, reduced serum medium
1 h prior to the treatment.

1. DMEM,Opti-MEM,Opti-MEM phenol red free with reduced
serum, FBS, penicillin-streptomycin (10,000 U/mL) (Life
Technologies, Grand Island, NY).
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2. Phosphate buffer saline (PBS, 10�, pH 7.4): 10.6 mM potas-
sium phosphate monobasic (KH2PO4), 29.7 mM sodium
phosphate dibasic (Na2HPO4), 1557.1 mM sodium chloride
(NaCl). No calcium, magnesium, and phenol red (Life Tech-
nologies, Grand Island, NY) tenfold diluted solution was ster-
ilized and used.

3. Lysis buffer: lysis buffer shall be made freshly each time before
use. It is comprised of 100 mMTris–HCl, 50 mMNaCl, 1 mM
EDTA, 0.1 mM neocuprine, 1 % NP-40, 20 mM NEM, and
protease inhibitors cocktail used following the manufacturer’s
instruction. The cOmplete Mini protease inhibitor cocktail
tablets (EDTA free) is purchased from Roche (Roche Diagnos-
tics, Mannheim, Germany).

4. Amber-colored microcentrifuge tubes, 1.5 mL volume.

2.4 Protein

Separation and

Visualization

1. NuPAGE® Novex® 4–12 % Bis-Tris protein precast gel,
NuPAGE® LDS sample buffer (4�), and NuPAGE® MOPS
SDS running buffer (20�) (Life Technologies, Grand Island,
NY).

2. Coomassie Brilliant Blue R-250 staining and destaining solu-
tions (Bio-Rad, Herclues, CA).

3. Spectra multicolor broad range protein ladder (Pierce, Thermo
Scientific, Rockford, IL).

4. Protein gel chamber system (XCell Superlock®, Life
Technologies).

2.5 Protein

Concentration

Measurement

1. BCA protein assay kit (Pierce, Thermo Scientific).

2. Protein standard (1.0 mg/mL bovine serum albumin).

3. Microplate scanning spectrophotometer (Bio-Tek, Winooski,
VT).

2.6 Protein In-Gel

Digestion

1. In-gel tryptic digestion kit containing lyophilized trypsin pro-
tease (Pierce, Thermo Scientific). Upon arrival, prepare the
trypsin stock solution by dissolving the enzyme in 20 μL stor-
age solution provided within the kit. The resulting solution is
then aliquoted into four 0.5 mL tubes on ice of 5 μL each and
stored at �20 �C.

2. Digestion buffer: 25 mM NH4HCO3 in milli-Q water.

3. Destaining solution: 25 mM NH4HCO3 in a mixture of milli-
Q water and acetonitrile (ACN) at 1:1 ratio.

4. Extraction solution: 25 mM NH4HCO3 with 1 % formic acid.

2.7 Liquid

Chromatography-

Mass Spectrometry

1. For recombinant protein digest analysis: Agilent 6310 Ion
Trap mass spectrometer with ESI (Agilent Technologies,
Santa Clara, CA) coupled to Agilent 1100 series HPLC.
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Hypersil BDS C18 column (30 � 2.1 mm, 3 μm, Thermo
Scientific).

2. For cell lysate digest analysis: hybrid LTQ-FT linear ion
trap mass spectrometer with Nanospray ESI source (Thermo
Electron Corp., Bremen, Germany), Nanoflow HPLC (Dio-
nex, Sunnyvale, CA). The trapping cartridge and the nanocol-
umn used for separation: Zorbax 300 SB-C18 (5 � 0.3 mm,
5 μm) and Zorbax 300 SB-C18 capillary column (150 mm
� 75 nm, 3.5 μm) (Agilent Technologies). PicoTip™ emitter
(New Objective, Woburn, MA).

3. Mobile phase A: 95/5 (v/v) water/ACN, 0.1 % formic acid;
mobile phase B: 95/5 (v/v) ACN/water, 0.1 % formic acid.
Optima™ LC/MS grade ACN (Fisher Scientific).

2.8 Data Analysis 1. MassMatrix (http://www.massmatrix.net).

2. Agilent LCMS workstation software (Agilent).

3. Xcalibur Software (Thermo Scientific).

4. GraphPad Prism (GraphPad Software).

2.9 Equipment 1. UV–Vis spectrophotometer (Hewlett Packard,, Palo Alto,
CA).

2. Centrifuges (Eppendorf, Fisher Scientific).

3. Water baths.

3 Methods

3.1 CysNO

Preparation

(See Note 2)

1. CysNO is freshly prepared by acid-catalyzed S-nitrosation of
the thiol with sodium nitrite. Avoid light during the entire
process.

2. Dissolve 29 mg L-cysteine in 1.2 mL water to reach a final
concentration of 200 mM. To an amber-colored glass vial,
add 1 mL of cysteine solution, 1 mL of 210 mM NaNO2

solution and 0.1 mL of 1 M HCl solution. After vortexing
briefly incubate the mixture in water bath at 37 �C for 10 min.

3. After incubation place the entire vial in ice. Adjust the pH with
1 M NaOH solution to 8 and add 1 mM neocuproine.

4. Take 10 μL of the reaction mixture dilute it into 990 μL of
water and transfer the resulting solution into a quartz cuvette
(zero the background for water before transferring). Measure
the UV absorbance of 100-fold diluted CysNO solution at
336 nm.

5. Use the published extinction coefficient of CysNO
(900 M�1·cm�1), combine with the dilution factor of 100 to
calculate CysNO concentration in the original mixture [37].
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3.2 Recombinant

Protein Sample

Preparation

1. Histidine-tagged human GSTP1-1 wild type and C101A
mutant were previously expressed in Escherichia coli strain
TG1 and purified using immobilized Co2+ affinity column
chromatography. Aliquots of protein stock solutions contain-
ing 1 mM EDTA, 1 mMDTT were stored at �80 �C. Detailed
procedure has been described [38, 39]. Protein concentrations
were determined after fractionation using Pierce BCA assay kit
following manufacturer’s instruction.

2. Prior to treatment, exchange the protein stock solution with
reaction buffer 1 and concentrate the protein stock using Ami-
con® MWCO 10 kDa ultra centrifugation filter device (see
Note 3).

3.3 Cell Treatment

and Lysate Preparation

for d-SSwitch

1. For each treatment, culture one dish (10 cm) of SH-SY5Y cells
to reach 90 % confluence. Each treatment is in triplicate from
three independent runs (see Note 4).

2. On the day of treatment, remove normal growth medium,
gently wash away the remaining media with PBS, add Opti-
MEM phenol red free with reduced serum and let the cells
settle for 1 h at 37 �C with 5 % CO2 in air atmosphere.

3. Treat the cells with CysNO at different concentrations (e.g. 10,
100, and 1000 μM) and incubate the cells in the incubator at
37 �C for 20 min.

4. Take pre-made Tris–HCl buffer which contains EDTA, add
NEM, neocuproine stock solutions, and NP-40 to reach final
concentration of 20 mM, 0.1 mM, and 1 % respectively. Add
protease inhibitor cocktail tablet, vortex until it dissolves. Place
the resulting lysis buffer in ice until further use.

5. At the end of the cell treatment, immediately remove the
medium, gently wash the cells with PBS (avoid direct impact
of on cells) and remove PBS completely. To each plate, add
400 μL of lysis buffer, quickly scrape the cells off and collect the
suspension into an amber-colored Eppendorf tube.

6. Lyse the cells by sonication. Use a sonic dismembrator (model
500, Fisher Scientific), sonicate the cells at amplitude of 20 %
for 2 s, repeat five times. Keep the amber-colored tube in ice for
the entire process.

7. Spin the content at 14,000 rpm, 4 �C, for 15 min. Use a pipette
to transfer the supernatant (ca. 400 μL) into another amber-
colored tube. Take another small fraction (ca. 50 �μL)
exchange the lysis buffer with 40 mM NaHCO3 buffer for
protein concentration measurement (BCA assay following the
manufacturer’s instruction).

8. Avoid light through step 3–7. Directly apply the following
procedures to lysates without storing samples overnight.
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3.4 d-SSwitch

Procedure

1. For recombinant protein, incubate the protein (15 μM) with
NO or HNO donors at designated concentrations in reaction
buffer 1 at 37 �C for 30 min with gentle agitation.

2. After incubation, add NEM stock and 20 % SDS into the same
tube and incubate the mixture at 55 �C for 30 min. Vortex the
mixture every 6 min for 30 s. Final concentrations of NEM and
SDS in the resulting mixture are 20 mM and 5 %.

3. For the cell lysate obtained from NO-donor treated cells, add
5 % SDS and another fraction of NEM stock to reach the final
concentration of 25 mM. Incubate the mixture at 55 �C for
30 min with frequent vortexing (same as step 2).

4. Remove excess of NEM from the protein reaction mixture by
filtering it through Amicon® MWCO 10 kDa filter. Mix reac-
tion buffer 2 with the content remaining in the filter and filter it
through. Repeat for three times to replace reaction buffer 1
with buffer 2.

5. Collect the content left in the filter in a separate tube and divide
it equally to two portions. Label them as dSS-1 and dSS-2.
Store dSS-2 samples at �20 �C temporally.

6. Make a fresh solution of sodium ascorbate (50 mM) in reaction
buffer 2, and a saturated solution of CuCl which gives 100 μM
CuCl in water. Centrifuge the suspension, take the clear solu-
tion and dilute with reaction buffer 2 to a working solution
with appropriate concentration (see Note 5).

7. To dSS-1 sample, add NEM, sodium ascorbate and CuCl stock
solutions with the final concentrations at 5 mM, 5 mM, and
1 μM, respectively. Vortex the mixture briefly and incubate in
water bath at 25 �C for 1 h.

8. Remove the treatment in step 7 from dSS-1 sample by filtering
through the MWCO 10 kDa filter. Similarly to step 4, wash the
remaining content with reaction buffer 2 for three times.

9. Collect the protein content in dSS-1 samples into a clean tube,
thaw dSS-2 samples on the ice, incubate both dSS-1 and dSS-
2 samples with 50mMTCEP at 60 �C, for 15min with mediate
agitation.

10. Repeat step 8 to remove excess TCEP from samples. Add
1 mM d5-NEM in the washing buffer (reaction buffer 2) to
assure the presence of d5-NEM during the removal of TCEP.

11. Collect the remaining dSS-1 and dSS-2 samples from filters
into separate tubes and incubate with 5 mM of d5-NEM in
water bath at 25 �C for 1 h.

12. Mix samples resulted from step 11 with 4� SDS-loading
buffer, mix thoroughly, and place into a 60 �C water bath
incubate for 15 min (see Note 6).
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13. Load samples onto a 1.0 mm, NuPAGE 4–12 % Bis-Tris gel,
maximum 45 μL of protein sample per well. Load 3 μL of the
protein ladder into the first well. Run the gel at 180 V for
approximately 60 min, cut the gel from the precast frame,
stain with Coomassie Brilliant Blue in a microwave (heat up
the gel with staining solution in a microwave for 5–7 s. Repeat
the heating for 2–3 times. Be careful not to heat the gel for too
long each time that may break the gel) Destain with destaining
solution on a rocker with gentle agitation. Replace the destain-
ing solution with milli-Q water if the gel needs to be stored
overnight.

14. For experiments carried out under controlled oxygen level,
purge the reaction buffer 1 with N2 or O2 for at least 1 h before
use. During the incubation seal the reaction vial with proper
rubber septa, transfer additional reagents by syringe. Also dur-
ing the washing steps use the freshly purged buffer. Cap the
tube quickly after each addition of reagents.

15. Step 1–9 must be performed with protection from light
exposure.

3.5 Protein In-Gel

Digestion

1. Excise the desired protein bands with the molecular weight
corresponding to GSTP1 (20–26 kDa). Cut the gel into smal-
ler pieces (~1 mm3).

2. Collect the gel pieces into a 1.5 mL Eppendorf tube.

3. Add 200 μL of the destaining solution described in Section 2.6,
incubate in a 37 �C water bath for 30 min. During the incuba-
tion vortex the tube 4–5 times. Centrifuge the tube briefly after
each vortexing to make sure all the gel pieces are at the bottom
in solution. Repeat this step one more time if necessary (see
Note 7).

4. Remove destaining solution from the tube with a pipette.
Add 100 μL of ACN to dehydrate the gel pieces for 25 min
at RT.

5. Remove ACN from the tube with a pipette. Keep the cap open
to air-dry the gel pieces at RT (see Note 8).

6. While the gel pieces are drying, pull out one aliquot of trypsin
stock solution, thaw it on ice. Add 45 μL of milli-Q water to
make a trypsin working solution. Place the working solution on
ice before further use.

7. Add 60 μL of digestion buffer to the gel pieces. Add 2 μL of
trypsin working solution into each sample (~200 ng trypsin/
sample) and vortex 2 s for three times. Add another 10 μL of
digestion buffer then vortex 2 s � 3 times. Centrifuge samples
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briefly make sure all gel pieces are settled at the bottom and
covered in solution. Incubate the sample at 30 �C for overnight
digestion.

8. One the next day, add 20 μL of extraction solution into the
sample, vortex thoroughly, and centrifuge at 8000 rpm for
3 min. Use a pipette with gel loading tip to transfer 40 μL of
supernatant to a glass vial for LC-MS/MS analysis.

3.6 d-SSwitch

Sample Analysis by

LC-Ion Trap MS

1. For samples prepared from recombinant hGSTP1-1 C101A
mutant, Agilent 6310 Ion Trap mass spectrometer with elec-
trospray ionization source was used for analysis. The instru-
ment is operated in positive mode with capillary voltage of
�3.5 kV and dry temperature of 350 �C. Nebulizer gas and
capillary gas flow are at default settings. MS/MS spectra are
acquired for two most abundant ions in each scan within a mass
range of m/z 100–2000; fragmentation of target precursor
ions is introduced by collision-induced dissociation (CID)
with ultrapure argon as collision gas.

2. Protein digests in each sample are eluted at 300 μL/min and
resolved on a Hypersil C18 column using 10 % MeOH (v/v)
with 0.1 % FA as mobile phase A, ACN plus 0.1 % FA as mobile
phase B. The gradient program is as follows:

Time (min) Solvent A (%) Solvent B (%)

4 90 10

14 80 20

23 62 38

27 10 90

29 90 10

33 90 10

3. In the total ion chromatograms (TIC) of untreated GSTP1-1
tryptic digests, identify the Cys47 containing peptide (residue
46–55: ASCLYGQLPK) by its m/z (doublet-charged) and frag-
mentation patterns (y ions and b ions) resulted from CID.

4. In the TIC acquired for dSS-1 and dSS-2 samples, extract the
ion chromatograms of NEM-modified (m/z 603.2) and d5-
NEM-modified (m/z 605.6) Cys47-containing peptides—
each sample contains peptides with both types of modifications.
The identity of the modified peptides can be confirmed by b ions
and y ions generated after fragmentation, shown in MS/MS
spectra. Integrate the peak areas of the extracted ion chromato-
grams obtained from each sample (Fig. 2). In dSS-1, peak area-
of NEM labeled peptides represents unmodified plus
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SNO-forming thiols (noted as a); peak area of d5-NEM labeled
peptides represents SS-forming thiols (b). In dSS-2, NEM label-
ing only represents unmodified thiols (c); peak area of d5-NEM-
modified peptides attributes to both SNO and SS forming thiols
(d). The calculation scheme is shown in following equations:

%SS ¼ b= a þ bð Þ ð1Þ
%SNO ¼ a � cð Þ= a þ bð Þor a � cð Þ= c þ dð Þ ð2Þ

%SH ¼ c= c þ dð Þ ð3Þ

3.7 d-SSwitch

Sample Analysis

by NanoLC-HRMS

1. For protein digests prepared from cell lysate, LTQ-FT-ICR
(high resolution, HR) MS instrument was used for analysis.
The system sensitivity and accuracy are calibrated on a weekly
basis using LTQ FT calibration solution (Thermo Scientific).
Also run system checks using glu-1-fibrinopeptide B and sub-
stance P standards 2–3 times before analyzing the real sample.

2. The separation of peptides is achieved using Dionex nano-
HPLC on a reversed phase capillary column. After being intro-
duced onto a trapping cartridge with 100 % mobile phase A
(5 % ACN and 0.1 % FA in H2O) at flow rate of 50 μL/min,

Fig. 2 Extracted ion chromatogram (EIC) for d-SSwitch. Human GSTP1 (C101A mutant) treated with CysNO at 5
and 400 μM subjected to d-SSwitch procedure, followed by in-gel digestion and LC-MS/MS analysis. EIC of Cys47
containing peptides (residue 46–55) labeled by NEM (brown) and d5-NEM (red ) within each sample are shown
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peptides are eluted out and carried through the capillary col-
umn at 250 nL/minwith increasing %mobile phase B (5%H2O
and 0.1 % FA in ACN) through a 120-min gradient program:

Time (min) Solvent A (%) Solvent B (%)

0 95 5

6 95 5

96 60 40

102 60 40

103 20 80

107 20 80

108 95 5

120 95 5

3. Resolved peptides are introduced into the nano electrospray
ionization source via SilicaTip™ nanospray emitter mounted at
the end of the column. A spray voltage of 2.13 kV is applied on
the emitter and the capillary temperature is set at 200 �C. Data
acquisition is completed in positive ion mode using a data-
dependent analysis (DDA) method. Survey scan is performed
using FTMS at a resolution of 50,000; followingMS/MS scans
are performed in a mass range of 400–1800 m/z for ten most
abundant ions. Fragmentation is induced by CID with an ion
isolation width of 3 m/z. The minimum ion threshold is set to
5000 counts.

4. Convert rawdata files tomzXMLfiles and submit toMassMatrix
(http://www.massmatrix.net) search engine to search against
IPI human v3.65 database with NEM and d5-NEM as variable
modifications. Following parameters are applied for peptide/
protein identification: enzyme: trypsin; missed cleavage: 2; pre-
cursor ion tolerance:�2.0 Da; product ion tolerance:�0.8 Da;
mass type: monoisotopic; minimum peptide length: 6. Protein
ID is accepted with 40 % sequence coverage (seeNote 9).

5. Find NEM- and d5-NEM-modified peptides in the search
results. Look into the raw data file, locate the scans acquired
for identified peptides bearing either NEM or d5-NEM modi-
fication, confirm the identity of the peptide by comparing the
MS/MS spectra obtained from database search and from data
acquisition. Integrate the monoisotopic peak area of the mod-
ified peptides in each sample, and use the same strategy used for
recombinant protein to quantify the relative amount of SNO
and SS formed at a specific cysteine residue (Fig. 3).
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Fig. 3 Assessment of nitrosated, oxidized, and unreacted Cys47 in wt GSTP1 in SH-SY5Y cells. (a, b) Shows
representative MS spectra for peptide fragments containing Cys47 labeled with NEM (green peaks) and
d5-NEM (red peaks) from the cell lysate samples processed through dSS-1 and dSS-2, respectively. The green
peak cluster for dSS-1 (a) represents the unreacted and nitrosated Cys47 and its red peak cluster represents
the oxidized Cys47. The green peak cluster for dSS-2 (b) represents the unreacted Cys47 while its red cluster
represents the oxidized Cys47 and the nitrosated Cys47
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4 Notes

1. We recommendmaking a highly concentrated stock solution of
NEM (e.g. 400 mM) in anhydrous DMF, using that to prepare
other NEM solutions each time before use. Keep the NEM-
DMF stock solution refriderated and make a new stock every
month. Do not weight neocuproine solid into aqueous buffer
directly—neocupoine has poor water solubility. Prepare an
EtOH stock solution of neocuproine and dilute it into aqueous
buffer to reach the desired concentration. Use series dilution if
necessary.

2. It has been demonstrated that the dominant product of cyste-
ine nitrosation by nitrous acid remains to be CysNO within 1 h
after it’s been generated [40]. The CysNO used in our experi-
ments is always prepared freshly and used immediately: the
overall stand-on-bench (ice) time is no more than 10 min.
Ion chelator neocuproine is also added to prevent CysNO
from metal-catalyzed decomposition.

3. Amicon Ultra-0.5 mL 10 K cutoff centrifugal filters are used
throughout the entire d-SSwitch procedure for concentrating
protein samples and buffer exchange. For buffer exchange,
transfer the sample into the filter unit, fill the rest filter volume
with exchanging buffer, spin the entire device in a 40� fixed
angle centrifuge at 14,000 � g for 5 min. Discard the solvent
filtered through and repeat this process for additional two
times. After the final wash, reverse the filter and put it into
another tube, spin at 1000 � g for 10 min to collect the
content.

4. SH-SY5Y cells easily detach from the plate to become floating
in medium. Applying large amount of solvent directly onto
cells can cause significant loss of cells. Extra caution needs to
be taken when changing medium and washing cells with PBS.
Cells after 20 passages should not be used for experiment.

5. Always prepare and use fresh ascorbate and CuCl solutions
from solid.

6. We suggest running gel electrophoresis on the same day to
avoid irreversible protein precipitation during freeze-thaw
cycles.

7. We found that if the entire gel is destained well before dissec-
tion, only one round of destaining of small gel pieces will be
sufficient during the digestion process to wash off the remain-
ing Coomassie blue stain. During the incubation of gel pieces
in destaining solution, frequent vortexing will help with fast
and efficient destaining.
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8. All proteins have been denatured and alkylated during
d-SSwitch procedure. Therefore no further reduction and
alkylation are necessary during in-gel digestion.

9. MassMatrix is a free proteomic database search engine for
tandem mass spectrometric data. It provides improvements in
sensitivity over Mascot and SEQUEST with comparably low
false positive.
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Abstract

Posttranslational S-nitrosylation (SNO) of cysteine thiols in proteins is one of the important mechanisms of
nitric oxide-based signaling in vivo. A role for protein S-nitrosylation has been proposed in different tissues
both under physiological and pathophysiological conditions. Protein SNOs play an especially important
role in the nervous system. Increased protein SNO has been observed as an effect of nitrosative/oxidative
stress in many neurodegenerative disorders including Alzheimer disease, Parkinson disease, Huntington
disease, and amyotrophic lateral sclerosis and in aging processes as a consequence of the activity of
environmental factors. S-nitrosylation of a protein in a certain (patho-) physiological state is the result of
a complicated crosstalk of variety of factors. Precise mechanisms of in vivo formation of S-nitrosoproteins
are still under investigation. There are no easy and reliable methods to theoretically predict sites of
posttranslational S-nitrosylation, such as developed for other types of posttranslational modifications.
Furthermore, because of the lability of SNO bond, experimental methods for SNO detection are demand-
ing. A breakthrough in the identification of SNO proteins was the elaboration the biotin switch technique
(BST) and SNO site identification method (SNOSID). These techniques were used by us recently, to
identify SNO targets among synaptosomal proteins in Alzheimer’s disease mouse model. Despite its utility
in identifying SNO-Cys modification in proteins, the BST and SNOSIDmethods are constrained by several
limitations. Each step of these procedures represents a potential source of methodological errors. This
chapter presents a detailed protocol for identification of SNO sites in synaptosomal proteins from mouse
brains using BST or SNOSID affinity methods and mass spectrometry.

Keywords: Protein S-nitrosylation, Alzheimer disease, Label-free analysis, Differential proteomics,
LC-MS/MS, Mouse models, Aβ peptide, Biotin switch method, SNOSID, Synaptosomes

1 Introduction

S-nitrosylated proteins (protein SNOs) constitute one of the exper-
imentally detected end products of the nitric oxide (NO) reactivity
in living organisms [1]. NO was discovered as a signaling molecule
in the central nervous system in 1988, soon after the initial finding
of its crucial role as the endothelial derived relaxing factor, EDRF
[2]. It was later explored that brain contains one of the highest
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activities of NO-forming enzyme (NO synthase, NOS) in all exam-
ined tissues [3]. Nitric oxide is a freely diffusible radical molecule,
rapidly reacting with various endogenous substrates forming, i.e.,
iron and copper adducts in prosthetic groups of proteins, peroxy-
nitrite (ONOO�) in the reaction with reactive oxygen species
(ROS) [4, 5]. It forms S-nitrosothiols, both with endogenous
low-molecular-weight thiols like cysteine and glutathione or with
the thiol groups in proteins [5, 6]. Gow et al. have demonstrated
that the presence of protein SNOs is strictly related to the produc-
tion of NO by appropriate NO synthases in various cell types [7, 8].
However, precise mechanisms of in vivo formation of protein SNOs
are still under investigation. NO itself is chemically not able to
directly modify the side chain thiols of cysteine residues at physio-
logically significant rates. Thus, protein S-nitrosylation is an indi-
rect product of secondary reactions of proteins with different
bioactive nitric oxide species, which are formed after the “activa-
tion” of NO by its primary targets [7, 8]. A detailed discussion on
the chemical biology of S-nitrosothiols has been recently presented
by Broniowska and Hogg [9]. An enzymatic regulation of protein
SNO formation was suggested to be similar to other posttransla-
tional modifications of proteins, i.e. phosphorylation. Proteins such
as GAPDH or SIRT1 can act as “transnitrosylases” for other pro-
tein targets [10]. A protein denitrosylase activity has been attribu-
ted to thioredoxin [11, 12]. On the other hand, protein S-NO
formation is unique among PTMs since it relies on many non-
enzymatic reactions with low-molecular weight compounds and is
sensitive to the overall redox status of the cells [13]. Thus, SNO of a
protein in a certain (patho-) physiological state is a resultant of a
complicated cross talk of multiple factors [14]. As a consequence,
there are no easy and reliable methods to theoretically predict sites
of post translational S-nitrosylation, such as those developed for
other types of PTMs. Furthermore, experimental methods of SNO
detection are quite demanding. Endogenous protein SNOs are
usually present at low concentrations. The S-NO bond is labile
and prone to exchange, i.e., with endogenous free thiols when
the SNO target protein is devoid of the context of its cellular
milieu. The stability of protein SNO in vivo depends also on the
proper folding of the modified protein, which is often challenged
during the analytical detection procedures of SNOs.

A breakthrough in the identification of SNO proteins was the
elaboration by Jaffrey et al. of the biotin switch technique (BST)
[15]. BST relies on initial blocking of any free cysteine thiols
present in a protein, followed by the selective reduction of protein
SNOs by ascorbate to generate free cysteine thiols in the presence
of other thiol derivatives. The free thiols selectively released from
the SNOsmay then be labelled using a wide variety of available thiol
reactive compounds, which allow either for the visualization or
enrichment of solely those proteins that were originally
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S-nitrosylated in vivo. The free thiol modifier originally used by
Jaffrey et al. was the biotin-HPDP, which reacts with -SH groups to
form a mixed disulfide biotin derivative. Western blot analysis with
a biotin recognizing antibody was used to visualize the modified
proteins on SDS-PAGE. Alternatively, the commonly used avidin-
based affinity chromatography method was utilized to enrich the
biotin labelled proteins, and individual proteins were detected
using appropriate protein target-specific antibodies. A further
application of BST is the release of enriched proteins from avidin
chromatography resin using thiol reducing reagents and
identification of either individual SNO targets, or whole cellular
“S-nitrosomes” by liquid chromatography mass spectrometry
(LC-MS-MS/MS). During the release of proteins from avidin
affinity resin, the protein/biotin mixed disulfide is reduced and
the characteristic biotin label is removed. Thus, BST allows for
identification of the protein SNO targets, but does not provide
information on the precise site of S-nitrosylation. A partial solution
to this problem was the development of the SNOSID (SNO site
identification) technique [16]. Similarly to BST, SNOSID involves
the selective exchange of CysSNO residues to CysS (S-biotin deriv-
ative), but additionally it involves trypsin digestion of all proteins
prior to avidin affinity chromatography. This leads to enrichment,
only of biotinylated tryptic peptides that were originally nitrosy-
lated. After disulfide bond reduction these peptides are released
from the affinity column and sequenced by tandem LC-MS/MS.
In this manner, SNOSID allows pinpointing not only the
S-nitrosylated proteins, but also precise sites of SNO modification.

Despite their utility in identifying SNO-Cys modification in
proteins, the BST and SNOSID methods are constrained by several
limitations. Each step of these techniques is a potential source of
methodological errors, which are discussed in this chapter. For
example, some protein free thiols can be resistant to complete
blocking, resulting in SNO-independent biotinylation. The speci-
ficity and yield of SNO reduction by ascorbate have been ques-
tioned by experiments, which proposed that under some reaction
conditions the ascorbate is capable of reducing mixed disulfide
bridges [17, 18]. This has been later challenged by observations
that thiol-dependent reduction of dehydroascorbate to ascorbate, a
scenario supported by extensive in vitro and in vivo experimenta-
tion, is thermodynamically favored [19]. Presence in solution of
free redox active metal ions, such as iron or copper may compro-
mise the BST specificity by initiating trans-nitrosylation reactions
and inducing production of hydroxyl radicals. The sensitivity of
SNO bond to indirect sunlight has also been demonstrated [19].
Our own experience has shown that the best quality of used
reagents is important for maximizing the yield of each reaction in
this multistep procedure. Though criticized, BST and SNOSID
remain mainstay assays for detecting SNO proteins in complex
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biological systems and these methods were a basis for deciphering
the role of protein S-nitrosylation in the pathology of various
diseases, including cancer, heart condition, and neurodegenerative
disorders [20–22].

Protein SNOs play an important role in the nervous system.
Increased protein SNO has been observed as an effect of nitrosa-
tive/oxidative stress in many neurodegenerative disorders includ-
ing AD, PD, HD and ALS, and in aging processes as a consequence
of activity of environmental factors [23–26]. N-methyl-D-aspartate
receptor (NMDAR) and caspase enzyme activities can be lowered
by S-nitrosylation in neurons, thereby facilitating neuroprotection
[27]. This finding led to development of nitro-memantine, a nitric
oxide donor and selective NMDAR interacting drug. It selectively
S-nitrosylates the NMDA receptor and prevents its hyperactivation,
observed, i.e., in Alzheimer’s disease [28]. On the contrary,
S-nitrosylation of protein-disulfide isomerase, dynamin-related
protein 1, glyceraldehyde dehydrogenase, cyclo-oxygenase-2,
N-ethylmaleimide sensitive protein, Parkin, Gospel, cyclin-
dependent kinase-5, mitochondrial complex I, stargazin, and serine
racemase, has been related to severe neuropathological alterations
in the brain due to induction of protein misfolding/ aggregation,
mitochondrial dysfunction, bioenergetic compromise, synaptic
injury, and subsequent neuronal loss [29–40].

Most of the work on endogenous S-nitrosylation in the ner-
vous system has focused on a single-protein analysis, but the num-
ber of targets, which may contribute to neurodegeneration via
disruption of different signaling pathways, is quickly increasing. It
is expected that many more S-nitrosylated proteins will be found to
play a role in neurodegenerative diseases.

Because of the low sensitivity of analytical methods to detect
SNOs, the initially undertaken, global proteomic studies managed
to identify only cellular targets of SNO induced by nitric oxide
donor treatment, and those may not always be the physiologically
important ones. The potential for identification of various SNO
target proteins has increased significantly with the improvement of
mass spectrometry based protein identification techniques coupled
with bioinformatics. Currently, the sensitivity of SNO-proteome
measurements allow to identify endogenously formed protein
SNOs.

Our recent contribution to the subject is the profiling of
endogenous SNO of brain synaptosomal proteins from wild type
and transgenic mice overexpressing mutated human Amyloid Pre-
cursor Protein (hAPP) [41, 42]. We utilized the original BST and
SNOSID procedures, but we have optimized the reaction condi-
tions for our biological model and complemented the experimental
scheme with additional control reactions. All reagents utilized in
BST, in parallel to their use for treating biological samples, were
also utilized to react with recombinant S100BSNO protein, which
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is S-nitrosylated at a single Cys85 residue, while the second Cys64
thiol is free. In the first BST step Cys64 is thiomethylated using
MMTS and the Cys85 SNO is still preserved. This is followed by
biotinylation of Cys85 after reduction of SNO with ascorbate and
treatment of the released thiol with biotin-HPDP. Formation of
appropriate S100B protein derivatives was monitored using
reversed-phase HPLC and whole-protein mass measurement, and
served as an estimate of the overall yield of the SNO to S-S-biotin
exchange reaction in our experiments.

The main goal of our recently published work was to get insight
into the SNO of protein targets important for Alzheimer’s disease
progression and related to an overexpression of Aβ peptide [43].
One of the key features of patients with neurodegenerative disor-
ders including AD is impaired signaling at the neuronal synapse,
often correlated with alterations in PTM of synaptic proteins
[44–49]. At the same time, all cell types in the nervous system are
inseparable i.e. astrocytes and microglia play a crucial role both in
the physiology and pathophysiology of neurons [50]. This is also
true for the NO dependent activity in brain tissue [51]. For exam-
ple, glial cells play an important role in protecting neurons from
nitrosative stress [52]. Neuronal injury is observed at much higher
NO concentrations for neurons in the presence of glial cells, than
for neurons cultured alone [53]. It is expected that different cell
types behave very differently and similar proteins are most probably
regulated, i.e., by PTMs in a cell-specific manner. Thus, bulk pro-
teomic studies of PTMs in brain tissue lysates cannot provide the
detailed information of subcellular processes.

To elucidate in vivo SNO regulation of proteins involved in
synaptic functions, we employed freshly isolated brain synapto-
somes derived from a mouse model of AD [43]. Synaptosomes
are a well-recognized model in the studies on synaptic signaling
pathways. They contain complete presynaptic terminals, with post-
synaptic membranes and densities, as well as other components
necessary to store, release, and retain neurotransmitters. Further-
more, synaptosomes contain viable mitochondria, enabling pro-
duction of ATP and active energy metabolism [54, 55].

In this work we present the technical details of preparation of
synaptosomes from mouse brains, with a special emphasis on the
use of BST or SNOSID affinity methods to yield enriched fractions
of protein or peptide SNOs, respectively.

Furthermore, we describe our solutions to be used in mass
spectrometry serving for identification of S-NO targets characteris-
tic in a given biological state. It has to be strongly stressed that the
aim of our work was not to obtain precise quantitative information
on protein SNOs, which would require a different experimental
approach. Rather, we tried to prove that this process is highly
confined to specific key molecules and/or pathways, and is mod-
ified upon AD symptoms progression in mice. We searched for
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“differential” targets that were modified by SNO only in one of the
biological states examined (hAPP mice) and not in the other (FVB
wild-type mice).

Liquid chromatography-tandem mass spectrometry (LC-MS-
MS/MS) has been used to analyze synaptosomal peptides enriched
by SNOSID from either FVB or hAPP mice. In a typical LC-MS-
MS/MS run repetitive recording of MS spectra is interleaved with
the selection and analysis of peptide peaks for MS/MS fragmenta-
tion. PeptideMS/MS spectra are acquired under automated instru-
ment control based on intensities of parental peptide ions. The
spectra are then matched to database sequences, and protein iden-
tifications are deduced from the list of identified peptides. A draw-
back of these analyses is that minor differences in experimental
conditions may change the liquid chromatography retention
times of peptides, or alter which peptides are selected for MS/MS
fragmentation; small differences in fragmentation may cause some
spectra to be misidentified by database search software. Such varia-
tions decrease the ability of LC MS-MS/MS to accurately analyze
the proteome in a more complex mixture [56, 57]. To overcome
these difficulties, for a single biological sample a standard LC-MS-
MS/MS run aimed at peptide sequence identification was supple-
mented with a profile type LC-MS experiment. It provided an
information about the LC retention time (LC rt), mass-to-charge
ratio (m/z), and most precise peak intensity data for all ionizable
peptides present in the sample. In-house developed software was
used to generate 2D heat-maps with the two axes representing the
m/z and LC retention times of peptide ions. Additionally, peptide
signals on the 2D heat-maps obtained for different biological sam-
ples were correlated and labelled with appropriate peptide
sequences (as described in the procedures below). Sequence labels
used for signal assignments in a 2D heat-map for a single biological
replicate were derived from a merged list of all peptide sequences
acquired in any LC-MS-MS/MS experiment measured for either
FVB or hAPP synaptosomes. This significantly increased the num-
ber of proper sequence assignments and thus provided a more
reliable proteomic representation of the analyzed systems (on aver-
age more than 75 % of 2D heat-map signals had assigned
sequences). An SNO site was defined as differential if a signal was
present in all 2D heat-maps for three biological replicates of one
state and absent in all three biological replicates of the other.

Data obtained by our procedures suggest a role for
S-nitrosylation in the regulation of at least 138 synaptic proteins.
Among this group, we identified 38 proteins solely S-nitrosylated in
hAPP and not in the wild type FVB mice. The LC-MS/MS identi-
fications were verified for ten of the synaptosomal proteins using
BST coupled with Western blot analysis with highly specific protein
recognizing antibodies.
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2 Materials

HEPES (Sigma), EDTA (Sigma), MMTS (Fluka), Complete
inhibitors cocktail (Roche), Ficoll (Sigma), Neocuproine
(Sigma), DMF (Roth), SDS (Sigma), biotin-HPDP (Thermo
Scientific), Sodium Ascorbate (Sigma), DTT (Roth), NaCl
(Sigma), Neutravidin (Thermo Scientific), Sequencing grade mod-
ified trypsin (Promega), isopropyl 1-thio-β-D-galactopyranoside
(Sigma) TFA (Roth), Acetonitrile (Waters),GSH (Sigma), Bradford
reagent (Sigma) ECL chemiluminescence system (Amersham),
PVDF (Milipore) IPTG (Roth), Nano Aquity Liquid Chromatog-
raphy system (Waters, Milford, MA), LTQ-FTICR mass spectrom-
eter (Thermo Scientific), pre-column Symmetry C18,
180 μm � 20 mm, and 5 μm (Waters), BEH130 column C18,
75 μm � 250 mm, 1.7 μm (Waters), MascotDistiller software (ver-
sion 2.3, MatrixScience, Boston, MA).

2.1 Mouse Model Female wild-type FVB and transgenic mice overexpressing human
APP with London mutation (V717I) were obtained thanks to the
courtesy of Professor F. Van Leuven (Experimental Genetics
Group, Center for Human Genetics, Flemish Institute for Biotech-
nology, Katholieke Universiteit Leuven). Generation of these AD
mouse models, as well as their phenotype has been described else-
where [41, 58, 59].

2.2 Isolation of

Synaptosomes from

Mouse Brain Tissue

Recipe 2.2.1: Buffer A containing 5 mM Hepes pH 7.4, 0.32 M
sucrose, 0.2 mM EDTA, 20 mM MMTS and Complete inhibitors
cocktail.

Recipe 2.2.2: 3 %, 6 %, 12 % Ficoll dissolved in buffer A (Recipe
2.2.1).

2.3 Synthesis of

S-Nitrosylated

Recombinant S100B

Protein

Recipe 2.3.1: The synthetic gene encoding human S100B was
cloned into pAED4 plasmid and expressed in Escherichia coli utiliz-
ing the T7, AmpR expression system. Bacterial cells (HMS174
(DE3)) were grown in LB medium at 37 �C. Expression was
induced by the addition of 0.4 mM isopropyl 1-thio-β-D-galacto-
pyranoside atA600 ¼ 0.8 and the bacterial culture was grown for an
additional 2 h. The overexpressed protein was purified as described
previously [60]. Reduced, lyophilized recombinant S100B protein
was dissolved in 50mMTris–HCl pH ¼ 8.0 and 100mMCaCl2 to
a final concentration of 20 μM. Freshly prepared 100 mM GSNO
solution was added to a final concentration of10 mM and the
reaction was kept for 30 min in the dark. The reaction mixture
was then diluted 5 times with water, and 100 mMEDTA pH ¼ 8.0
solution was added to complex all calcium ions. Proteins were
purified on an analytical HPLC column in a gradient of 52–65 %
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acetonitrile/0.1 % TFA. Fractions of purified S100B SNO were
lyophilized and used as positive control in BST and SNOSID
methods.

Recipe 2.3.2: After every step of SNOSID method and 200 μl of
the reaction mixtures were injected onto an analytical chromatog-
raphy column using a gradient of 50–64 % acetonitrile in 14 min at
1 ml/min rate, which well separated the reduced and modified
forms of the protein. The quantity of various forms of the protein
was elucidated by measuring peak areas. The identity of individual
protein peaks separated during HPLC was confirmed by ESI-MS.

Recipe 2.3.3: MS spectra were measured on a Q-TOF mass spec-
trometer. Desalted protein samples (HPLC peaks) were diluted
100 times in 0.1 % formic acid and 50 % acetonitrile/water
solution before a syringe injection into the spectrometer source.
Raw spectra were deconvoluted to obtain the protein masses using
Maxent 1 program (Waters).

2.4 Enrichment of

S-Nitrosylated

Proteins Using Biotin

Switch or SNOSID

Procedure

Recipe 2.4.1: HEN Buffer 250 mMHepes pH 7.7 1 mM EDTA,
0.1 mM Neocuproine.

Recipe 2.4.2: MMTS Stock Prepare a 2-M solution in DMF.

Recipe 2.4.3: HENS Buffer Adjust HEN Buffer (Recipe 2.4.1) 1
to 5 % SDS by addition of a 1:5 volume of 25 % (w/v) SDS
solution.

Recipe 2.4.4: Blocking BufferNine volumes HENS Buffer (Rec-
ipe 2.4.3) adjust to 20 mM MMTS with MMTS Stock (Recipe
2.4.2).

Recipe 2.4.5: Ascorbate Solution Prepare a 50 mM solution of
sodium ascorbate in deionized water (protect from light).

Recipe 2.4.6: Biotin-HPDP Prepare biotin-HPDP as a 4-mM
suspension in DMF freshly before use.

Recipe 2.4.7: Neutralization Buffer 20 mM Hepes, pH 7.7,
100 mM NaCl 1 mM EDTA.

Recipe 2.4.8: Wash Buffer Prepare neutralization buffer (Recipe
2.4.7) with 600 mM NaCl.

Recipe 2.4.9: Elution Buffer 25 mM NH4CO3 50 mM DTT
pH 8.0 freshly before use.

Recipe 2.4.10: Prepare 500 mM iodoacetamide in deionized MQ
water.
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3 Methods

3.1 Harvesting of

Adult Mouse Brains

FVB wild-type and transgenic APP mice were brought up under
exactly the same conditions at the Animal House in Mossakowski
Medical Research Centre, Polish Academy of Sciences. For a single
proteomic experiment four mice of the same age (14 months +/�
10 days) were decapitated using sharp scissors without anesthesia.
Brains were immediately removed from the skulls (in our hands the
harvesting of four brains takes less than 5 min), and washed once
with HEN buffer (Recipe 2.4.1) to remove any traces of blood.
Every brain was separately placed in a Dounce homogenizer.

3.2 Isolation of

Synaptosomes from

Mouse Brain Tissue

The scheme for synaptosome isolation is presented in Fig. 1. Every
brain was separately homogenized in 6 ml of buffer A (Recipe
2.2.1) containing 5 mM Hepes pH 7.4, 0.32 M sucrose, 0.2 mM
EDTA, a protease inhibitor mixture and freshly prepared 20 mM
MMTS (Recipe 2.4.2). Excess MMTS immediately blocks all
released endogenous free thiols. All four homogenates were initially
gently centrifuged (2500 � g for 5 min) to remove nuclear pellet
and the cleared homogenates were then centrifuged at 12,000 � g
for 5 min. Obtained pellets were resuspended in 500 μl of buffer A,
placed onto a discontinuous Ficoll gradient (4 %, 6 % and 13 %)
and centrifuged at 70,000 � g for 45 min. Clear synaptosomal
fractions formed between the layers of 6 % and 13 % Ficoll. Synap-
tosomes were gently collected, resuspended in 500 μl of buffer A
and centrifuged at 20,000 � g for 20 min. Purity of synaptosomes
separated in the pellet was confirmed using Western blot analysis to
show the absence of a typical nuclear protein laminin A and pres-
ence of presynaptic protein synaptophysin. Synaptosomes from all 4
mice were mixed in a 15 ml Falcon tube and used immediately,
without freezing in the subsequent steps of BST or SNOSID
procedures.

3.3 Use of S100B-

SNO Protein as a

Positive Control of

Enrichment

Procedures

Our experience has shown that the quality of different batches of
reagents used in BST, such as MMTS, ascorbate, or Biotin-HPDP,
is not equal. To control the effectiveness of every reaction in the
multistep BST procedure we used a Cys85 S-nitroso form of
recombinant S100B protein as a positive control (Recipe 2.3.1,
final concentration 0.8 mg/ml). Solutions of recombinant S100B
SNO protein were treated with exactly the same reagents as synap-
tosomal proteins. The reaction products were followed by reversed-
phase HPLC using Vydac C18 analytical column and UV detection
at 220 nm. Identity of appropriate S100B derivatives was con-
firmed by measuring the mass of whole proteins and comparing
the obtained results with theoretical masses of S100B derivatives
(Recipe 2.3.3). Relative concentration of substrates and products
was established by direct measurement of areas of HPLC peaks.
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3.4 Enrichment of

S-Nitrosylated

Proteins Using Biotin

Switch or SNOSID

Procedure

BST and SNOSID are multireaction procedures. Thus, to maxi-
mize the overall yield of the method it was critical to optimize the
effectiveness of every individual step. We found it crucial to experi-
mentally adjust the reaction times and concentrations of reagents
used specifically for proteins in our biological model. Different
reagent concentration, times of experiments, and different concen-
trations of sample were used to obtain highest specificity and deriv-
atization yields. The most important steps in our procedure are
presented in Fig. 2. Our protocol requires approximately two con-
secutive days for sample processing, including the overnight incu-
bation time for protein trypsinolysis. Additional 1–2 days are

Fig. 1 Protocol for isolating synaptosomes from mouse brain. The procedure
requires multistep ultracentrifugation to collect synaptosomal protein fractions
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needed to perform LC-MS-MS/MS experiments and initial data
analysis and interpretation. The time of further analysis depends on
the complexity and repeatability of the obtained results.
Workflow of S-Nitrosylation Analysis

1. Blocking of free thiol groups in synaptosomal protein fraction.

2. Selective exchange of the protein S-nitroso groups to protein S-
S-biotin mixed disulfide derivatives.

3. Trypsinolysis of the whole synaptosomal protein fraction (only
for SNOSID procedure).

4. Avidin affinity chromatography of biotinylated proteins or pep-
tides obtained in BST or SNOSID methods, respectively.

5. Alkylation of enriched tryptic peptides for LC-MS-MS/MS
analysis (only for SNOSID procedure).

6. Collection of mass spectrometry data.

Fig. 2 Schematic of the SNOSID procedure for identifying S-nitrosylated proteins
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7. Analysis of mass spectrometry data.

8. Validation of MS-based results using protein-specific Western
blot analysis.

9. Bioinformatic analysis of experimental data.

3.4.1 Blocking of Free

Thiol Groups in

Synaptosomal Protein

Fraction

Mouse synaptosomal fractions were dissolved in HEN buffer con-
taining 250 mM Hepes pH 7.7, 1 mM EDTA and 0.1 mM neocu-
proine (Recipe 2.4.1). Total protein concentration in the mixture
was measured using Bradford assay [61]. For a single proteomic
experiment 6 mg of synaptosomal protein sample was dissolved in
the final volume of 5 ml of HEN buffer. The protein mixture was
immediately treated with two volumes of thiol blocking solution
(Recipe 2.4.4) to avoid the rearrangement of the endogenously
modified thiol groups with all present unmodified thiols. Free
thiols react with excess of MMTS to form S-S-methyl mixed dis-
ulfides. The reaction is performed for 20 min at 50 �C in the dark.
The presence of metal chelators EDTA and neocuproine (effective
copper chelator) prevents side reactions with metal ions. Combina-
tion of heat and 5 % SDS is needed to better denature proteins and
provide optimal access of MMTS even to the thiols deeply buried in
the protein structure. Effective blocking of free thiols before their
release from S-nitroso cysteines is a prerequisite to avoid false
positive results of experiments. To remove excess reagents, seven
volumes of �20 �C cold acetone were added to the sample. After
20 min at �20 �C precipitated proteins were collected by centrifu-
gation at 6000 � g for 5 min. After removal of supernatant the
protein pellet was gently washed three times with 20 ml of cold
acetone (�20 �C).

3.4.2 Selective Exchange

of the S-Nitroso Group to

an S-S-Biotin Mixed

Disulfide Derivative

Both in BST and SNOSID the selective exchange of the S-nitroso
group to an S-S-biotin mixed disulfide derivative is accomplished
by removal of the nitroso groups from thiols in a transnitrosation
reaction with sodium ascorbate and simultaneous derivatization of
the released thiols using biotin-HPDP. The specificity of BST is
based on the fact that ascorbate will convert SNOs to free thiols
without reducing other cysteine-based oxidative modifications such
as mixed disulfides or S-oxides. In our experimental workflow as
much as half of the analyzed sample was treated with biotin-HPDP
without ascorbate denitrosation (Fig. 2) and further treated and
analyzed exactly the same as the ascorbate treated counterpart.

More precisely, proteins precipitated after thiol blocking
(Sect. 3.4.1) were resuspended in 5 ml HENS buffer (Recipe
2.4.3). The obtained protein solution was divided into two equal
parts. One part was treated simultaneously with biotin-HPDP
(Recipe 2.4.6, final concentration 400 μM) and freshly prepared
sodium ascorbate (Recipe 2.4.5, final concentration 10 mM). The
second part (negative control) was treated only with Biotin-HPDP
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(Recipe 2.4.6, final concentration 400 μM) devoid of ascorbate.
The positive control protein—S100B SNO was treated in the same
way. All samples were incubated in the dark for 1.5 h at room
temperature. It is crucial to protect samples from any sources of
sunlight during this step, because indirect sunlight may induce
ascorbate-dependent biotinylation. After reaction completion pro-
teins were precipitated with seven volumes of cold acetone for
20 min at �20 �C, and collected by centrifugation at 6000 � g
for 5 min. The clear supernatant was removed and protein pellet
gently washed with acetone (3 � 20 ml). Proteins were resus-
pended in 5 ml of HEN buffer (Recipe 2.4.1) and protein concen-
tration was measured using Bradford method.

3.4.3 Trypsinolysis of

Proteins (Only for SNOSID

Procedure)

SNOSID procedure was used by us for all LC-MS/MS-based
differential proteomic analyses of SNO sites. The two synaptosomal
protein solutions treated with HPDP-biotin +/� ascorbate, as
described in Sect. 3.4.2, were separately digested under identical
conditions using sequencing grade modified trypsin for 16 h at
37 �C. The final protease:protein ratio was 1:150. Digestion reac-
tion was terminated by addition of one tablet of Complete—
protease inhibitor mixture dissolved in 1 ml of neutralization buffer
and incubation for 30 min at room temperature.

3.4.4 Avidin Affinity

Chromatography of

Biotinylated Proteins (BST)

or Peptides (SNOSID)

For a single enrichment experiment, 400 μl of neutravidin agarose
50 % slurry was placed in a salinized Eppendorf tube. The slurry
was centrifuged for 2 min at 2000 � g. After removal of the super-
natant it was gently vortexed with 1 ml of fresh neutralization
buffer (Recipe 2.4.7) and centrifuged. This procedure was
repeated three times. After prewashing 400 μl of fresh neutraliza-
tion buffer was added to the resin to form slurry which can be easily
transferred using a disposable 1 ml pipette tip. 200 μl of the slurry
was put into each sample containing whole biotin labeled proteins
after step in Sect. 3.4.2 or biotin-labeled tryptic peptides after step
in Sect. 3.4.3. It is critical that bead volumes in each sample are
precisely the same. The beads were gently agitated for 1 h at room
temperature. Afterwards, beads were washed five times with 1 ml of
wash buffer containing high NaCl (Recipe 2.4.8) to remove non-
specifically bound proteins or peptides. Each time the affinity resin
was gently vortexed, and centrifuged for 2 min at 2000 � g. The
supernatant was discarded and the pellet with proteins (BST) or
peptides (SNOSID) bound to neutravidin resin was incubated with
150 μl of elution buffer containing the disulfide reducing reagent
DTT (Recipe 2.4.9) for 20 min at room temperature with contin-
uous rotation. Samples were then centrifuged at 1000 � g for
2 min and the supernatant was collected to a silanized Eppendorf
tube. DTT reduces the mixed disulfide bonds formed by peptide
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cysteine thiols and the biotin label. Thus, the supernatant contains
enriched proteins or peptides of interest with fully reduced cysteine
thiol groups that are very sensitive to oxidation.

3.4.5 Derivatization of

Tryptic Peptides for LC-MS/

MS Analysis

Peptides eluted from neutravidin were immediately alkylated by 45-
min incubation with iodoacetamide (Recipe 2.4.10), final concen-
tration 200 mM) at 50 �C in the dark. After reaction completion,
solutions were concentrated to a volume of circa 45 μl using
SpeedVac and diluted with 1 % TFA/water (v/v) solution to the
final volume of 50 μl.

3.4.6 Collection of Mass

Spectrometry Data

Nano Aquity Liquid Chromatography system (Waters, Milford,
MA) coupled to LTQ-FTICR mass spectrometer (Thermo Scien-
tific) was used by us in all experiments.

50 μl of alkylated tryptic peptides solution obtained in proce-
dure in Sect. 3.4.5 (initially starting from four mouse brains of
either FVB or hAPP mice) was placed in a silanized glass vial and
loaded into a cooled (10 �C) autosampler tray. The UPLC system
was coupled directly to the ion source of the LTQ-FITCR mass
spectrometer.

For a single biological replicate two portions of the same sam-
ple were used for different type of MS experiments. Firstly, 20 μl of
sample was automatically transferred to a pre-column (Symmetry
C18, 180 μm � 20 mm, and 5 μmWaters) using 0.1 % formic acid
in water as a mobile phase. Afterwards, the peptide mixture was
separated on a reversed-phase BEH130 column (C18, 75 μm
� 250 mm, 1.7 μm, Waters), using a gradient of acetonitrile
(5–30 % acetonitrile/0.1 % formic acid over 70 min) with a flow
rate of 0.3 μl/min) and analyzed by a profile type LC-MS experi-
ment, which provides data on LC retention time, mass to charge
ratio and intensity of all ionizable peptides in solution. Peak inten-
sities for peptide ions measured in such experiments were the basis
of label-free quantitative information. The second 20 μl sample
portion taken from the same vial was separated with exactly the
same column and LC gradient as in the profile experiment, but
analyzed using LC-MS-MS/MS to obtain fragmentation data,
necessary for peptide sequence identification. In LC-MS-MS/MS
runs, we utilized data dependent acquisition (DDA) mode, select-
ing five most intense signals in each MS spectrum for fragmenta-
tion. Dynamic exclusion was activated, with m/z tolerance of
0.05–1.55 and duration of 15 s. Up to five fragmentation events
were allowed for every parent ion. Every set of the two MS runs
described above was separated by at least one blank full gradient run
to reduce the carry-over of peptides from previous samples.

The whole proteomic experiment aimed at identification of
SNO protein targets in either FVB or hAPP mice consisted of
three biological replicates (all together 12 mouse brains were used
for every strain).
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3.4.7 Analysis of Mass

Spectrometry Data

Initial Analysis of an MS

Data for a Single Biological

Replicate

MS data obtained for a single biological replicate were only briefly
analyzed after each run to assess the correctness of performed
enrichment experiments. LC-MS-MS/MS data file was processed
with MascotDistiller software (version 2.3, MatrixScience, Boston,
MA) generating a Mascot input .mgf format file. For Mascot
searches, the complete assembly of the mouse proteome was used,
derived from UniProtKB/Swiss-Prot reviewed database version
2013_10 (45889 sequences). Mascot search parameters were set
as follows: taxonomy Mus musculus, fixed modification—cysteine
carbamidomethylation, variable modification—methionine
oxidation, parent ion mass tolerance—40 ppm, fragment ion mass
tolerance—0.8 Da, number of missed cleavages—1, enzyme
specificity—semi-trypsin. To estimate false-positive discovery rate
(FDR) values the decoy search option was enabled. In a properly
performed experiment there should be no cysteine peptides identi-
fied in samples treated with biotin-HPDP without ascorbate reduc-
tion (negative control runs) while a large majority of peptide
sequences identified after SNOSID enrichment with the ascorbate
reduction step should contain at least one cysteine. Usually, several
hydrophobic peptides without cysteine residues in their sequences
are found on the lists. These are probably peptides that nonspecifi-
cally bind to the avidin affinity resin and are not taken under
consideration in our analysis.

Generation of Selected

Peptide List (SPL) of

Identified Sequences for All

LC-MS-MS/MS

Experiments

Thorough inspection of proteomic data was performed only after
obtaining MS data for three biological replicates, for both FVB and
hAPP mice. LC-MS-MS/MS data files acquired in all six qualitative
runs were preprocessed with MascotDistiller (version 2.3,
MatrixScience, Boston, MA) and merged together. The resulting .
mgf file was searched against Mus musculus reviewed database with
Mascot as described above. The output of this program was a .dat
format file containing a list of peptide sequences, together with
such parameters as the peptide’s LC retention time (LC Rt), mass/
charge ratio (m/z) of the parental ion, sequence and ion charge
information, and a Mascot score, which is an estimate of peptide
identification quality. A Mus musculus protein identifier was
assigned to each identified sequence.

TheMascot-generated peptide list was further filtered using in-
house Mscan software to select only peptides with Mascot scores
above 30. FDR analysis by Mscan demonstrated that for such
peptides the FDR values did not exceed 0.29 %. The obtained
shortlist of selected peptides (SPL) was further used to tag peptide
peaks in 2D heat-maps generated on the basis of theMS profile data
(described below).
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Generation of 2D

Heat-Maps Representing

LC-MS Data

LC-MS data obtained directly from the mass spectrometer for each
biological replicate were converted to a general .ucsf format using
an MsConvert data conversion tool. This file format is recognized
by Msparky (http://proteom.ibb.waw.pl/msparky—an in-house
modification of a commonly used graphical NMR assignment and
integration program—Sparky NMR (http://www.cgl.ucsf.edu/
home/sparky). Msparky displays LC-MS data as 2D peptide heat-
maps (with peptide LC Rt and m/z as vertical and horizontal axes,
respectively). A typical fragment of a 2D heat-map obtained for our
experiments is presented in Fig. 3. It is important to note that each
peptide on the map is represented as a group of peaks
corresponding to its isotopic envelope (a feature characteristic for
high-resolution MS data, which originates from the presence of
different numbers of isotopes, mainly 13C instead of 12C in frac-
tions of analyzed molecules).

Overlay of Qualitative Data

(SPL) on Quantitative

Profile Datasets (2D Heat-

Maps)

Another feature ofMsparky combines the information on identified
peptide sequences summarized in the SPL (Sect. 3.4.7.3) with the
2D heat-maps generated for each biological replicate. It matches
the sequence information with intensity data for peptide signals of
the same m/z and LC Rt. For each group of isotopic envelopes,
only the mass spectral peak representing the monoisotopic peptide
mass was used for labeling. Automatic labeling of peptide signals
provided by Msparky was always followed by manual data inspec-
tion (i.e., the program allows for efficient correction of the
unavoidable differences in LC retention times between different
MS runs). Acceptance criteria for manual data inspection included:
m/z value deviation, 20 ppm; LC retention time deviation, 10 min,
and envelope root mean squared error (a deviation between the
expected isotopic envelope of the peak heights and their experi-
mental values)—0.7. The spacing between isotopic envelope peaks
in a signal had to match the charge state of the related peptide ion
described in SPL.

In our hands approximately 75 % of isotopic envelopes
observed on 2D maps are labelled by peptide sequences. Figure 3
shows a peptide signature on the SPL list (peptide sequence GLYG-
PEQLPDCLK (+2)) and the appropriate fragment of a 2D heat-
map representing the isotopic envelope peaks of the same peptide.
The SPL with obtained quantitative values was then reduced so that
cysteine was represented by single peptide entry with one quantita-
tive value. Two groups of peptides lists are the final effect of our
work, one for the three biological replicates of the hAPP mice and
one for the FVB mice. An SNO site was defined as differential
between the two biological states using a very strong criterion,
only if a signal was present in all 2D heat-maps for three biological
replicates of one state and absent in all three biological replicates of
the other. Venny analysis was used to generate the list of differential
SNO sites (http://bioinfogp.cnb.csic.es/tools/venny/index.
html) [62].
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Fig. 3 2D heat-map of tryptic peptides from synaptosomal fractions of mice brains after SNOSID enrichment.
(a) In two panels of different magnification the heat map peaks detected in a typical LC-MS of digested
fraction of S-nitrosylated synaptosomal proteins is presented. Their retention times are shown in vertical axis,
m/z values in horizontal axis, and the peak amplitudes are color coded in a hypsometric rendering with their
values increasing from red to blue. The map represents smoothed raw data with no further processing. Each
peptide is represented by a characteristic group of peaks, an isotopic envelope, which originates from the
presence of different isotopes, mainly 13C instead of 12C in a fraction of the molecules. The upper panel
shows a full range dataset with m/z values between 300 Th and 1500 Th and retention times between 0 and
70 min. Lower panel—a magnified section 500–700 in the m/z and 30–40 min in the RT domain. The
magnified panel shows that even peptides with close m/z and retention time values generate well resolves
isotopic envelopes. Monoisotopic peaks of isotopic envelopes assigned to peptides from Selected Peptides
List are tagged by identifier from Swiss-Prot database, peptide sequence and charge. Crosses indicate two
peaks of the isotopic envelope included into analysis. (b) The part of a table with peptide sequence of peptides
which are verified at the SD heat map. The table contains peptide sequence, Swiss-Prot identifier of a protein
and chromatographic data values: retention time, delta retention time, m/z value and delta m/z, and high of
the peak. Red color indicates peptides which were rejected in the verification process
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The obtained lists constitute the final effect of S-nitrosome
investigation using our procedure. They describe synaptosomal
protein SNO sites specific for both hAPP and FVB mice.

The list of differential SNO sites provided us with unique
information about changes of protein SNO induced by overexpres-
sion of Aβ peptide—a characteristic feature of AD progression.

3.4.8 Validation of LC

MS/MS Results Using

Protein Specific Western

Blots

Western blot analysis was used to validate the results of MS based
identifications of selected, differential SNO-proteins. We analyzed
different fractions obtained during BST enrichment of
S-nitrosylated synaptosomal proteins from FVB and hAPP mice
(see section 3.4.4). Protein fractions were separated using 12 %
SDS-PAGE and transferred to PVDF membrane (0.22 μm). For
each protein we performed three biological replicates. The PVDF
membranes were first blocked with casein-based buffer (Sigma) and
incubated with specific primary antibodies followed by secondary
HRP-conjugated antibodies. Protein bands were detected using
the ECL chemiluminescence system (Amersham Biosciences).
The fractions containing enriched S-nitrosylated proteins harvested
from FVB and hAPP synaptosomes were quantified densitometri-
cally with GelQuant software. Heteroschedastic two-tailed t-test
was used to statistically assess the changes in endogenous protein
S-nitrosylation. Ten differentially and two non-differentially
S-nitrosylated proteins from different functional classes were cho-
sen for MS data validation.

Figure 4 shows the results of Western blot analysis with specific
antibodies. (This figure was originally published by Zaręba-Kozioł
et al. in Global analysis of S-nitrosylation sites in the wild-type (APP)
transgenic mouse brain clues for synaptic pathology. Mol Cell Prote-
omics, 2014. 13(9): p. 2288–305.) [43]. The total expression of
studied proteins was unchanged in the hAPP and FVB brains.
Positive signals were observed only in fractions derived from
hAPP brain synaptosomes after BST procedure, but not in the
FVB brain, confirming the MS-based identification of differentially
SNO-proteins. In internal control in which S-nitrosylation does
not change, positive signals were observed in both fractions derived
from hAPP and FVB brains.

3.4.9 Bioinformatic

Analysis of Experimental

Data

Functional analysis of the data allows portraying the interconnec-
tivity between proteins that are post-translationally modified in the
context of disease protein. Therefore, SNO-datasets were function-
ally analyzed using ClueGO (http://www.ici.upmc.fr/cluego/, see
Note 13). To maximize the functional assignments of mouse dif-
ferentially S-nitrosylated proteins we first searched for their human
orthologs utilizing NCBI homologene function (http://www.ncbi.
nlm.nih.gov/sites/homologene/). Subsequently, in order to focus
on functional enrichments within the synapse milieu, we built up as
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a “synaptic reference set” (includes more than 5600 unique human
genes) comprising of human orthologs of MS-measured mouse
synaptosomal proteins (Malinowska et al. submitted) combined
with non-redundant genes derived from expert-curated databases
of synaptic proteins (SynsysNet; http://bioinformatics.charite.de/
synsys/ and SynaptomeDB; http://psychiatry.igm.jhmi.edu/Syn
aptomeDB/ [63, 64]. P values for term enrichment in ClueGO
were determined using right-sided hypergeometric test. The
relationships between the terms based on the similarity of their
associated genes were assessed according to kappa score values
(�0.3). To connect mouse differentially S-nitrosylated proteins
with human APP we similarly established the connectivity
between their human orthologs and APP using GeneMania

Fig. 4Western blot analysis of S-nitrosylated proteins from hAPP brain synaptosomes. (a) Synaptosomal SNO-
proteins enriched using BST were detected with specific antibodies. Differential SNO set: Ncam1—Neural cell
adhesion molecule, Ap2a1—AP-2 complex subunit alpha-1, Gfap—Glial fibrillary acidic protein, Eno2—
Gamma enolase, Syt1, Syt2—Synaptotagmin-1 and 2, Gapdh—glyceraldehyde-3-phosphate dehydrogenase,
Ncald—neurocalcin-delta, Prxd3—peroxiredoxin 3, Rac1—Ras-related C3 botulinum toxin substrate 1
precursor. Non-differential SNO set: Syp—synaptophysin, Prxd6—peroxiredoxin 6. Lane 1—total FVB
mouse brain lysate, lane 2—total hAPP brain lysate, lane 3—soluble fraction (FVB), lane 4—soluble fraction
(hAPP); lane 5—proteins enriched on neutravidin resin using BST (FVB), lane 6—neutravidin resin after elution
(FVB), lane 7—proteins enriched on neutravidin resin using BST (hAPP), lane 8—neutravidin resin after elution
(hAPP). kDa—molecular weight in kilo-Daltons. (b) Densitometric quantitation of lanes 5 (Neutr_FVB) and 7
(Neutr_hAPP); n ¼ 3 experiments, P values from t-test. **P � 0.01; ***P � 0.001

The protein S-nitrosome in Synaptosomes from APP Mice 91

http://bioinformatics.charite.de/synsys/
http://bioinformatics.charite.de/synsys/
http://psychiatry.igm.jhmi.edu/SynaptomeDB/
http://psychiatry.igm.jhmi.edu/SynaptomeDB/


(seeNote 14) [65]. To achieve a maximum connectivity we utilized
physical, genetic, predicted and pathway interaction datasets stored
in the database, and visualized the network using Cytoscape plug-in
(Fig. 5). In subsequent step, we filtered the generated network with
Gene Ontology biological process ontology criteria to ensure the
stringent and highest connectivity of network nodes within

Fig. 5 Functional network linking differentially S-nitrosylated proteins to APP. 89 nodes in the network were
connected via 892 links from various interaction, pathway and genetic data. Eighteen different attributes were
assigned to the functional network. SNO—S-nitrosylation, Pathway Commons—a depository of common
biological pathways (http://www.pathwaycommons.org/). Functional module, Axonal guidance derived from
Pathway Commons and Gene Ontology biological process annotation links seven SNO-proteins and ten
bridging nodes to APP
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ontology classes. In order to portray the dynamics of
S-nitrosylation in the AD synaptosomes we included the number
of measured SNO-sites as one of the parameters in network
depiction (see Note 15).

Moreover, the functional connectivity between the nodes can
be established by FunCoup (FunCoup database v.3.0) (http://
FunCoup.sbc.su.se/), mining the data from other exhaustive inter-
action databases, i.e., Hippie (http://cbdm.mdc-berlin.de/tools/
hippie/information.php) or utilizing a commercial database, Inge-
nuity Pathways (IPA).

4 Notes

1. The SNO bond is labile under standard conditions used for
electrospray protein ionization. It is important to adjust the
instrument parameters, i.e., cone voltage or temperature to
avoid the induced release of NO from SNO.

2. Synaptosomes should be used immediately, without freezing in
the further steps of BST or SNOSID procedures.

3. To prevent artifact S-nitrosylation decomposition or unspecific
SNO reduction by endogenous free thiols released during
synaptosomes isolation excess of MMTS should be added to
the homogenization buffer.

4. Ascorbate solution, biotin–HPDP, and elution buffer should
be prepared freshly before use. Additionally, ascorbate solution
should be protected from light.

5. The quality of different batches of reagents used in BST, such as
MMTS, ascorbate, or biotin-HPDP, is not equal. The effective-
ness of every reaction in this multistep procedure should be
tested using a recombinant, S-nitrosylated protein as a positive
control. We used an Cys85 S-nitroso form of recombinant
S100B protein as a positive control.

6. The BST is technically challenging and labor intensive; each
step contains potential source error; a rigorous experimentalist
should include proper negative and positive controls to add
confidence to their results.

7. Effective blocking of free thiols by MMTS is required to mini-
mize “background” and to maximize assay sensitivity.

8. The reaction between SNOs and ascorbate must be performed
in the darkness because exposure of samples to indirect sunlight
resulted in artifactual ascorbate-dependent biotinylation. The
negative control without ascorbate should be performed to
verify the ascorbate dependency of the biotin modification.

9. During avidin affinity chromatography of biotinylated proteins
(BST) or pepides (SNOSID) it is critical that bead volumes in
each sample should be precisely the same.
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10. We prefer to collect proteins or peptides eluted from neutravi-
din agarose in silanized tubes to prevent from sticking to the
tubes.

11. Peptides eluted from neutravidin resin in the SNOSID proce-
dure contain reduced cysteine residues. The free cysteine thiols
should be immediately alkylated using iodoacetamide to avoid
unwanted air oxidation of the peptides (i.e., uncontrolled for-
mation of mixed peptide disulfides).

12. In our analysis the SPL with obtained quantitative values was
reduced so that each cysteine was represented by single peptide
entry with one quantitative value.

13. ClueGO is a Cytoscape plug-in capable of implementing Gene
Ontology/KEGG/Reactome pathway hierarchies for cluster-
ing of term distributions. For our calculations we utilized the
1.4 version of the software. Please note that latest version 2.1.4
of the program is compatible is with Cytoscape 3.0.

14. The GeneMania database currently indexes 2104 association
networks containing 535,774,338 interactions mapped to
161,629 genes from eight organisms.

15. In cases when the number of SNO-sites in a peptide after
neutravidin affinity could not be unambiguously assigned, for
simplicity, we chose the highest possible number of SNO-sites,
according to a number of available Cys in a given sequence.
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Abstract

Oxidative and nitrosative modifications of cysteines are very important posttranslational modifications
(PTMs) that can regulate the proper folding and functions of proteins. Given the frequent correlation of
oxidative and nitrosative stress with neurodegenerative diseases, it is important to accurately identify redox-
sensitive cysteines and their oxidative PTMs. Oxidative PTM levels of specific cysteines are determined by
the relative contributions of oxidative and reductive pathways. The actors within these pathways include
both small redox molecules and oxidoreductases, such as NADPH oxidases and thioredoxins. In this
chapter, we will demonstrate the use of mass spectrometry techniques to identify redox-sensitive nuclear
proteins that can be selectively reduced by thioredoxin 1 (Trx1) in neuroblastoma cells. This comprehensive
workflow can be applied to the identification of redox-sensitive signaling proteins involved in modulating
neurodegenerative diseases.

Keywords: Thioredoxin 1 (Trx1), Posttranslational modification (PTM), Mass spectrometry (MS)

1 Introduction

Oxidative and nitrosative modifications of protein amino acid
residues, especially cysteines, are known to play important roles
both in modulating redox signaling pathways and in marking
damaged proteins for degradation [1, 2]. When cellular redox
environments are in flux, selective oxidative PTMs can be cytopro-
tective, conditioning cells for survival at higher levels of oxidative
stress. However, prolonged and severe oxidative insults can non-
specifically add oxidative PTMs onto many sensitive cysteines,
rendering proteins inactive and marking them for proteolytic deg-
radation [3–5].

To counter such damaging effects of oxidative stress, cells can
use numerous antioxidant enzymes to either reverse oxidative PTMs
or alleviate oxidative damages to proteins [6]. Thioredoxins (Trxs)
are antioxidant proteins that can facilitate the reduction of other
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proteins by a cysteine thiol-disulfide exchange mechanism [7].
Human Trx1 is a 12-kDa oxidoreductase enzyme containing a
dithiol-disulfide active site at Cys32 and Cys35 within a CXXC
motif which is present in many Trx1-like proteins [8]. These two
cysteines are keys to the ability of Trx1 to reduce specific target
proteins. Wild type Trx1 contains a conserved C32XXC35 motif,
whereby the Cys32 thiol initiates the reduction of a target disulfide
bond by forming an intermolecular disulfide with one of the oxi-
dized target cysteines. The transient Trx1-target protein mixed
disulfide is then rapidly reduced by donation of a proton from
Cys35 to the remaining cysteines within the target disulfide; thus
the target protein is concurrently released. The resulting Trx1 intra-
molecular Cys32-Cys35 disulfide can itself regenerate into a catalyti-
cally active sulfhydryls by thioredoxin reductases [7].

Not all oxidized proteins are reduced by Trx1; identification of
Trx1 redox target proteins may aid the identification of novel stress-
response signaling molecules and pathways in neurodegenerative
diseases. In this chapter we will describe a mass spectrometry (MS)-
based approach to identify nuclear Trx1 targets in human neuro-
blastoma cells, using an affinity capture strategy with a Trx1C35S

mutant (Fig. 1). By introducing a point mutation (Cys35 to Ser35)
in a nucleus-targeted Trx1, the rapid dissociation of Trx1 from its
reduction targets is ablated, trapping the target protein in a mixed
disulfide with Trx1. After enrichment of putative Trx1 target
through affinity capture with an anti-Trx1 tag antibody, subsequent
identification of nuclear Trx1 targets is achieved using tandem MS.
In this chapter we provide the protocol to overexpress both the
wild type Trx1 (Trx1WT) and mutant Trx (Trx1C35S) in SH-SY5Y
neuroblastoma cells, as well as the details regarding the extraction
of nuclear proteins, affinity capture of putative Trx1 targets, and
identification of Trx1 targets using MS.

2 Materials

2.1 Cell Culture and

Transfection

1. Human neuroblastoma SHSY-5Y cells.

2. Culture medium: 1:1 mixture of Dulbecco’s Modified Eagle
Medium (DMEM) and F12 medium supplemented with
0.1 mM nonessential amino acids, 1 % penicillin/streptomycin,
and 10 % fetal bovine.

3. pcDNA3-EGFP plasmid encoding wild type Trx1 (nTrx1WT).

4. pcDNA3-EGFP plasmid encoding mutant Trx1 (nTrx1C35S).

5. Lipofectamine 2000.

6. Opti-MEM® I reduced serum medium.
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7. Appropriate tissue culture plates and supplies.

2.2 Nuclear Protein

Extraction

1. Phosphate buffer saline (PBS): 1.5 mM Potassium phosphate
monobasic (KH2PO4), 155 mM Sodium chloride (NaCl),
2.7 mM Sodium phosphate dibasic (Na2HPO4-7H2O).

2. Hypotonic lysis buffer: 10 mMHEPES (pH 7.9), 10 mMKCl,
1.5 mM MgCl2, 0.5 mM DTT, protease inhibitors and phos-
phatase inhibitors.

3. NP-40 Detergent.

4. Hypertonic buffer: 20 mMHEPES (pH 7.9), 1.5 mMMgCl2,
420 mM NaCl, 25 % v/v glycerol, 0.5 mM DTT, 0.2 mM
EDTA, and protease inhibitors and phosphatase inhibitors.

5. Ultrasonic homogenizer with 5/3200 Micro-Tip (Omni Inter-
national, Kennesaw, GA).

6. Ice bath.

7. Microcentrifuge 5415 R (Eppendorf, Hauppauge, NY).

Fig. 1 A workflow describing how the nTrx1C35S mutant traps target proteins of thioredoxin 1. Normally,
Trx1WT will reduce the oxidized proteins via a redox switch shown in right panel; however, nTrx1C35S binds to
target proteins via mixed disulfide bonds as Trx1WT but cannot consummate the reduction and release of the
target proteins (left panel). Therefore, the disulfide-linked proteins can be isolated through immunoprecipita-
tion for proteomic identification
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8. Appropriate lab ware supplies, e.g., Eppendorf tubes, 15 ml
centrifuge tubes, pipettes, centrifuge etc.

2.3 Immuno-

precipitation

1. Anti-GFP antibody (A11122, Life Technologies, Grand Island,
NY).

2. Protein-A agarose beads (15918-014, Life Technologies).

3. Wash buffer: 10 mM Tris (pH 8.0x), 25 mM NaCl, 0.5 %
Triton X-100, 25 mM EDTA.

4. Elution buffer: 100 mM Tris (pH 6.8), 4 % SDS, 0.2 % bro-
mophenol blue, 20 % glycerol with 5 % β-mercaptoethanol.

5. GeneMate Rotator.

6. Cold room or refrigerated cabinet set at 4 �C.

7. Heat block set at 100 �C.

8. Appropriate lab ware supplies, e.g., Eppendorf tubes, 15 ml
centrifuge tubes, pipettes, centrifuge etc.

2.4 In-Gel Digestion 1. Mini-PROTEAN® Tetra Cell electrophoresis chamber.

2. 12 % Mini-PROTEAN® TGX Gel, 10 well, 50 μl/well.
3. Running buffer: 25 mM Tris, 192 mM glycine, 0.1 % SDS,

pH 8.3.

4. Precision Plus Protein™ All Blue Standards.

5. PowerPac™ basic power supply.

6. Fixing solution: 50 % methanol, 40 % H2O, 10 % acetic acid.

7. GelCode™ Blue Safe Protein Stain.

8. GeneCatcher disposable gel excision tips.

9. Surgical scalpel blades No. 11.

10. 100 mM ammonium bicarbonate, pH approx. 8.0.

11. Acetonitrile (ACN, HPLC-MS grade).

12. DTT solution: 10 mMDTT (prepared in 100 mM ammonium
bicarbonate).

13. Iodoacetamide solution: 55 mM iodoacetamide (prepared in
100 mM ammonium bicarbonate).

14. Extraction buffer (60 % acetonitrile, 2 % formic acid).

15. Water (HPLC-MS grade).

16. Trypsin (mass spectrometry grade).

17. Centrifuge speed vacuum.

18. Incubator shaker set at 37 �C.

19. Appropriate lab ware supplies, e.g., Eppendorf tubes, 15 ml
centrifuge tubes, pipettes, centrifuge etc.
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2.5 Peptide

Desalting

1. PepClean C18 spin columns (Thermo Scientific Pierce, Rock-
ford, IL).

2. Activation solution: 50 % ACN.

3. Equilibration solution: 5 % ACN, 0.5 % trifluoroacetic acid
(TFA) in water.

4. Microcentrifuge.

5. Elution solution: 75 % ACN in water.

2.6 Reversed-Phase

High Performance

Liquid

Chromatography

(RPHPLC)

1. Solvent A: 2 % ACN, 0.1 % Formic Acid, 97.9 % Water.

2. Solvent B: 85 % ACN, 0.1 % Formic Acid, 14.9 % Water.

3. UltiMate® 3000 RSLCnano HPLC system.

4. Acclaim PepMap100 trap column (C18, 5 μm, 100 Å, 300 μm
i.d. � 5 mm length).

5. Acclaim PepMap100 capillary nano column (C18, 3 μm, 100 Å,
300 μm i.d. � 150 mm length).

2.7 Mass

Spectrometry

1. Thermo Fisher Scientific Q Exactive Mass Spectrometer.

2. Thermo Fisher Scientific Nanospray Flex™ Ion Source.

2.8 Data Analysis

Software

1. Proteome Discoverer (Version 1.4) (Thermo Fisher Scientific,
Waltham, MA, http://www.thermoscientific.com/).

2. Mascot (Matrix Science Inc., Boston, MA, http://www.
matrixscience.com).

3. Scaffold (Proteome Software Inc., Portland, OR, http://www.
proteomesoftware.com).

4. Excel (Microsoft Corporation, Redmond, WA, http://office.
microsoft.com).

3 Methods

3.1 Cell Culture

and Transfection

1. For each transfection, using 10 cm culture dish, plate 2 � 106

SHSY-5Y cells in 15 ml of culture medium and incubate for
~24 h at 37 �C in 5 % CO2 so that cells will be 50–80 %
confluent at the time of transfection.

2. For each transfection, in a sterile Eppendorf® tube, gently mix
2.5 μg of nTrx1WT plasmid DNA into 300 μl of Opti-MEM® I
Reduced Serum Medium.

3. Just before use, gently mix Lipofectamine® 2000. In a sterile
Eppendorf® tube, gently mix 7.5 μl Lipofectamine® 2000 into
300 μl of Opti-MEM® I Reduced Serum Medium. Incubate at
room temperature for 5 min.

Proteomics Identification of Redox-Sensitive Nuclear Protein Targets. . . 101

http://www.thermoscientific.com/
http://www.matrixscience.com/
http://www.matrixscience.com/
http://www.proteomesoftware.com/
http://www.proteomesoftware.com/
http://office.microsoft.com/
http://office.microsoft.com/


4. Combine the diluted nTrx1WT plasmid DNA with diluted
Lipofectamine®. Total volume is ~600 μl. Mix gently and
incubate for 30 min at room temperature.

5. Meanwhile remove the culture medium from cells and add
15 ml of fresh culture medium.

6. Add the ~600 μl of plasmid DNA–Lipofectamine® complexes
to cells and medium. Mix gently by rocking the plate back and
forth.

7. Repeat steps 2–6 using nTrx1C35S plasmid DNA.

8. Incubate cells at 37 �C in a CO2 incubator for 6 h.

9. Change the cell culture medium after 6 h and continue the
incubation for a total of 48 h.

3.2 Nuclear Protein

Extraction

1. Aspirate the culture medium from each plate.

2. Wash cells on the plate with ice-cold PBS twice to remove any
residual media (see Note 1).

3. For each transfection, carefully harvest the cells in 1 ml of
hypotonic lysis buffer with a corning cell scraper in sterile
Eppendorf tube.

4. Incubated on ice for 15 min.

5. Add 5 μl of NP-40 detergent.

6. Gently mix the contents of Eppendorf tube by inversion.

7. Incubate on ice for another 15 min.

8. Centrifuge the resulted cellular extract at 800 � g for 10 min at
4 �C.

9. Transfer the cytoplasmic components (supernatant) to fresh
Eppendorf tube and store at �70 �C.

10. Gently resuspend the resulted nuclei-enriched pellet in 1 ml of
hypotonic lysis buffer supplemented with 5 μl of NP-40
detergent.

11. Centrifuge at 800 � g for 10 min at 4 �C and remove the
supernatant.

12. Repeat steps 10 and 11 one time.

13. Resuspend nuclear pellet in 50 μl hypertonic buffer for 30 min
on ice with vigorous vortexing at each 10 min interval.

14. Lyse the nuclei by a 10 sec sonication pulse followed by 30 s
incubation in the ice bath. Repeat three times. Incubate the cell
lysate on the ice bath for 10 min.

15. Centrifuge the resulting solution at 16,000 � g at 4 �C for
15 min.

16. Transfer the supernatant to fresh Eppendorf tube and proceed
to immunoprecipitation.
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3.3 Immuno-

precipitation

1. Perform immunoprecipitation on each sample separately.

2. Place 1.0 mg of nuclear protein extract in a fresh Eppendorf
tube (see Note 2).

3. Add anti-GFP antibody to a final concentration of 0.2 μg/ml
and incubate the tubes at 4 �C overnight with gentle rotation
(see Note 3).

4. Meanwhile, place 100 μl of protein-A agarose beads in fresh
Eppendorf tube (see Note 3).

5. Add 1 ml of PBS to tube and gently mix by inverting the tube.
Centrifuge at 3000 � g for 2 min at 4 �C and discard the
supernatant.

6. Repeat step 4 two more times.

7. Resuspend the protein-A agarose beads in 250 μl of hypertonic
buffer.

8. Transfer the protein-A agarose beads to the tube from step
2 and continue the incubation for 1 h with gentle rotation.

9. Centrifuge at 3000 � g for 2 min at 4 �C and remove the
supernatant to fresh Eppendorf tube.

10. Resuspend the protein-A agarose beads from step 8 in 1 ml of
wash buffer.

11. Centrifuge at 3000 � g for 2 min at 4 �C and discard the
supernatant.

12. Repeat steps 9 and 10 two more times.

13. Elute the proteins from beads by adding 50 μl of elution buffer
and incubating on a heat block at 100 �C for 5 min.

14. Cool down the tube at room temperature for 5 min.

15. Centrifuge 16,100 � g for 5 min and transfer the supernatant
to a fresh Eppendorf tube.

3.4 In-Gel Digestion 1. Remove the Mini-PROTEAN® TGX Gel from the pouch (see
Note 4).

2. Prepare the Mini-PROTEAN® Tetra Cell electrophoresis
chamber as per manufacturer’s instructions.

3. Load the sample from step 15 in Section 3.3 in a well on gel.

4. Repeat step 3 for all other sample categories using a new well
for each sample. Leave an empty well between each sample.

5. Run gel at constant voltage of 200 V.

6. Continue electrophoresis till the dye front is about 4 cm from
the top of gel cassette (see Note 5).

7. Remove the gel from cassette and rinse in distilled water.

8. Transfer the gel to fixing solution in a clean container and
incubate at room temperature with gentle shaking for 60 min.
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9. Transfer the gel to a clean container containing water and
incubate at room temperature for 10 min.

10. Discard the solution and add fresh water and incubate for
10 min.

11. Repeat step 10 for one more time.

12. Remove the solution completely.

13. Add a sufficient volume of GelCode™ blue safe protein stain to
completely cover the gel. Incubate on an orbital shaker over-
night at room temperature (see Note 6).

14. Decant the staining solution and replace with 200 ml of ultra-
pure water. Incubate on an orbital shaker for 15 min at room
temperature.

15. Replace the water and continue for 1 h at room temperature.

16. Carefully transfer the gel onto a clean glass plate on light box
and excise whole stained protein lane with a clean scalpel.

17. Process all the stained protein lanes from the gel in parallel.

18. Cut excised each gel lane into 1 mm3 pieces (see Note 7).

19. Transfer the gel pieces into a 15 ml centrifuge tube and spin
down to bring the gel pieces to bottom of tube.

20. Add 5 ml of 100 mM ammonium bicarbonate/acetonitrile
(7:3, vol/vol) solution and incubate with gentle rotation for
30 min (see Note 8).

21. Decant the solution and add 5 ml of fresh 100 mM ammonium
bicarbonate/acetonitrile (7:3, vol/vol) solution and incubate
with gentle rotation for another 30 min.

22. Repeat step 21 till the gel pieces are completely clear.

23. Remove the solution completely and add 5 ml of acetonitrile
and incubate at room temperature for 15 min with occasional
vortexing. Gel pieces will become opaque and shrink.

24. Using a pipette tip, remove acetonitrile completely.

25. Add 5 ml of the DTT solution to completely cover gel pieces.
Incubate for 30 min at 56 �C in an incubator (see Note 9).

26. Cool down the tubes to room temperature and repeat steps 23
and 24.

27. Add 5 ml of the Iodoacetamide solution to completely cover
gel pieces. Cover the tube with aluminum foil to block the
light. Incubate for 30 min at room temperature (see Note 10).

28. Repeat steps 23 and 24.

29. Prepare a trypsin solution of 20 ng/μl in 10 mM
ammonium bicarbonate containing 10 % (vol/vol) acetonitrile
(see Note 11).
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30. Add trypsin solution to gel pieces from step 24 in such a way
that gel pieces are completely submerged.

31. Incubate the tubes on ice for 30 min.

32. Check if all of trypsin solution is absorbed. Add more trypsin
solution, if needed. Make sure that gel pieces are completely
covered with trypsin buffer (see Note 12).

33. Incubate the tubes with gel pieces at 37 �C overnight.

34. Add 2 ml of extraction buffer to each tube and incubate at
37 �C for 15 min (see Note 13).

35. Using a pipette with fine gel loader tip, transfer the supernatant
to a fresh Eppendorf tube.

36. Dry the peptide solution completely in a centrifuge speed
vacuum (see Note 14).

3.5 Peptide

Desalting

1. Resuspend the peptides in each tube in 200 μl of the equilibra-
tion solution.

2. Sonicate in a water bath for 15 s, vortex, and then spin briefly.

3. Activate the C18 resin by adding 200 μl of activation solution to
the PepClean C18 spin columns.

4. Centrifuge at 1500 � g for 1 min.

5. Repeat steps 3 and 4 once more.

6. Equilibrate the C18 resin by adding 200 μl of the equilibration
solution.

7. Centrifuge at 1500 � g for 1 min.

8. Repeat steps 6 and 7 once more.

9. For each sample, transfer the peptides from step 2 completely
onto an equilibrated C18 spin column. Centrifuge at 1000 � g
for 1 min.

10. Collect the flow through and load the flow through again onto
the spin column. Centrifuge at 1000 � g for 1 min. Repeat
step 9 once more.

11. Add 200 μl of the equilibration solution to the column.
Centrifuge at 1500 � g for 1 min.

12. Repeat step 11 twice.

13. Add 30 μl of the elution solution onto the column to elute the
bound peptides.

14. Collect the eluted peptides by centrifugation at 1500 � g for
1 min in a fresh Eppendorf tube.

15. Repeat steps 13 and 14 twice and collect all the eluted peptides
from each sample.

16. Dry the desalted peptides in centrifuge speed vacuum.
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3.6 Reversed-Phase

High Performance

Liquid

Chromatography

and Mass

Spectrometry

(RPHPLC-MS)

1. Reconstitute the peptides from each sample in 15 μl of
RPHPLC solvent A. Vortex at high speed for 30 s and then
spin briefly.

2. Sonicate the samples in a water bath for 15 s and vortex at high
speed for 15 s and then spin briefly.

3. Sonicate the samples one more time in a water bath for 15 s and
vortex at high speed for 15 s.

4. Centrifuge the tubes at 16,100 � g for 5 min.

5. Transfer each sample solution into the bottom of an autosam-
pler vial and place all the vials in cooled autosampler tray.

6. Equilibrate the RPHPLC C18 column for 30 min with 2 %
solvent B at flow rate of 0.300 μl/min.

7. Set up the RPHPLC gradient method as follows:

Time (min) Solvent A (%) Solvent B (%)

0 98 2

6 98 2

7 95 5

157 70 30

172 50 50

182 5 95

197 5 95

198 98 2

8. Set up Q Exactive acquisition method with following
parameters:

Full MS
Microscans 1

Resolution 70,000

AGC target 1e6

Maximum IT 100 ms

Number of scan ranges 1

Scan range 300–1700 m/z

Spectrum data type Profile

dd-MS2/dd-SIM
Microscans 1

Resolution 17,500

AGC target 1e5

Maximum IT 50 ms

Loop count 1

MSX count 1

(continued)
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TopN 20

Isolation window 2.0 m/z

Isolation offset 0.0 m/z

Fixed first mass —

NCE/stepped NCE 27

Spectrum data type Profile

dd Settings
Underfill ratio 1.0 %

Intensity threshold 2.0e4

Apex trigger –

Charge exclusion Unassigned, 6–8, >8

Peptide match Preferred

Exclude isotopes on

Dynamic exclusion 60.0 s

If idle Do not pick others

9. Tune and calibrate the Q Exactive mass spectrometer
(seeNote 15).

10. Load 6 μl of the reconstituted peptides from step 5 onto a C18

trapping column at a flow rate of 5 μl/min (see Note 16).

11. Peptides bound on trap column are washed to remove the salt
and other impurities and subsequently resolved in a high reso-
lution C18 PepMap column at a flow rate of 0.3 μl/min accord-
ing to gradient from step 7.

12. Peptides eluted are introduced directly to Q Exactive mass
spectrometer through the Thermo Scientific Nanospray Flex
Ion Source and analyzed according to parameters from step 8.

13. Analyze peptides from each sample in same way.

3.7 Protein

Identification and Data

Analysis

Peptide identification is performed using Mascot search engine
through Proteome Discoverer (v. 1.4) and Scaffold (v 4.4.1) soft-
wares against the Human protein sequences from UniRef100 pro-
tein database.

1. Separately analyze each of the raw files generated after step 11
from Section 3.6 using the Thermo Proteome Discoverer
(V 1.4) platform with Mascot (2.4.1) as a search engine against
all of the human protein sequences in the UniRef100 protein
database.

2. Use following Mascot search parameters: trypsin, two missed
cleavages, precursor mass tolerance: 10 ppm, fragment mass
tolerance: 0.1 Da, dynamic modifications: methionine oxida-
tion and carbamidomethylation of cysteines.

3. Engage the decoy search option for Mascot through the
percolator.
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4. After search is completed, separately import the results (.msf
files) for each *.raw file fromProteomeDiscoverer onto Scaffold
(version Scaffold 4.4.1; Proteome Software, Portland, OR).

5. In Scaffold, filter the proteins to achieve a false discovery rate
(FDR) of less than 1.0 % at both protein and peptide level.
Scaffold uses Peptide Prophet algorithm (22), with a Scaffold
delta-mass correction and Protein Prophet algorithm (23) to
calculate FDR. Proteins that contained similar peptides and
could not be differentiated based on the MS/MS analysis
alone are grouped to satisfy the principles of parsimony.

6. Using export function of Scaffold, export the list of identified
proteins and accession no. to excel.

7. Upload the accession no. of identified proteins to Ingenuity
Pathway Analysis (IPA) software (http://www.ingenuity.com)
to define their putative subcellular localization and function.

8. Export the putative subcellular localization and function of
identified proteins from IPA software to excel.

9. Repeat steps 6–8 for all the samples.

10. Consider the proteins which have nuclear localization.

11. Compare the list of nuclear proteins from wild type Trx1
(nTrx1WT) and mutant Trx1 (nTrx1C35S).

12. Nuclear proteins which are only identified in mutant Trx1
(nTrx1C35S) are redox-sensitive nuclear protein targets of
Human Thioredoxin 1 (see Note 17).

4 Notes

1. Remove the culture medium completely from the plate as any
remaining medium (serum, salt etc.) would interfere with
subsequent mass spectrometry analysis.

2. Amount of protein used for each analysis may be more of less
depending upon the availability.

3. Adjust the final concentration of anti-GFP antibody and protein-
A agarose based upon manufacturer’s recommendation.

4. Use clean gel apparatus and staining tray to process the gel
to avoid the contamination with common contaminants like
keratins, BSA etc.

5. Do not run the gel till the end as it would create more bigger
gel lane to process in subsequent analysis and contribute to
common contaminations.

6. Only use the protein stain which is mass spectrometry compati-
ble and should not modify the protein irreversibly.
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7. Ideally this step should be done under the laminar flow hood to
minimize the air borne contamination, e.g., keratins. Do not
cut the pieces too small as it may clog the tips.

8. Volume of 100 mM ammonium bicarbonate/acetonitrile (7:3,
vol/vol) solution should be at least three times the volume of
gel pieces to help the destaining of gel pieces.

9. DTT solution should be prepared fresh just before the step.

10. Iodoacetamide solution should be prepared fresh just before
the step.

11. Trypsin solution should be prepared fresh just before the step.

12. Make sure the pH of solution is ~8.0, otherwise trypsin would
not work optimally.

13. Volume of extraction buffer should be at least two times the
volume of gel pieces.

14. Do not overdry the peptides in this step, otherwise it may be
difficult to solubilize.

15. It is important to tune and calibrate the mass spectrometer to
get the good data.

16. Volume of sample loaded in this step may be varied depending
upon the concentration of peptides in the sample.

17. It is important to have biological repeats for each sample to get
most confident identification of putative nuclear target of Trx1.
It is recommend to have at least three biological repeats of both
wild type and mutant sample.
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Spectrometry
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Abstract

Protein ubiquitination is a widespread modification serving many roles in neuronal development and
function. Moreover, the accumulation of ubiquitinated proteins is a prominent feature of neurodegenera-
tion and oxidative stress related diseases. The emerging diversity of ubiquitin signals beyond protein
degradation—based on distinct types of polyubiquitin chains—necessitates tools that specifically and
quantitatively investigate its different functions. Polyubiquitin chains linked by lysine 63 (K63) relate to
neurodegenerative diseases, but most of their targets and functions have not yet been elucidated. K63-
linked ubiquitin has been implicated in DNA repair signaling, endocytosis, and inclusion body clearance. In
addition, we recently identified an important role of K63 ubiquitin in regulating translation in response to
oxidative stress in yeast. The change in K63 ubiquitination in response to hydrogen peroxide is conserved in
mouse hippocampal HT22 cells, highlighting the importance of this modification in higher eukaryotes. In
this chapter, we discuss cutting-edge methodologies available to investigate protein ubiquitination in a
proteome-wide and quantitative manner, and we present a method to simultaneously isolate and identify
the specific targets of K63 ubiquitin. This method relies on the use of a selective K63 ubiquitin isolation
tool with subsequent analysis of protein content by high-resolution mass spectrometry. The proposed
workflow can be combined with additional methods for ubiquitin analysis and applied to several research
models. This approach can also provide the scientific basis for the development of new tools to isolate and
identify targets of other ubiquitin linkages.

Keywords: K63 ubiquitin, Mass spectrometry, Neurons, Oxidative stress

1 Introduction

In eukaryotes, ubiquitination is a prevalent modification that affects
a diverse array of proteins and has a variety of functional conse-
quences [1]. In this chapter, we will describe a method to investi-
gate ubiquitinated proteins from neuronal cells using selective
enrichment and high-resolution mass spectrometry. The accumula-
tion of ubiquitinated proteins is a hallmark of many neurodegener-
ative diseases—including Alzheimer’s (AD), Parkinson’s (PD), and
Huntington’s (HD)—and is also associated with the presence of
abnormal protein aggregates and identified in neurofibrillary
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tangles and plaques [2]. The Ubiquitin Proteasome System (UPS)
is the most important proteolytic machinery in the cell. It is respon-
sible for the intracellular degradation of damaged, unfolded, and
unneeded proteins, thus preventing the accumulation of protein
aggregates. Due to its widespread role in proteostasis, impairment
of the UPS is arguably one of the primary causes of aggregate
formation. These aggregates are toxic for the cells, and can
in turn, inhibit proteasome activity, generating a feedforward
loop [3–5].

Ubiquitination occurs via the formation of an isopeptide bond
between a lysine residue of a target protein and the C-terminal
glycine residue of ubiquitin. A cascade of three enzyme classes
catalyzes ubiquitin transfer to substrates: E1 ubiquitin activating
enzymes, E2 ubiquitin conjugating enzymes, and E3 ubiquitin
ligases. The human genome is thought to encode a dozen
E1s, ~40 E2s, and >600 putative E3 genes—which confer target
specificity [6, 7]. Several mutations in these genes correlate with
neurodegenerative diseases and changes in neuronal development.
For example, in familial cases of PD, mutations in PARK2 (which
encodes parkin, an E3 ligase) are responsible for the pathology of
approximately half of all patients [8]. Moreover, mutations in ubi-
quitin itself have been found in AD patients [9], and disruptions in
the E3UBE3A and E2UBE2A ubiquitin enzymes can cause Angel-
man’s Syndrome [10] and mental retardation [11], respectively.

Although impairment of ubiquitin homeostasis and proteasome
activity impacts neuronal viability and development [2, 12, 13],
the role of accumulated ubiquitin conjugates during neurodegen-
eration remains elusive. The challenge of understanding the func-
tion of ubiquitin results from the emerging complexity of ubiquitin
signals and the dearth of technologies available to investigate them.
Upon ligation of ubiquitin to its substrate, additional ubiquitin
moieties can be added at one of ubiquitin’s seven lysine residues
(K6, K11, K27, K29, K33, K48, or K63) or at the N-terminus,
forming a poly-ubiquitin chain [1]. The lysine at which poly-
ubiquitin branch formation occurs imparts varied cellular signals,
ranging from target degradation to signaling in DNA repair [1].
Therefore, investigating the topography of polyubiquitin chains,
the specificity of targets, and the variability of ubiquitin signals is
key to understanding the diverse functionality of ubiquitin in neu-
rons and neurodegeneration. While K48-linked polyubiquitin
serves as the primary and canonical signal for substrate degradation
by the 26S proteasome [14], the biological function of many
ubiquitin linkages (K6, K27, K29, and K33) remains largely unex-
plored [15]. K11-linked polyubiquitin also signals for protein deg-
radation, and its most studied role is in cell cycle control mediated
by the E3 APC/C (anaphase-promoting complex) [16, 17]. In
contrast, K63-linked polyubiquitin can serve a multitude of non-
proteasomal functions in endocytosis, DNA repair, the
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inflammatory response, and others [18–22]. Our group recently
discovered a new mechanism of translation regulation mediated by
K63 ubiquitin during the response to oxidative stress [21]. Under
oxidative stress, K63 ubiquitin modifies ribosomal proteins,
impacting both polysome levels and protein synthesis [21]. The
K63 ubiquitin redox pathway was initially characterized in baker’s
yeast, but we showed that K63 ubiquitin levels are also altered in
hippocampal cells [21]. Anecdotal evidence has shown the accumu-
lation of K63 ubiquitin in the hippocampus of AD patients [23]
and has suggested a role for this linkage in Lewy’s body biogenesis,
as well as in the formation of inclusion bodies [24, 25]. Particularly,
Olzmann and colleagues were able to demonstrate that parkin-
mediated K63 ubiquitination directs misfolded proteins to aggre-
somes leading to clearance by autophagy [8]. These findings show
that K63-linked ubiquitination may have many functional and
relevant roles in neurodegenerative diseases, though the targets
and molecular mechanisms have not yet been elucidated.

Comprehensive examination of the ubiquitinated proteome
requires the ability to identify the protein substrates, the modifica-
tion sites within the amino acid sequence, and the polyubiquitin
chain linkage type. Establishing this information using liquid
chromatography-mass spectrometry (LC-MS)-based techniques is
challenging since current methods can either detect the targets of
ubiquitination or quantify the linkage type, but not both at the
same time. This impasse occurs because tryptic digestion of ubiqui-
tinated proteins prior to MS analysis also cleaves the polyubiquitin
chain, separating the linkage information from the protein target.
One established MS-based approach, called ubiquitin remnant
profiling, identifies ubiquitinated substrates irrespective of their
linkage type, yielding site-specific information on the lysine that
was modified (Fig. 1a). This method relies on the fact that the
C-terminus of ubiquitin (Arg-Gly-Gly) contains an arginine residue
susceptible to tryptic digestion, resulting in a diglycyl remnant
(diGG) at the original site of ubiquitin conjugation [26]. Hence,
identification of the diGG remnant is a strong indication of an
ubiquitination event at a particular lysine residue. Unfortunately,
any information on the type of ubiquitin chain is lost during tryptic
digestion. Applying this method to human cell lines, different
groups successfully quantified ~20,000 diGG sites distributed
across ~5,000 proteins [27, 28].

A second approach, called ubiquitin linkage profiling, quanti-
fies the abundances of specific polyubiquitin linkage types by tar-
geted mass spectrometry, but does not monitor which proteins are
modified (Fig. 1b) [29–31]. Targeted mass spectrometry analysis
by Selected Reaction Monitoring (SRM) uses the fact that tryptic
digestion of polyubiquitin chains produces peptides that are char-
acteristic of the linkage type, and these can be quantified in the MS
analysis. Using this method, Dammer and colleagues quantified the
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ubiquitin types in HEK293 cells. They found K48-, K63-, and
K29-linked polyubiquitin chains present at 52 %, 38 %, and 8 %,
respectively, and minor contributions by K11-linked chains (2 %),
and K33-, K27-, K6-linked chains (with <0.5 %) [32]. Moreover,
the authors showed that K48, K63, and K11 increase in the frontal
cortex of AD patients, reinforcing the role of distinct ubiquitin
chains in neurodegeneration [32].

Both ubiquitin remnant profiling and ubiquitin linkage
profiling provide insight into two different aspects of ubiquitina-
tion, i.e. the targets the modification or its type, but not at the same
time. Here, we describe a method that both identifies and quanti-
fies the specific targets of K63-linked polyubiquitin in neuronal
cells (Fig. 1c). The method relies on the selective isolation of K63
ubiquitin targets coupled to the identification and quantification of
these targets by mass spectrometry. To isolate the K63 ubiquitin
targets we use the K63-TUBE system, which is a polypeptide
composed of several ubiquitin binding domains with high affinity

Fig. 1 Mass spectrometry-based methods to investigate protein ubiquitination. (a) Ubiquitin remnant profiling
identifies precise sites of protein ubiquitination. (b) Linkage profiling quantifies the amount of distinct ubiquitin
chains using signature linkage peptides (underlined in red). (c) Selective linkage isolation (described here)
provides a method to identify targets of specific ubiquitin linkage type
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for K63 ubiquitin chains. K63-TUBE is conjugated to a FLAG
epitope and the modified proteins are purified using an anti-
FLAG M2 agarose resin (Sigma) prior to the mass spectrometry
analysis. Importantly, this method can be extended to provide site-
specific information, to study other linkage types, or to model the
dynamics of the modification event in many experimental systems.

2 Materials

2.1 Cell Culture 1. Mouse hippocampal cell HT22—Salk Institute http://
salkinnovations.testtechnologypublisher.com/technology/7060

2. Dulbecco’s Modified Eagle’s Medium—high glucose (Sigma,
Cat. D5796)

3. Penicillin—Streptomycin (Life Technologies, Cat. 15140)

4. Fetal Bovine Serum (FBS), Advantage (Atlanta Biologicals,
Cat. S11050)

5. Culture medium—SILAC™ Protein ID&QuantitationMedia
Kit, with Lysine and D-MEM-Flex (Life Technologies, Cat.
MS10030)

6. Trypsin-EDTA (0.05 %), phenol red (Life Technologies)

7. Dulbecco’s Phosphate-Buffered Saline (PBS), no calcium, no
magnesium (Life Technologies)

8. CytoOne tissue culture plates—(USA Scientific Cat. CC7682-
3394)

9. Bright-Line Hemacytometer (Sigma-Aldrich cat. Z359629)

10. 0.4 % Trypan Blue Solution (Life Technologies)

11. Disposable cell lifter (Fisherbrand Cat. 08-100-240)

2.2 Protein

Extraction

1. Lysis buffer: 50 mM Phosphate buffer pH 7.4, 150 mMNaCl,
25 mM chloroacetamide (CAM), protease inhibitor (cOmplete
Mini EDTA-free, Roche), 5 mM EDTA, 50 nM K63-TUBE
Flag peptide (LifeSensors).

2. FLAG® K63-TUBE 1 (LifeSensors—Cat. UM604)

3. Misonix Ultrasonic Liquid Processor S-4000

4. Refrigerated Centrifuge (Eppendorf 5424R)

5. Bradford reagent (Biorad)

6. Genesys 20 Spectrophotometer (Thermo Scientific)

7. General labware

2.3 K63 Ubiquitin

Pull Down

1. Dynabeads® Protein G for immunoprecipitation (Life
Technologies)

2. Monoclonal Anti-FLAG® M2 antibody (Sigma)
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3. MagneSphere® Magnetic Stand (Promega)

4. Immunoprecipitation (IP) Wash buffer—PBS containing
0.05 % Tween-20

5. IP Elution buffer: 8 M Urea buffer, 50 mM Tris–HCl pH 8.0

6. Cold room or refrigerated chamber

7. GyroMini Nutating Mixer (Labnet International)

8. Digital Dry Block Heater (VWR international)

2.4 Protein Digestion 1. Trypsin from porcine pancreas (Sigma, Cat. T6567)

2. Digestion buffer (8 M Urea, 50 mM Tris–HCl pH 8.0)

3. Dithiothreitol (DTT, Sigma)

4. Chloroacetamide (CAM, Sigma)

5. Acetonitrile (ACN, LC-MS grade, Sigma)

6. Formic acid (FA, LC-MS grade, Sigma)

7. Vacufuge plus Speed Vac concentrator (Eppendorf)

8. Hypersep C18 SpinTip (Thermo Scientific)

9. C18 Activation/Elution buffer—60 % ACN, 0.1 % FA.

10. C18 Wash Buffer solution—0.1 % FA

11. C18 Equilibration Buffer solution—5 % ACN, 0.1 % FA

12. Polypropylene vial and pre-slit screw top (Agilent Cat.5190-
2242, Cat. 51832077)

2.5 Liquid

Chromatography and

Mass Spectrometry

1. LTQ Orbitrap Velos Mass Spectrometer (Thermo Scientific)

2. 2D NanoPlus Liquid Chromatography System (Eksigent)

3. Buffer Solvent A: 0.1 % FA HPLC quality water

4. Buffer Solvent B: ACN, 0.1 % FA Formic Acid (Sigma, Cat.
34668)

5. NanoViper Acclaim PepMap100 Trap column (C18, particle
size 3 μm, pore 100 Å, 75 μm i.d. � 20 mm length—Thermo
Scientific, P/N 164535)

6. NanoViper Acclaim PepMap100 Capillary column (C18, par-
ticle size 2 μm, pore 100 Å, 75 μm i.d. � 250 mm length—
Thermo Scientific, P/N 164536)

7. Butterfly Portfolio heater 20 � 4 cm (Phoenix S&T, Cat. PST-
BHP-20)

2.6 Data Analysis 1. MaxQuant quantitative proteomics software package and Per-
seus data processing tool (www.maxquant.org)
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3 Methods

3.1 Cell Culture 1. Prepare SILAC heavy and light media according to manufac-
turer’s protocol and cell line requirements. For every liter of
medium, supplement with 10 % FBS, antibiotics, 2–4 mM
glutamine, 4.5 g/L glucose, and phenol red. The SILAC kit
from Life Technologies uses L-lysine for metabolic incorporation.
Add and label one of the bottles with light L-lysine (Lys0) and
the other with heavy (U-13C6) L-lysine (Lys6) isotopes.

2. Culture one 100 � 20 mm plate of HT22 mouse to conflu-
ence in DMEM medium supplemented with 10 % FBS and
antibiotics.

3. Release cells from plate by adding 1 mL of trypsin and incubate
at 37 �C for 2 min. Resuspend cells in 10 mL of PBS, divide
into two separate centrifuge tubes and spin for 3 min at
3000 � g. Remove PBS and wash the cells again to remove
remaining medium.

4. Plate equal amounts of cells in SILAC heavy and light medium
and culture them for at least eight generations to achieve high
incorporation of the SILAC isotopes (see Note 1).

5. For the final passage, detach the cells using trypsin, resuspend
in PBS and spin according to Section 3.1, step 3. Remove the
supernatant and resuspend the cells in the respective medium.
Count living cells using a hemacytometer according to manu-
facturer’s instruction by taking a 25 μL aliquot and mix 9:1
with Trypan Blue. Seed a total of 400,000 cells per plate and let
them attach and grow for 24–48 h (see Note 2).

6. Treat one set of plates (light or heavy) and use the other as the
control set to be treated only with the vehicle solvent. A total of
1–2 mg of total protein will be required for the isolation of K63
ubiquitin targets (see Note 3).

7. Quickly wash the cells with PBS and add 1 mL of trypsin for
2 min to each plate to detach the cells. Resuspend cells in PBS,
combine both cells suspensions, and centrifuge for 3 min at
3000 � g at 4 �C to obtain the cell pellet. Remove PBS and
store at �20 �C until ready to use (see Note 4).

3.2 Immuno-

precipitation and MS

Preparation of K63

Ubiquitin Targets

1. From this point on, be mindful of keratin and other common
contaminants during sample processing for mass spectrometry.
Change gloves frequently, use clean and detergent-free labware
and tubes. Preferentially use filter tips throughout the entire
protocol. Avoid touching hair and skin, and avoid woolen
clothes.

2. Resuspend cells in 750 μL of lysis buffer containing 50 nM
K63-FLAG TUBE (see Note 5).
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3. Sonicate samples twice for 15 s at amplitude 5 using the micro-
tip. Rest the sample on ice for 1 min between sonication. Clear
the cellular lysate from debris and precipitated material by
centrifuging for 30 min at 15,000 � g at 4 �C. Cell lysis proto-
col may vary depending on cell line.

4. Transfer supernatant to a fresh tube and determine protein
concentration using the Bradford reagent.

5. Incubate the lysate for one extra hour at 4 �C under agitation to
allow further binding of K63-TUBE to the K63 ubiquitin
chains. If NP-40 buffer was used for extraction, dilute NP-40
to <0.1 %. When diluting, adjust K63-TUBE, chloroaceta-
mide, and protease inhibitor concentration accordingly
(see Note 6).

6. Conjugate the anti-FLAG antibody to the protein-G beads
while the sample is incubating at 4 �C. Gently agitate the
Protein G Dynabeads until the solution is homogeneous and
transfer 50 μL of beads to a fresh tube. Do not vortex the beads.
Place the tube in the magnetic rack and remove the storage
buffer.

7. Wash the beads with 400 μL of PBS containing 0.05 % Tween-
20 and place tube in the magnetic rack for 1 min. Remove the
supernatant and then remove the tube from the magnetic rack.

8. For 1 mg of protein extract, saturate the 50 μL beads
(30 mg/mL) with 10.5 μg of anti-FLAG antibody (7 μg of
AB/mg of beads) dissolved in 300 μL of IP wash buffer. Rotate
for 15 min at room temperature (RT), place sample in the
magnetic rack and discard the supernatant. Add more 400 μL
of wash buffer and let beads sit at 4 �C until ready to use.

9. Remove the wash buffer and incubate the beads with the pro-
tein extract for 2 h at 4 �C under agitation. Place the tubes in
the magnetic rack and save the unbound fraction for
troubleshooting.

10. Wash the beads with IP wash buffer for 5 min at RT. Transfer
beads to a fresh tube and wash four times with plain PBS buffer
without Tween. Detergent in the sample might imbue into the
column and impact peptide binding and resolving power.

11. Elute the bound proteins with 50 μL 8 M Urea buffered in
50 mM Tris–HCl pH 8.0 for 30 min at 37 �C. Repeat elution,
combine both eluates, and proceed with the preparation for
digestion (see Note 7).

12. Reduce disulfide bonds by incubating the samples with freshly
made 5 mM DTT for 45 min at 37 �C.

13. Alkylate the thiol groups by incubating the samples with
15 mM CAM for 30 min in the dark at RT. Agitate sample
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every 10 min. Quench the remaining CAM with 10 mM DTT
incubation for 15 min at 37 �C.

14. Dilute urea to <1 M with 50 mM Tris–HCl pH 8.0. Mix well
and add 3 μg of trypsin. Vortex the samples and incubate
overnight at 37 �C under agitation.

15. Stop the digestion reaction by adding formic acid to 1 % final
concentration. Protocol can be safely paused at this point and
samples stored at �80 �C.

16. Concentrate samples by speedvac to 10 to 20 μL at RT. This
step should take around 3.5 h to complete. Do not increase the
temperature, because it can promote peptide degradation. As
an alternative, lyophilization can be performed to reduce sam-
ple volume.

3.3 Sample Clean

Up Using C18

Microchromatography

Tips

1. For sample clean up, all centrifugation steps should be per-
formed at 2500 � g for 1 min at RT. Buffers are prepared as
per the manufacurer’s instructions.

2. Resuspend samples in 150 μL of C18 Equilibration Buffer.

3. Use 2-mL centrifuge tubes to collect flow-through and add the
centrifuge adaptor provided in the kit to each tube. Activate the
C18 clean up tip with 150 μL of C18 Activation Buffer and
centrifuge. Remove the flow-through and repeat this step.

4. Wash C18 tip twice by centrifugation with 150 μL of C18Wash
Buffer.

5. Change C18 tip to a new tube, load the sample and centrifuge.
Collect the flow-through and load it again. Save the flow-
through for troubleshooting.

6. Wash C18 tip twice with 150 μL of C18 Wash Buffer.

7. Move C18 tip to a new tube once again and elute with 150 μL
of C18 Elution Buffer. Collect the flow-through in a clean
tube, and elute it again (see Note 8).

8. Combine both eluates and dry the samples by speedvac to
eliminate ACN.

9. Resuspend sample thoroughly in 10 μL of equilibration buffer,
vortex well and centrifuge.

10. Transfer sample to an LC vial with pre-slit cap and visually
inspect for bubbles at the bottom of the vial. Place the vials
into a 4 �C cooled autosampler or freeze it at �80 �C until
ready to use.

3.4 LC-MS/MS 1. Pre-heat the C18 analytical column at 55 �C and acclimatize
the mass spectrometer in FT mode before loading the samples.
Run a blank or an alternative method to equilibrate the entire
system (see Note 9).
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2. Load 5 μL of the reconstituted sample onto the C18 trap
column at a flow rate of 2 μL/min. After washing the samples
in the trap column, perform peptide separation in the C18
analytical column.

3. Run the following gradient for 150 min at 250 nL/min:

Time (min) %B

0 2

2 7

110 28

126 40

130 60

136 98

146 98

150 2

4. Eluted peptides are in-line injected and analyzed in a LTQ
Orbitrap Velos equipped with an Ion Max Nanosource.

5. Design a double-play mass spectrometry method with the
following settings:

Scan settings Scan event 1 Scan event 2

Mass Analyzer FTMS Ion Trap

Mass Range Normal Normal

Resolution 60,000 –

Scan type Full Full

Polarity Positive Positive

Data type Profile Centroid

Scan Ranges (m/z) 400–1500

AGC settings FT IT

Full MS 1E6 3E4

Max ion time (ms) 500 10

Microscans 1 1
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Isolation and activation settings

Isolation width 2 m/z

Activation type CID

Collision energy (%) 35

Activation time (ms) 10

6. Dynamic Exclusion is set to one repeat count, 45 s duration,
and 90 s exclusion duration.

7. Activate ‘predict ion injection time’. Enable ‘charge state
screening’, ‘monoisotopic precursor selection’, and reject
‘unassigned’ and ‘singly-charged ions’.

8. Minimum signal threshold should be set to 2,000 counts and
the top 20 most intense ions should be selected for data-
dependent analysis.

3.5 Protein

Identification and

Quantification

1. Analyze the raw files using MaxQuant suite for quantitative
proteomics.

2. Before running the search engine, add and configure the fasta
file on the sequence tab in the Andromeda database. We rec-
ommend Uniprot fasta files.

3. Select the raw files and create an ‘experimental design’ file. If
technical replicates were run, combine them by providing the
same name in the Experiment column inside the “experimental
design template” file. Do not combine biological replicates.

4. Load your experimental design template into MaxQuant and
select the parameters below for SILAC-labeled samples
(see Note 10). If other isotopic/isobaric labels have been
used, provide the proper configuration for the heavy and light
label (see Note 11).

MaxQuant parameters

Variable modifications Oxidation (M), Acetyl
(N-term), GG (K)

Fixed modification Carbamidomethylation (C)

Multiplicity 2

Heavy labels Lys6

Max labeled amino acids 3

Enzyme Trypsin/P

Missed cleavages 2

(continued)
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(continued)

MaxQuant parameters

Max modification per peptide 5

First search ppm 20

Main search ppm 6

Decoy Reverse

Peptide, protein, and site FDR 0.1

Minimum peptide length 7

Minimum unique + razor peptide 1

Re-quantify yes

5. MaxQuant generates several tab-delimited output files. Protein
identification and quantification results are located in the pro-
tein_groups.txt file. Peptide information is contained in the
peptides.txt and evidence.txt files. The tables.pdf and para-
meters.txt files describe the output files’ content and the para-
meters used for the search, respectively.

6. For quantification purposes use Heavy/Light ratios provided
as expression values (see Note 12).

7. Remove reverse and contaminant hits from your file. Set the
minimum ratio threshold for the expression value changes, and
select the K63 targets that are varying significantly in response
to the treatment (see Note 13).

4 Notes

1. Cells with Heavy and Light amino acids can be frozen and
preserved in liquid nitrogen for later use to accelerate the
label incorporation step.

2. The number of plates depends on the cell line used. For HT22,
we use five plates for each SILAC condition to explore the role
of oxidative stress in K63 ubiquitin dynamics. Leaving cells
growing for more than 2 days will increase the basal level of
K63 ubiquitin conjugates. Keep this in mind when selecting the
time for treatment and the controls to be used. The amount of
plates, cells, and protein should be determined empirically
according to the cell line used and treatment performed.

3. A replicate with swapped SILAC labels should be performed to
identify experimental biases.

4. Alternatively, remove medium, quickly rinse the plate with PBS,
and add lysis buffer containing 0.5 %NP-40. Scrape the cells off
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the plates using disposable cell lifters. Collect the cell suspen-
sion and proceed with sonication.

5. The concentration of K63-TUBE beads should also be deter-
mined empirically. Increased concentration of K63-TUBE
might improve protein yield at the cost of linkage selectivity.
Selectivity and efficiency of the pull-down should be tested by
western blotting using the anti-K63 ubiquitin antibody (Milli-
pore, Cat. 05-1308) and the anti-K48 ubiquitin (Millipore,
Cat. 05-1307). The K63-TUBE should prevent deubiquitina-
tion [33], but keep chloroacetamide and EDTA in the buffer to
further inhibit cysteine-and metallo-DUBs.

6. Save a 5 % aliquot of the cell lysate (50–100 μg of protein) and
test for isotope incorporation. Follow the protocol from
step 12 of Section 3.2 and analyze 1 μg of sample by LC-
MS/MS. To estimate incorporation rates, calculate the median
of Heavy (H) and Light (L) raw intensities and apply the
following formula: Incorporation ¼ [H/L]/(1 + [H/L]).

7. Use freshly-made urea solution, and do not incubate samples in
temperatures higher than 37 �C. At high temperatures, pro-
teins can be carbamylated by urea, modifying the masses of
peptides. Alternative elution methods include: (1) 100 % tri-
flourethanol, (2) 0.2 M Glycine pH 2.5, and (3) 0.15 % Tri-
fluoroacetic acid. Avoid elution with 3� FLAG peptide to
prevent exogenous peptide contamination.

8. High concentrations of ACN are not recommended as they can
release lipids and hydrophobic compounds from the C18 col-
umn back into the solution.

9. Always keep the MS instrument tuned and calibrated according
to the manufacturer’s guidelines. In addition, test the spray
stability to achieve maximum performance.

10. Tryptic digest of a ubiquitinated protein generates a diGG-
lysine signature peptide [34] that has to be included in mass
spectrometry data search as variable modification.

11. For further information on MaxQuant protein quantification,
consult Cox et al. [35].

12. Do not use the ratios of the raw intensities as the protein total
ratio is calculated and normalized for the combination of pep-
tides selected. Also, do not use normalized Ratios for immu-
noprecipitation samples as the normalization assumes that the
majority of the proteins in the sample is not changing in
abundance.

13. False discovery rates (FDR) can be estimated by comparing the
distribution of the experimental expression rates to the rates
from naked agarose beads experiments or anti-FLAG precipita-
tion in the absence of K63-TUBE peptide.
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Quadrupole-Orbitrap Mass Spectrometry
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Abstract

Reversible protein phosphorylation regulates a wide variety of physiological processes and pathogenesis in
the nervous system.Highly regulated protein phosphorylation events can be both necessary and sufficient to
mediate responses of excitable cells to extracellular signals. Abnormal patterns of phosphorylation contrib-
ute to neuronal pathologies such as neurodegenerative diseases. The characterization of a large number of
phosphorylated proteins in the nervous system should elucidate molecular mechanisms underlying normal
physiology and pathogenesis. Global phosphoproteomic analysis based on mass spectrometry (MS) is a
powerful tool to identify phosphorylated proteins and locate phosphorylation sites. Here we present a
protocol for phosphorylation site profiling of hybrid mouse neuroblastoma/rat glioma NG108 cells. We
provide technical details on sample preparation, fractionation, phosphopeptide enrichment, liquid chroma-
tography, mass spectrometry, database searching, and functional annotation of phosphorylated proteins.

Keywords: Mass spectrometry (MS), Phosphoproteomics, NG108, Functional annotation, Pathway
analysis, Neurotrophin signaling pathway, Phosphorylation, Posttranslational modification (PTM),
Titanium dioxide (TiO2), Hydrophilic interaction chromatography (HILIC)

1 Introduction

Advances in genetics and genomics drive discoveries in neurosci-
ence and yield insights into neuronal diversity and function, as well
as disease. While there are fewer than 30,000 genes in the human
genome, the proteome is much larger and more dynamic [1]. This
is because: (1) most mammalian genes show alternative splicing of
transcripts, leading to different isoforms; (2) proteins are often
posttranslationally modified by proteolysis, phosphorylation, gly-
cosylation, ubiquitination, etc. The combination of various iso-
forms and different posttranslational modifications (PTMs)
creates a large pool of diverse protein species from the same gene.
Therefore, study of the proteome provides a perfect complement to
genetics and genomics in understanding nervous system function.

As many as 300 PTMs are known to occur physiologically on
proteins, and provide essential mechanisms by which cells diversify
protein function and dynamically coordinate their signaling
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networks [2]. Reversible protein phosphorylation is one of themost
common PTMs for cell regulation and signaling. It is estimated that
a third of eukaryotic proteins are phosphorylated, a result of care-
fully regulated protein kinase and phosphatase activities [2].

Classical biochemical assays to characterize protein phosphory-
lation include phosphoimaging based on the incorporation of a
32P-radiolabel and phosphorylation-specific staining using Pro-Q
Diamond. However, these methods do not provide information
regarding the phosphorylation sites and are often tedious and low-
throughput [3]. Global phosphoproteomic analysis based on MS is
a powerful technique to identify phosphorylated proteins and
locate phosphorylation sites in a high-throughput manner.

And while there is a large dynamic range in the types of phos-
phorylated species present, they are typically present at low abun-
dances, presenting challenges for MS-based phosphorylation
analysis [3]. Despite increasing scanning speeds of modern MS
instruments, sample complexity reduction and phosphopeptide
enrichment are necessary steps for global phosphoproteomic analy-
sis [4]. The most common strategy to reduce sample complexity
uses two-dimensional separations at the peptide level, where the
second separation is predominantly nanoflow reversed-phase chro-
matography (RPLC) [5]. Hydrophilic interaction chromatography
(HILIC) is a separation technique where retention increases with
increasing polarity (hydrophilicity) of peptides and has been shown
to provide the highest degree of orthogonality to RPLC among all
commonly used peptide separation modes [6]. Titanium dioxide
(TiO2) chromatography and immobilized metal affinity chroma-
tography (IMAC) are both efficient ways to enrich phosphopep-
tides before MS analysis [7, 8].

By combing global phosphoproteomic analysis with functional
annotation and pathway analysis, a systems-level understanding of
signaling events at the cellular level can be achieved.

In this chapter, we applied a protocol for phosphorylation site
profiling of hybrid mouse neuroblastoma/rat glioma NG108 cells.
We provide technical details on sample preparation, HILIC frac-
tionation, phosphopeptide enrichment, MS analysis using a hybrid
quadrupole-Orbitrap mass spectrometer, and database searching.
We also demonstrate how to perform functional annotation and
pathway analysis of phosphorylated proteins.

2 Materials

2.1 Protein

Extraction

1. NG108 cells.

2. Costar 6-well clear TC-treated multiple-well plates # 3516
(Corning Incorporated, Corning, NY).
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3. Phosphate buffered saline (PBS) (http://cshprotocols.cshlp.
org/content/2006/1/pdb.rec8247).

4. Cell lysis buffer: 150 mM sodium chloride (NaCl), 20 mM tris
(hydroxymethyl)aminomethane-hydrogen chloride buffer
(Tris–HCl, pH 8.0), 1 % Triton X-100, 0.2 mM ethylenedia-
minetetraacetic acid (EDTA), 2 mM tyrosine phosphatase
inhibitor sodium orthovanadate (Na3VO4), 2 mM serine/thre-
onine phosphatase inhibitor sodium fluoride (NaF), and prote-
ase inhibitor cocktail tablets (cOmplete Mini, Roche,
Mannheim, Germany). Fresh phosphatase and protease inhibi-
tors should be added just before use.

5. Cell Lifter # 3008 (Corning Incorporated, Corning, NY).

6. 1.5 mL graduated microcentrifuge tubes # 05-408-129 (Fisher
Scientific, Waltham, MA).

7. Quick Start™ Bradford 1� Dye Reagent # 500-0205 (Bio-
Rad, Hercules, CA).

8. KIMTECH Science Kimwipes # 34155 (Kimberly-Clark Pro-
fessional, Roswell, GA).

9. AcetoneHPLCGrade#A949-1(FisherScientific,Waltham,MA).

2.2 In-Solution

Digestion

1. Urea buffer: 9 M Urea, 5 mM NaF, 1 mM Na3VO4, 50 mM
Tris–HCl 8.0, two tablets of protease inhibitors cocktail (cOm-
plete Mini, Roche) per 10 mL lysis buffer. Make 0.5 mL ali-
quots and store at �80 �C.

2. Ultrasonic water bath FS36 (Fisher Scientific, Waltham, MA).

3. Dithiothreitol (DTT) # 161-0611 (Bio-Rad, Hercules, CA).

4. ThermoMixer 21516-170 (Eppendorf, Hauppauge, NY).

5. Iodoacetamide #I1149 (Sigma, St. Louis, MO).

6. Ammonium bicarbonate # 09830 (Sigma, St. Louis, MO).

7. Trypsin Gold, mass spectrometry grade # V5280 (Promega,
Madison, WI).

2.3 Desalting 1. Trifluoroacetic acid (TFA) # 28904 (Thermo Fisher Scientific,
Waltham, MA).

2. Whatman pH indicator paper # 2613991 (Thermo Fisher Sci-
entific, Waltham, MA).

3. Sep-Pak tC18 1 cc Vac Cartridge (100 mg Sorbent) #
WAT03820 (Waters, Milford, MA).

4. HPLC grade Acetonitrile (ACN) # A955-4 (Fisher Chemical,
Waltham, MA).

5. HPLC grade Water # W5-4 (Fisher Chemical, Waltham, MA).

6. Savant SpeedVac SC110 Vacuum Concentrator (Thermo
Fisher Scientific, Waltham, MA).
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7. Washing buffer: 2 % ACN and 0.1 % TFA.

8. Elution buffer: 80 % ACN and 0.1 % TFA.
2.4 HILIC

Chromatography

1. Agilent 1100 Series HPLC System (Agilent Technologies,
Santa Clara, CA).

2. GILSON FC 203 B Fraction Collector (Gilson, Middleton, WI).

3. Isopropanol # A451-4 (Fisher Chemical, Waltham, MA).

4. Mobile phase A: 0.1 % TFA.

5. Mobile phase B: 0.1 % TFA, 99.9 % ACN.

6. Mobile phase C: 100 % Isopropanol.

7. Mobile phase D: 75 % ACN.

8. BSA peptides (5 μg/μL, in 80 % mobile phase B and 20 %
mobile phase A).

9. TSKgel Amide-80 column packed with 5 μm spherical silica
particles (Tosoh, Grove City, OH).

2.5 TiO2
Phosphopeptide

Enrichment and

Cleanup

1. Solid Phase Extraction Disk with octyl group (C8) # 2214 (3M
Empore, St. Paul, MN).

2. Titansphere TiO2 10 μm # 5020-75010 (GL Science, Japan).

3. 0.5 mLMicrocentrifuge tubes # 05-408-120 (Fisher Scientific,
Waltham, MA).

4. 10 μL Low-Retention pipet tips # 02-717-134 (Fisher Scien-
tific, Waltham, MA).

5. Ammonium hydroxide solution (NH3·H2O) # 338818
(Sigma, St. Louis, MO).

6. Conditioning buffer A: 0.1 % TFA and 99.9 % ACN.

7. Conditioning buffer B: 3 % TFA and 60 % ACN.

8. Washing buffer A: 3 % TFA and 30 % ACN.

9. Washing buffer B: 0.1 % TFA and 80 % ACN.

10. Elution buffer A: 3 % NH3·H2O.

11. Elution buffer B: 1.5 % NH3·H2O and 50 % ACN.

2.6 LC-MS/MS

Analysis

1. EASY-nLC 1000 Liquid Chromatograph #LC120 (Thermo
Fisher Scientific, Waltham, MA).

2. Q Exactive™Hybrid Quadrupole-Orbitrap Mass Spectrometer
(Thermo Fisher Scientific, Waltham, MA).

3. PeproSil-Pur C18-AQ 3 μm resin # r15.aq. (Dr. Maisch
GmbH, Ammerbuch-Entringen, Germany).

4. PicoFritTM SELF/P column # PF360-75-10-N-5 (New
Objective, Woburn, MA).

5. 11 mm Plastic Crimp/Snap Top Autosampler Vials # C4011-
13 (Thermo Fisher Scientific, Waltham, MA).
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6. Mobile phase A: 0.1 % TFA.

7. Mobile phase B: 0.1 % TFA, 99.9 % ACN.
2.7 Bioinformatics 1. MaxQuant software (Version 1.2.7.0, Max Planck Institute of

Biochemistry).

2. A personal computer (PC) with 48 GB of RAM, Intel Xeon
Processor E5645 (12 M Cache, 2.40 GHz, 5.86 GT/s Intel
QPI), and 1TB SSD Drive.

3 Methods

3.1 Protein

Extraction and

Precipitation

1. Wash cell culture plate (6-well format) with ice-cold PBS
(2 mL/well) two times.

2. After the second wash, place plates on ice and tilt the surface
from horizontal by an angle (see Note 1).

3. Remove residual PBS and add 50 μL lysis buffer to each well
(see Note 2).

4. Use cell lifter to scrape cells to the side of the well where lysis
buffer resides.

5. Collect cell lysates into 1.5 mL microcentrifuge tubes.

6. Estimate the volume of the cell lysate and adjust the concentra-
tion of Triton X-100 to 1 % (v/v) by adding 20 % Triton X-100
to the cell lysate (see Note 3).

7. Incubate the cell lysate on ice for 15 min.

8. Centrifuge at 15, 000 � g for 10 min at 4 �C to remove cell
debris.

9. Transfer the supernatant fluid to a new 1.5 mLmicrocentrifuge
tube.

10. Measure protein concentration using Bradford protein assay.

11. Aliquot one volume of supernatant fluid (protein concentra-
tion >3 mg/mL) into each 1.5 mL microcentrifuge tube (see
Note 4).

12. Add four volumes of cold acetone (�20 �C) to each tube to
precipitate proteins.

13. Keep the mixture at �20 �C overnight. You will see protein
pellet the next morning.

14. Spin down the pellet at 3000 � g for 2 min (see Note 5).

15. Reverse tubes and dry on top of a Kimwipe.

16. Protein pellet can be kept at �80 �C.

3.2 In-Solution

Digestion

1. Thaw out aliquots of Urea buffer at room temperature (see
Note 6).
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2. Add appropriate amount of Urea buffer to protein pellet
(120 μL Urea buffer per mg protein).

3. Brief sonication in ultrasonic water bath can help to dissolve the
protein pellet.

4. Add 1 M DTT to a final concentration of 5 mM. Incubate
at 50 �C for 20 min with mixing at 700 RPM in ThermoMixer
(see Note 7).

5. Add 1M freshly made iodoacetamide to a final concentration of
14 mM. Incubate at room temperature for 20 min in the dark.

6. Add additional 1MDTT to increase the DTTconcentration an
additional 5 mM (total concentration 10 mM) and incubate at
room temperature for 20 min.

7. Dilute the solution with 25 mM ammonium bicarbonate to
make urea final concentration to 1.6 M.

8. Add 1 M CaCl2 to a final concentration of 1 mM.

9. Add trypsin with an enzyme:substrate ratio of 1:200.

10. Incubate with mixing at 300 RPM at 37 �C overnight in
ThermoMixer.

3.3 Desalting 1. Add 10 % TFA to a final concentration of 0.4 %. Make sure the
pH of the solution is below 2 using pH indicator paper.

2. Centrifuge at 20,000 � g for 5 min at room temperature and
discard the pellet.

3. Add 1 mL of 100 % ACN to activate the Sep-Pak tC18 1 cc Vac
Cartridge.

4. Allow the solution to drain by gravity (see Note 8).

5. Equilibrate the cartridge by passing through 1 mL washing
buffer.

6. Add peptides onto the cartridge and allow them to bind to the
sorbent until all solution passes through.

7. Wash the cartridge with 2 mL washing buffer.

8. Elute with 1 mL of 80 % ACN/0.1 % TFA.

9. Dry the eluate by vacuum centrifugation in a SpeedVac with the
heat off.

10. A white fluffy powder should remain after drying.

3.4 HILIC

Chromatography

1. Resuspend dried peptides in 100 μL 20 % mobile phase A and
80 % mobile phase B.

2. Sonicate in an ultrasonic water bath for 5 min to help dissolve
the peptides.

3. Centrifuge the sample at 20,000 � g for 5 min and keep the
supernatant fluid.

4. Inject 100 μL 20 % mobile phase A and 80 % mobile phase B
into the sample loop to equilibrate it (see Note 9).

132 Fang-Ke Huang et al.



5. Load the entire peptide sample into the sample loop and start
the gradient (Table 1) for HILIC fractionation.

6. Collect 18 four-min fractions from min 0 to 64.

7. Dry down each fraction by vacuum centrifugation in the
SpeedVac with the heat off.

3.5 TiO2
Phosphopeptide

Enrichment and

Cleanup

1. Dissolve peptides in 20 μL conditioning buffer B in the tube [9].

2. Sonicate in an ultrasonic water bath for 5 min.

3. Centrifuge at 20,000 � g for 5 min and keep the supernatant
fluid.

4. Make C8 StageTips (See Note 10) [10].

5. Place the StageTips on top of 10 μL tips. Insert the assembly
into an empty 0.5 mL microcentrifuge tube.

6. Wet StageTips with 20 μL conditioning buffer A by spinning at
750 � g for 2 min or until all liquid passes through.

7. Equilibrate the StageTips with 20 μL conditioning buffer B.

8. Place the StageTips on top of new 10 μL tips. Insert the
assembly into new 0.5 mL microcentrifuge tubes.

9. Load samples into StageTips and centrifuge at 750 � g for
3 min or until all liquid passes through and collect the flow
through.

10. Make new StageTips (seeNote 10). Add ~ 1 μL (3 mm length)
TiO2 beads in conditioning buffer A on top of the C8 plug.

11. Wash it with 20 μL conditioning buffer A at 320 � g until all
liquid passes through. Record the time for all liquid to pass
through. A rate of 3–5 μL/min is recommended. Adjust the
relative centrifugal force if necessary.

12. Equilibrate StageTips with 20 μl of conditioning buffer B by
spinning at 320 � g until all liquid passes through.

Table 1
Gradient used for separation of tryptic peptides by HILIC chromatography

Time (min) Duration (min) Buffer B (%) Flow (mL/min)

0 N/A 80 0.3

5 5 80 0.3

40 35 60 0.3

55 15 0 0.3

65 5 0 0.3
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13. Place StageTips on another 10 μL tip. Load peptide samples
into the StageTips. Centrifuge at 320 � g until all liquid passes
through.

14. Save flow-through samples and store at �80 �C (see Note 11).

15. Wash with 20 μL conditioning buffer B at 320 � g until all
liquid passes through.

16. Wash with 20 μL washing buffer A at 320 � g until all liquid
passes through.

17. Wash with 20 μL washing buffer B at 320 � g until all liquid
passes through.

18. Place StageTips on new 10 μL tips and transfer the tips to new
0.5 mL tubes.

19. Elute with 20 μL elution buffer A at 320 � g until all liquid
passes through.

20. Elute with 20 μL elution buffer B at 320 � g until all liquid
passes through.

21. Dry down the combined eluent by vacuum centrifugation in a
Speedvac with heat off (see Note 12).

3.6 LC-MS/MS

Analysis

1. Reconstitute dried samples in 10 μL 4 % FA and 2 % ACN.

2. Centrifuge samples at 20,000 � g for 5 min.

3. Load the supernatant fluid into autosampler vials (seeNote 13).

4. A nanoflow EASY-nLC 1000 HPLC instrument was coupled
directly to a Q Exactive mass spectrometer with a nanoelec-
trospray ion source [11]. Chromatography columns were
packed in-house with PeproSil-Pur C18-AQ 3 μm resin.

5. Enriched phosphopeptides were loaded onto a C18-reversed
phase column (15 cm long, 75 μm inner diameter) and sepa-
rated with a linear gradient listed in Table 2 over 140 min.

Table 2
Gradient used for separation of phosphopeptides by C18-reversed phase
column

Time (min) Duration (min) Buffer B (%) Flow (nL/min)

0 N/A 0 250

1 1 3 250

121 120 30 250

131 10 60 250

140 9 90 250
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6. The Q Exactive was operated in data-dependent acquisition
mode. The method dynamically chose the top ten most abun-
dant precursor ions from the survey scan (300–1650 Th) for
HCD fragmentation. Survey scans were acquired at a resolu-
tion of 70,000 at m/z 200 and a target value of 3 � 106 ions
with a maximum fill time of 20 ms. MS/MS scans were set to a
resolution of 17,500 at m/z 200 using 1 � 106 ions as the
target value and a maximum fill time of 60 ms. Spectra were
acquired with a normalized collision energy of 27 eV and a
dynamic exclusion duration of 45 s.

3.7 Bioinformatics

3.7.1 Protein and

Phosphorylation Site

Identification

1. The data analysis was performed with MaxQuant software
(Version 1.2.7.0, Max Planck Institute of Biochemistry) sup-
ported by the Andromeda search engine [12, 13]. MS/MS
data were used to search a UniProt Mouse/Rat FASTA data-
base. Mass tolerance for searches was set to maximum 7 ppm
for peptide masses and 20 ppm for HCD fragment ion masses.
Searches were performed with carbamidomethylation as a fixed
modification, and protein N-terminal acetylation, methionine
oxidation, and STY phosphorylation as variable modifications.
A maximum of two missed cleavage was allowed while requir-
ing strict trypsin specificity. Peptides with a minimum sequence
length of seven were considered for further data analysis. Pep-
tides and proteins were identified with a false discovery rate
(FDR) of 1 %.

2. The Evidence file is one of the output files generated by Max-
Quant. The Evidence file combines all the available informa-
tion about the identified peptides. When the column “Reverse”
or “Contaminant” is marked with “+”, this particular “evi-
dence” should be removed before further data analysis. After
removing “Reverse” or “Contaminant,” the evidence file in our
dataset contained 67,075 entries, which corresponds to 37,769
peptides, 21,355 phosphorylation sites, and 7586 protein
groups (Table 3).

3. The Phospho (STY) Sites file contains information on the
identified phosphorylation sites in the processed raw files.
When the column “Reverse” or “Contaminant” is marked
with “+”, these phosphorylation sites should be removed
before further data analysis. Localization probability is the

Table 3
A summary of number of evidence spectra, peptides, phosphorylated
sites, and protein groups identified in the dataset

Evidence Peptides Phosphorylated sites Protein groups

67,075 37,769 21,355 7586
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confidence level of assignment of the phosphorylation sites by
MaxQuant. When we plot the distribution of localization prob-
abilities of identified phosphorylation sites as shown in Fig. 1,
the majority of phosphorylation sites have a localization proba-
bility of around 100 %.

4. Figure 2 showed the number of phospho- and nonphospho-
peptides in each fraction after TiO2 enrichment. Phosphopep-
tides dominated in later fractions (9–18) while more nonpho-
sphopeptides were identified in early fractions (4–8).

3.7.2 Functional

Annotation and Pathway

Analysis Using DAVID

Bioinformatics Resources

1. Based on the Phospho(STY)Sites table, we created a gene list
for phosphorylated proteins (see Note 14).

2. Submit the gene list to DAVID at http://david.abcc.ncifcrf.
gov and click on “Start Analysis” on the header [14]. Use the
gene list manager panel and perform the following steps:

(a) Copy and paste the list of gene IDs into box A.

(b) Select the “OFFICIAL_GENE_SYMBOL” as gene identi-
fier type.

(c) Indicate the list to be submitted as a gene list (seeNote 15).
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Fig. 1 Distribution of phosphorylation site localization probabilities. MaxQuant
software was used to perform phosphorylation site localization. Phosphorylation
site localization probabilities in the Phospho (STY) Sites file were plotted in the
histogram. The majority of phosphorylation sites have a localization probability of
around 100 %
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(d) Click on the “Submit List” button.

(e) Under Gene List Manager, select one or more species
to limit annotations and click on “Select Species”
(see Note 16).

(f) Under Population Manager, select the same species as back-
ground and click on “Use.”

3. Analysis Wizard page will indicate whether the gene list is
submitted successfully.

4. If so, click on the “Functional Annotation Tool” link, and the
Annotation Summary Results page will appear.

5. Click on “Functional Annotation Chart.” You should expect
the term “phosphoprotein” to appear on top of the chart with
the highest count and lowest P-Value (Fig. 3a) [15, 16].

6. Expand “Pathways” box and select “Chart” behind KEGG_-
PATHWAY. A list of pathways will appear (Fig. 3b).

7. Click on “ErbB signaling pathway” to view genes in the ErbB
signaling pathway picture. Genes with blinking red stars are in
the gene list submitted to the DAVID server (Fig. 4a).
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Fig. 2 Number of phospho- and nonphosphopeptides in each fraction after TiO2
enrichment. Eighteen fractions were collected after HILIC chromatography and
phosphopeptides were subsequently enriched from each fraction by TiO2 Stage-
Tips. Phosphopeptides dominated in later fractions (9–18) while more nonpho-
sphopeptides were identified in early fractions (4–8)
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8. Click on “Neurotrophin signaling pathway” to view genes in
the neurotrophin signaling pathway picture. Genes with blink-
ing red stars are in the gene list submitted to the DAVID server
(Fig. 4b).

4 Notes

1. Residual PBS can dilute the lysis buffer, resulting in inefficient
cell lysis. Tilting the culture plate surface helps to remove
residual PBS.

2. The choice of lysis buffer volume is a balancing act. Too little
lysis buffer will not cover the entire surface area. Too much will
dilute the protein concentration in the lysate. Diluted lysate is
difficult to precipitate.

3. We recognize that residual PBS cannot be removed completely.
Also, cells contribute to the volume. These two factors lead to a
dilution of lysis buffer and decrease its lysis efficiency. We find
that adjusting Triton X-100 to a final concentration of 1 % (v/
v) increases protein extraction efficiency.

a

b

Fig. 3 Layout of a DAVID annotation chart and a KEGG_PATHWAY category. A gene list was created from the
Phospho(STY)Sites table and submitted to DAVID for functional annotation. (a) “Phosphoprotein” was the top
enriched functional annotation term associated with the genes. (b) ErbB signaling pathway and neurotrophin
signaling pathway were among the top five pathways in KEGG_PATHWAY category
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Fig. 4 Phosphoproteins identified in ErbB and neurotrophin signaling pathways. A detailed view of phospho-
proteins covered in ErbB and Neurotrophin signaling pathways. Phosphoproteins identified in the ErbB
signaling pathway (a) and neurotrophin signaling pathway (b) were marked with red stars. In the ErbB
signaling pathway, 28 out of 36 known downstream effector proteins were identified. In the neurotrophin
signaling pathway, 35 out of 68 known downstream effector proteins were identified
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4. For each 1.5 mL microcentrifuge tube, the volume should not
exceed 300 μL. Six hundred microgram lysate per tube has
been tested and can be dissolved by urea buffer.

5. Higher speed and longer time will result in a more compact
pellet, which is more difficult to dissolve later.

6. If the urea buffer aliquots are thawed on ice, insoluble particles
will appear and cannot dissolve. We recommend thawing it at
room temperature.

7. Do not incubate at a temperature higher than 60 �C or for too
long, as urea-based carbamylation of lysines and protein N-
termini can occur.

8. Do not let the sorbent dry. Dried sorbent will decrease binding
efficiency.

9. Using sample buffer to equilibrate the sample loop will help the
subsequent HILIC fractionation. We recommend equilibrating
the system for at least 20 min before loading your sample.

10. Do not apply too much force when filling in the disks into the
tip, otherwise it will require a higher speed and longer time for
the liquid to pass through.

11. Keep the flow-through of the samples. They may be used to
analyze the phosphopeptide enrichment efficiency or
nonphosphopeptides.

12. Dry the combined eluent immediately after the elution. Pep-
tides tend to be unstable in alkaline solution. Dried peptides
can be stored at �80 �C.

13. It is important to load samples to the bottom of the vial and
avoid generating bubbles.

14. Because DAVID does not allow lists of >3000 symbols to be
uploaded, we chose phosphorylation sites with Andromeda
score �131. We ended up with 2991 unique genes. DAVID
recognized 2567 of them and converted them to DAVID IDs.

15. DAVID has an automatic procedure to “guess” the back-
ground as the global set of genes in the genome on the basis
of the uploaded gene list. In our case, DAVID selected theMus
musculus genome as a population background. Users also have
the freedom to choose their own “gene population back-
ground” for enrichment analysis in the population manager.

16. We chose Mus musculus as the species because 2567 proteins
are annotated in Mus musculus compared to in Rattus norvegi-
cus (2396).
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Phosphoproteomics of Tyrosine Kinases
in the Nervous System

Robert J. Chalkley and Ralph A. Bradshaw

Abstract

Protein phosphorylation represents one of the most prevalent posttranslational modifications (PTMs) in
mammalian cellular processes and is most easily identified/measured by mass spectrometry or with specific
recognition molecules, such as antibodies, usually in an array format. Phosphorylation of the phenolic
group of tyrosine occurs to a much lesser extent than on the hydroxyl side chains of serine and threonine,
but because of its principal involvement in the initiation of intracellular signaling events, its determination is
of singular importance. Generally, it can be most easily identified in bottom-up proteomic analyses in which
the germane peptides bearing the pTyr residue(s) have been first concentrated with anti-pTyr sera. Levels of
pTyr in resting cells are quite low, so it is most readily measured in samples following a bolus stimulation,
such as by a growth factor like nerve growth factor (NGF), after a period of 1–2 min. The identification of
the modified residue and its location in the sequence of the peptide can be determined following collision
induced dissociation of the precursor peptide in the mass spectrometer and the observation of fragment
ions that frame the modification site. Quantification can be accomplished using either isotope or non-
isotope dependent methodology. Targeted proteomics of individual sites, once they have been ascertained,
can allow for detailed analyses of the involvement of individual sites in the biological processes under
investigation.

Keywords: Mass spectrometry, Signal transduction, Neurotrophic factors, Receptor tyrosine kinases,
Soluble tyrosine kinases, Protein tyrosine phosphatases, SH2 and PTB domains, Bottom-up proteo-
mics, Immunoprecipitation, Database search engines

1 Introduction

Posttranslational modifications (PTMs) are the principal mecha-
nism for perpetrating signals that originate in the extracellular
environment and are ultimately manifested in modulations in
gene expression leading to phenotypic change [1]. While such
changes require new protein synthesis, short term stimuli are
dependent on the activation of pre-existing proteins either by
covalent modification, by protein-protein interactions, or both.
There are a large number of PTMs that are involved in signal
transduction, some of which are transient (reversible) and some of
which are basically permanent and require the turnover of the
protein itself to eliminate the effect imparted by the modification.
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Atour present level of understanding, phosphorylation (Ser, Thr,Tyr),
GlcNAcylation (Ser, Thr), N-acetylation (Lys), and ubiquitination
(Lys) are themost important of the reversiblemodifications, although
it is clear that the full range of their effects and the complete scope of
their involvement in cellular processes has not been elucidated.Histor-
ically, phosphorylation was probably the earliest reversible PTM to be
identified [2] and was considered for a number of years as being
primarily important as a mechanism for controlling enzyme activity
through the alteration of specific Ser or Thr residues. The discovery of
tyrosine phosphorylation in viral [3] and then signaling systems [4],
rapidly expanded the appreciation of the important role it played in cell
signaling. The advent of large-scale (often called shotgun) proteomic
experiments, made possible by the introduction of mass spectrometric
ionization methodologies suitable for fragile biomolecules (ESI and
MALDI) [5, 6], revealed the enormous extent to which phosphoryla-
tion occurs, even in unstimulated cells [7]. It is now known that the
phosphoproteome of any given cell type may run to tens of thousands
of sites andmay involvemost of the expressed proteomeof a cell [7–9].
Although the most detailed studies have been in transformed cell
lines, the phosphoproteome of nervous tissue is anticipated to be as
broad, although there are no detailed demonstrations of this yet
[10]. These large-scale mass spectrometric analyses were also
responsible for establishing the wide spread distribution of the
other modifications [11].

Large-scale phosphoproteomic experiments are generally based
either on static (unstimulated) or dynamic (stimulated) samples,
and this is well illustrated by experiments conducted with nervous
tissue. An example of the former is analyses of synaptosomal pre-
parations [12, 13]. These measurements show the basal levels of
phosphorylation. However, samples from different brain regions
can be compared, or the effects of drugs or other treatments on the
modification patterns compared to untreated controls can provide
activity-related data [13]. In contrast, the acute responses of target
cells to external signaling molecules, usually inducing their effects
through plasma membrane-bound receptors, can be measured
kinetically and thus related to intracellular signaling (and ultimately
transcriptomic and phenotypic) responses. The profile of the phos-
phoproteome changes dramatically during acute stimulation
because of the transient nature of the phosphorylation modification
and the abundance of protein phosphatases. Thus, experiments
usually focus on significant changes relative to controls (both
increases and decreases), which substantially reduces the number
of proteins identified as regulated. This is particularly true with
respect to the number and quantity of the phosphotyrosine pep-
tides detected. In samples from unstimulated tissues the phospho-
proteome is dominated by pSer and pThr sites, whereas pTyr
modifications are generally about 1 % or less of the total
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identifications [3, 7]. In stimulated samples, the levels of pTyr are
highest in the early time points (usually 1–2 min after the response
is initiated) and samples are normally treated with phosphotyrosine
phosphatases inhibitors, such as orthovanadate, before analysis to
preserve these readily reversed modifications. Samples from stimu-
lated cells taken at longer time points (5 min and beyond) are, like
unstimulated samples, largely composed of pSer and pThr peptides
[7].

The domination of the phosphoproteome by hydroxyl modifi-
cations in mammalian cells is also reflected in the kinome, i.e., the
distribution and expression of protein kinases. There are over 500
protein kinases annotated from the human genome, of which only
90 are specific for tyrosine [14]. These are divided between the
transmembrane receptor tyrosine kinases (RTKs) (58 members)
and the soluble (or non-receptor) group (32 members). Both are
involved in signal transduction. The former group provides the loci
for many of the neurotrophic factors that are responsible for neu-
ronal growth, differentiation and survival (or lack thereof), while
the latter group interacts with a variety of other signaling entities to
perpetrate intracellular signals. In one case (the JAKs), they are the
principal mediators of a class of receptors that do not have kinase
domains as an integral part of their structure. Thus they play a
comparable role to the tyrosine kinase domains of the RTKs.
Some members of this cytokine class of receptors have important
neurotrophic ligands [15].

Neurotrophic factors are generally defined as humoral agents
that stimulate neuronal targets in either the peripheral or central
nervous systems (or both). Nerve growth factor (NGF) was the first
of this class of substances to be identified as such and it is generally
held to be the patriarch of the family [16]. It is one of a group of
four neurotrophins that utilize one of the RTK subfamilies, i.e., the
Trks [17, 18]. However, many of the other subfamilies are also
expressed in various parts of the nervous system, making their
ligands neurotrophic, at least in part, as well. In fact, most, if not
all of the neurotrophic factors identified to date have both neuronal
and non-neuronal targets. Thus it is more accurate to refer to these
substances as having neurotrophic activity as opposed to being
specifically neurotrophic. The importance of this distinction is
that studies of signaling responses of substances such as insulin or
epidermal growth factor (EGF) in non-neuronal targets may have
relevance to neuronal responses as well.

The unbiased determination of phosphorylated residues in
tissue samples and extracts, including from neuronal paradigms, is
usually carried out by mass spectrometric analysis of protein pro-
teolytic digests that have undergone a phosphopeptide enrichment
step to concentrate phosphorylated peptides. In samples that have
been stimulated (which includes most pTyr measurements), quan-
tification is also required. This can be accomplished by spectral
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counting (or other non-isotope-based methods) or by the intro-
duction of isotopic labels. SILAC (stable isotope labeling of amino
acids in culture) [19] and chemical tagging approaches such as
iTRAQ [20], where isobaric tags are introduced into the peptides
after proteolysis of the sample but prior to fractionation, are among
the most commonly employed. The choice of the method of quan-
tification utilized is governed by the nature of the sample (e.g.,
metabolic labeling is generally not possible in primary tissue), the
number of samples/conditions that are sought be compared, and
resources available.

The method of concentration of the phosphopeptides repre-
sents the onlymajor distinction between studies that are designed to
determine pTyr modifications and those that mainly identify pSer-
and pThr-labeled sites. The most commonly utilized enrichment
methods for phosphopeptides involvemetal (or metal oxide) affinity
chromatography (IMAC; TiO2; Ti

4+[21–23]). However, for pTyr-
labeled peptides the method of choice is to use immunoprecipita-
tion (IP). pTyr clearly provides a better epitope than do pSer and
pThr: antibodies against these epitopes all show sequence specificity
and have not proven to be particularly useful in IP-based protocols.
There are several antibodies that have excellent specificity for the
modified phenol but are not particularly sequence specific and these
have been shown to be effective in precipitating a broad range of
pTyr containing peptides. As already noted, most protocols usually
also incorporate phosphatase inhibitors. Details of the IP protocol
(which distinguishes it from phosphoproteomic experiments to
measure pSer and PThr) are given in the next section.

It should be noted that once information has been obtained
regarding a site of modification, targeted mass spectrometry mea-
surements or the development of site-specific antibodies can be
utilized in place of broad-scale experiments, and these approaches
generally have the capacity to screen a larger number of samples in a
quantitative fashion.

2 Materials

See Note 1

2.1 Cell Lysis and

Protein Digestion

1. Lysis Buffer ¼ 8 M urea, 1 mM sodium orthovanadate,
25 mM ammonium bicarbonate pH 8 (or 20 mM HEPES
pH 8). Make fresh immediately before use (see Note 2).

2. 50 mM Tris (2-carboxyethyl)phosphine (TCEP) or 5 mM
dithiothreitol (DTT) dissolved in 25 mM ammonium bicar-
bonate pH 8 (or 20 mM HEPES, pH 8).
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3. 100 mM iodoacetamide dissolved in 25 mM ammonium bicar-
bonate, pH 8 (or 20 mMHEPES, pH 8). Make solution fresh:
light sensitive.

4. 25 mM ammonium bicarbonate.

5. TPCK-modified trypsin (e.g., sequencing-grade modified tryp-
sin from Promega, Madison, WI) dissolved in 25 mM ammo-
nium bicarbonate.

6. 20 % TFA in water.

2.2 Peptide

Purification

1. Sep-Pak C18 columns (Waters, Milford, MA).

2. 0.1 % TFA in water.

3. 50 % acetonitrile, 0.1 % TFA.

2.3 Immunopre-

cipitation (IP) of

Phosphotyrosine-

Containing Peptides

1. Phosphotyrosine mAb P-Tyr-100 beads (Cell Signaling Tech-
nology, Danvers, MA).

2. IP Buffer: 50 mM 3-(N-morpholino)propanesulfonic acid
(MOPS), pH 7.2, 10 mM sodium phosphate, 50 mM NaCl
(store at 2–8 �C).

3. 0.15 % TFA in water.

2.4 Phosphopeptide

Desalting

1. C18 Tips: either ZipTips (Millipore, Billerica, MA) or OMIX
tips (Agilent, Santa Clara, CA).

2. 20 % TFA in water.

3. 0.1 % TFA in water.

4. 50 % acetonitrile, 0.1 % TFA.

2.5 Liquid

Chromatography:

Mass Spectrometry

See Note 3.

1. Nanoacquity (Waters, Milford, MA).

2. BEH130 C18 75 μm ID � 150 mm UPLC column (Waters,
Milford, MA).

3. 0.1 % formic acid in water.

4. 0.1 % formic acid in acetonitrile.

5. Q-Exactive Plus mass spectrometer (Thermo, San Jose, CA).

2.6 MSMS Data

Analysis

1. Proteowizard (proteowizard.sourceforge.net).

2. Protein Prospector (prospector2.ucsf.edu).

3. Excel (Microsoft, Redmond, WA) or alternative spreadsheet
software.

3 Methods

See Note 4.
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3.1 Cell Lysis and

Protein Digestion

1. Lyse cells by homogenizing then sonicating in 2 ml lysis buffer.

2. Add 1/10 volume 50 mM TCEP (or DTT; see Note 5). Mix
well, and then incubate at 55�C for 20 min.

3. Allow solution to cool to room temperature, and then add
equal volume of 100 mM iodoacetamide solution as TCEP
solution added in step 2. Incubate in the dark for 40 min.

4. Dilute solution fourfold with 25 mM ammonium bicarbonate
to a final concentration of less than 2 M urea, then add 1/50
w/w TPCK-trypsin dissolved in 25 mM ammonium bicarbon-
ate (e.g., if starting with 10 mg protein, then add 200 μg
trypsin) and digest overnight at 37�C (see Note 6).

5. Stop the digestion and acidify the solution by adding 1/20
volume 20 % TFA (to give final concentration of 1 % TFA).

3.2 Peptide

Purification

See Note 7.

1. Centrifuge the acidified sample solution for 5 min at 1800 � g
to pellet any precipitate.

2. Connect 10 ml plastic syringe (with plunger removed) to the
shorter end of the Sep-Pak column.

See Note 8.

3. Pre-wet column with 5 ml 50 % ACN, 1 % TFA.

4. Equilibrate column with 2 � 3 ml 0.1 % TFA.

5. Load supernatant from acidified sample solution.

6. Wash with 2 � 3 ml 0.1 % TFA.

7. Elute peptides with 2 � 2 ml 50 % ACN, 0.1 % TFA, collecting
eluate.

8. Lyophilize/vacuum centrifuge to dryness.
See Note 9.

3.3 Immunopre-

cipitation

of Phosphotyrosine-

Containing Peptides

1. Resuspend peptides in 1.4 ml IP buffer. Briefly sonicate to assist
resuspension. Allow 5 min for peptides to redissolve under
gentle shaking.

2. Cool sample on ice.

3. Transfer sample into microfuge tube containing phosphotyro-
sine antibody beads (80 μl slurry), and then incubate at 4�C for
30 min on a rotator.
See Note 10.

4. Centrifuge at 1500 � g for 1 min and remove supernatant.
See Note 11.

5. Wash beads for 1 min with 1 ml IP buffer by inverting the tube
multiple times, and then centrifuge at 1500 � g. Remove
supernatant.

148 Robert J. Chalkley and Ralph A. Bradshaw



6. Repeat step 5.

7. Wash beads with 1 ml water by inverting the tube multiple
times. Centrifuge at 1500 � g and get rid of the supernatant.

8. Repeat step 7.

9. Add 60 μl 0.15 % TFA to the beads, tap the tube on the bench a
couple of times to ensure mixing, and then incubate at room
temperature for 10 min.

10. Remove and collect the supernatant.

11. Repeat steps 9 and 10, combining the supernatants.

3.4 Phosphopeptide

Desalting

See Note 12.

1. Pre-wet column with 50 μl 50 % ACN, 1 % TFA.

2. Equilibrate column with 50 μl 0.1 % TFA.

3. Load sample.

4. Wash with 50 μl 0.1 % TFA, and then repeat this step (i.e.,
2 � 50 μl washes).

5. Elute peptides with 2 � 20 μl 50 % ACN, 0.1 % TFA, collect-
ing eluate.

3.5 Liquid

Chromatography:

Mass Spectrometry

See Note 13.

1. Attach BEH130 C18 75 μm ID � 150 mm UPLC column to
NanoAcquity.

2. Make solvent A ¼ 0.1 % formic acid in water; solvent
B ¼ 0.1 % formic acid in acetonitrile.

3. Set flow rate at 300 nl/min, and starting condition as 2 %
solvent B. Allow 15 min for column to equilibrate at starting
conditions.

4. Run sample using gradient:

Time (min) % Solvent B

0 2

100 30

105 50

106 2

120 2

5. Mass spectrometry data should be acquired using the
QExactive Plus in a data-dependent analysis approach where
the top 10 precursors are automatically selected for MS/MS
analysis.
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6. MS data should be acquired at a resolution of 70,000 in profile
mode, whereas MS/MS should be acquired at a resolution of
17,500 in centroid mode.

7. Target AGC for MS scans should be 2 � 106 and for MS/MS
5 � 104.

8. Use a normalized collision energy of 25. Dynamic exclusion
should be set for 30 s.

3.6 MS/MS Data

Analysis

See Note 14.

1. Create mgf file from raw data file using MSConvert.
See Note 15.

2. Go to the Protein Prospector website (prospector2.ucsf.edu)
and select the program Batch-Tag Web.

3. It will ask for a username and password. If you already have an
account then log in; if you do not then click “add user” and
create an account.

4. Fill in appropriate search parameters. For protein database
select a SwissProt.xxx.random.concat database (see Note 16).
For QExactive Plus data select “Instrument” as ESI-Q-high-
res; Parent Tol 10 ppm and Fragment Tol 20 ppm. In the
Variable Mods field add Phospho (Y) as an option.

5. Browse and select the mgf file created in step 1, and then Start
Search. See Notes 17 and 18.

6. From the Search Compare page, select Report Type as “False
Positive Rate.” Hit “Compare Searches” and from the resulting
plot note the E-value threshold to employ for a 1 % FDR at the
spectrum level. See Note 19.

7. Set the Max Expect Value for protein and peptide to the value
that corresponds to a 1 � 10�2 (1 %) FDR rate according to
the False Positive Rate plot.

8. Set Report Type to “peptide” and Format to “Tab-delimited
text,” then “Compare Searches.”

9. Copy and Paste Special (as text) results into a spreadsheet
package such as Microsoft Excel.

4 Notes

1. Many of the materials required for lysis, digestion, and tyrosine
phosphopeptide purification can be purchased together as part
of the PhosphoScan P-Tyr-100 kit (Cell Signaling Technologies,
Danvers, MA). All solvents used should be of HPLC grade.

150 Robert J. Chalkley and Ralph A. Bradshaw



2. Urea forms an equilibrium with ammonium cyanate in solu-
tion, which can react with primary amino groups on proteins
forming carbamylation products. To minimize this, urea solu-
tions should either be made fresh before use or passed over
mixed bed resin before use.

3. Any combination of a nanoflowHPLC system and a high-mass-
accuracy mass spectrometer (time-of-flight or Orbitrap) will be
effective. An instrument that can perform beam-type collision-
induced dissociation (as opposed to resonant excitation in an
ion trap) is preferable, as the presence of the pTyr immonium
ion atm/z 216.04 is useful confirmation that the precursor is a
phosphopeptide, and an ion trap will not be able to trap this
fragment ion for some precursors. Example instrumentation is
provided here.

4. As tyrosine phosphorylation is a low stoichiometry modifica-
tion, it is recommended to start with at least 1 mg of protein;
preferably 10–20 mg. The cell lysis, protein digestion, and
peptide purification steps are identical to those used for global
peptide analysis, with the exception of the addition of orthova-
nadate to the lysis buffer, which is a tyrosine phosphatase
inhibitor.

5. Both TCEP and DTT are effective at reducing disulfide bonds
to free sulfhydryls. This allows the protein to unfold more
effectively, giving a proteolytic enzyme such as trypsin better
access, leading to more efficient digestion. The advantage of
TCEP is that it is active over a wider pH range, whereas if DTT
is used then the solution needs to be around pH 7–8.

6. Trypsin is not active in urea concentrations above 2 M. TPCK
modification of trypsin is generally used to reduce trypsin
autolysis so that in the subsequent peptide analysis there are
fewer peptides derived from trypsin itself. For a solution digest
such as here, where a 50-fold excess of protein to trypsin is
used, this is less of an issue. However, the TPCK modification
also increases the stability of the trypsin, making it more toler-
ant of the urea present in the solution.

7. Sep-Pak cartridges have a maximum capacity of about 20 mg
and a bed volume of a little under 1 ml. They can be used more
than once, so if you may have more sample than 20 mg, then it
is possible to repeat this protocol multiple times with aliquots
of the sample.

8. The Sep-Pak steps may be possible to complete using gravity
alone, but the plunger can be used to speed up the process.
However, flow rates should not exceed 1 ml per 10 s.

9. Sample can be stored at this point at �80 �C for months, if
necessary.
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10. For the washing steps of the immunoprecipitate, it does not
matter if there are still a few microliters of solution left after any
step, but all solution should be removed during the final elu-
tion step.

11. This supernatant will contain unmodified peptides, so depend-
ing on other interests, may be worth keeping.

12. This protocol is analogous to 3.2, except it is performed on a
smaller scale, because there will bemuch less sample at this point
(tyrosine phosphorylated peptides only). Several companies sell
C18 tips in two different sizes: 10 μl tips that typically have a
capacity of about 0.8 μg, and 100 μl tips that have a capacity of
about 8 μg. In most cases the smaller tips will have enough
capacity to bind all tyrosine phosphorylated peptides, but it is
permissible to use the larger tips if you want to make sure that
you purify all peptides, and using the larger tips means one does
not need to perform an extra concentration step at the end of
3.3. The volumes listed in the protocol are assuming use of
100 μl tips. If 10 μl tips are used, then divide all volumes by five.

C18 tips can be used by pipetting solutions up and down
through the tip. However, best results are generally achieved if
they are used like a column, loading the sample on the top of
the tip and then re-attaching the pipettor to push solution
through.

13. Electrospray (ESI) mass spectrometry is a concentration-
sensitive process, so for the highest sensitivity chromatography
is performed at sub-microliter flow rates.

14. In order to analyze the data using a database search engine it is
necessary to convert the raw data into peak list files. A free,
open-source package, Proteowizard includes a file conversion
tool called MSConvert. There are multiple output peak list
formats, but the most popular and convenient for database
searching is the mgf format.

15. There are many database search engines that can be used to
search the data. The section here describes the use of Protein
Prospector. This is free web-based software that is unusual in
having modification site localization scoring built-in, which is
important for PTM analysis. There are video tutorials that
explain the use of this software in more detail than can be
provided here (https://vimeo.com/channels/194363/
videos).

16. Searching against a SwissProt database that has a random data-
base concatenated to the end is generally most appropriate, as
SwissProt databases are the best curated, and the addition of
random sequences allows estimation of a false discovery rate for
your results [24]. Filtering by taxonomy can be appropriate,
providing the species is well represented in the database (e.g.,
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mouse or human). For a slightly less well-cataloged species,
such as rat, then a higher level taxonomy filter, such as rodent,
or even mammals may be more effective at identifying homol-
ogous sequence in related species.

17. Updates on search progress will be provided, and when the
search finishes it will automatically go to the Search Compare
page to set parameters for viewing results. One does not need
to keep this window open during searching. When a search is
finished it can be accessed at any time by selecting Search
Compare from the Protein Prospector homepage, and then
selecting the relevant project, which will have the same name
as the mgf file that was created in step 1 of the Section 3.6.

18. Search Compare allows reporting of different report types,
different thresholding and choices of columns in output. For
interactive viewing of results leave “Format” as HTML; for
exporting results to a table or spreadsheet, select “Format” as
Tab-delimited text.

Site Localization Scoring in Peptide (SLIP) scoring is auto-
matically reported, and the SLIP threshold is set at 6 as a
default. This corresponds to all site assignment results have a
score greater than 95 % confidence (and typically global site
localization results are between 98 and 99 % correct) [25].

19. It is up to the user to decide the reliability threshold at which
they wish to report their results. This plot reports an estimated
false discovery rate (FDR) at the spectrum level. The FDR at
the spectrum level is nearly always lower than at the unique
peptide level and protein level, because correct peptides are
more likely to be observed more than once, and incorrect
peptide identifications are commonly the only identification
to a particular protein, whereas correct identifications are usu-
ally to proteins identified by other peptides.
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Abstract

Mass spectrometry is a powerful tool for protein phosphorylation analysis. Collision-induced dissociation
(CID) is a widely applied fragmentation method. Complementary fragmentation techniques such as
electron transfer dissociation (ETD) and higher-energy C-trap dissociation (HCD) enhance the accurate
elucidation of phosphorylation sites. Here we present proteomic approaches used for identifying phosphor-
ylation sites of in vitro-phosphorylated neuroligin-1 (NL-1) and for identifying PINK1 substrates from
outer mitochondrial membrane proteins. Technical details on how to identify phosphorylation sites using
CID, ETD, and HCD fragmentation are described, including sample preparation, in-gel and in-solution
protein digestion, peptide separation, and data acquisition.

Keywords: Mass spectrometry, CID, ETD, HCD, Phosphorylation, CaMKII, Neuroligin, PINK1,
Ubiquitin

1 Introduction

Protein phosphorylation is an important posttranslational modifi-
cation (PTM) that controls many cellular processes and plays a
crucial role in the function of both the nervous and immune
systems [1]. Methods capable of characterizing protein phosphor-
ylation are in high demand. Since the early 1980s, when techniques
such as electrospray ionization [2] became available, coupling liq-
uid chromatography (LC) to tandem mass spectrometry (MS/MS)
[3–6] has greatly advanced the study of proteins by mass spectrom-
etry. The development of computer algorithms to search MS/MS
spectra against protein databases offers the ability to match the
spectra to peptide sequences [7, 8]. LC-MS/MS workflows allow
site-specific assignment of posttranslational modifications at the
level of the individual amino acid, becoming a powerful tool to
identify and locate the residues that are phosphorylated [9, 10].
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Studies performed on LTQ Orbitrap indicate that CID, ETD,
andHCD are complementary ion fragmentation methods; each has
its own advantages and disadvantages [11–15]. Collision-induced
dissociation (CID) is commonly employed to generate MS/MS
fragments. On triple quadrupole and quadrupole-TOF instru-
ments, a beam-type CID approach is used; while on ion trap
instruments, an ion trap CID approach is employed [16]. It has
been shown that CID works less effectively for large peptides and
highly charged peptides, and the number of structurally informa-
tive ions generated is peptide sequence dependent [17–19].
CID spectra of phosphopeptides, for example, usually generate a
dominant peak corresponding to the precursor ion with a neutral
loss of the phosphate group (HPO3 or H3PO4), and yet few
structurally significant fragments are obtained [20]. Compared to
the CID process, during which mainly b and y ions are produced,
two relatively new fragmentation techniques, electron capture
dissociation (ECD) [21] and electron transfer dissociation (ETD)
[22], generally produce c and z ions. ECD and ETD have quickly
become important complementary fragmentation techniques to
CID. They allow sequencing of larger peptides (even proteins),
fragment highly charged peptides more efficiently, and preserve
labile modifications, such as phosphorylation [20, 23, 24].
Recently, a higher-energy C-trap dissociation (HCD) fragmenta-
tion has been developed for the LTQ Orbitrap mass spectrometer
[11]. HCD is a beam-type CID, which can generate more back-
bone amide bond cleavage compared to ion trap CID [16]. Since
fragments are generated in a multiple collision cell and analyzed in
the Orbitrap, high resolution MS/MS data are acquired with no
low mass cut-off. However, compared with ion trap CID, Orbitrap
HCD scanning requires a larger time investment.

Phosphoproteomics discovery benefits from the ability to gen-
erate large datasets. However, fast acquisition speed often comes at
the sacrifice of the high quality MS/MS data needed to localize
phosphorylation sites. Building specific data acquisition methods
optimized for the experimental goal and the sample condition
facilitates a better balance between spectral quality and speed.
Here we present mass spectrometry-based methods used success-
fully in two projects: (1) Mapping phosphorylation sites on
neuroligin-1 (NL-1) [25] and (2) Identification and analysis of
PINK1 substrates [26]. A brief outline of each study is provided
for context below, followed by detailed protocols for the pertinent
MS experiments performed in each.

1. Mapping phosphorylation sites on NL-1
Ca2+/calmodulin kinase II (CaMKII) is an activity-dependent
kinase that plays a critical role in synaptic plasticity at excitatory
synapses. Neuroligins are cell adhesion molecules that are loca-
lized in the postsynapse [27–30]. NL-1 is predominately
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expressed at excitatory synapses with its ability to induce
synaptogenesis dependent on CaMKII [25, 31]. To determine
if CaMKII can phosphorylate NL-1, we produced GST fusion
proteins of the intracellular tail of NL-1 and performed in vitro
kinase assays on the fusion proteins. Following the reaction,
we purified GST-NL-1 by SDS-PAGE, and NL-1 protein
bands were digested with chymotrypsin. The extracted
peptides were desalted and then separated with a 15 cm nano-
column. The LC-MS/MS data were acquired on an Orbitrap
Elite in a data-dependent decision tree (DDDT) fashion [32].
A phosphopeptide was detected on GST-NL-1. The CID and
ETD spectra were obtained for the triply and quadruply
charged phosphopeptide, respectively. The phosphorylation
site on the peptide 730RRCSPQRTTpTNDLTHAPEEEIM751

was identified using the ETD data (Fig. 1). The analysis showed
that amino acid T739 in the intracellular c-tail of NL-1 was
phosphorylated when incubated with CaMKII. When NL-1
was treated either without enzyme or alternatively with other
kinases such as cyclic AMP (cAMP)-dependent protein kinase
A (PKA) or Protein Kinase C (PKC), phosphorylation of T739
was not detected (Fig. 1). Hence, NL-1 is a direct substrate of
CaMKII [25].

2. Identification and analysis of PINK1 substrates by CID, ETD,
and HCD
PINK1 is a kinase that is imported into the mitochondrion,
processed by the inner membrane protease PARL, and then
normally degraded by the proteasome [33–36]. Upon loss of
mitochondrial membrane potential or accumulation of
unfolded protein, stabilized PINK1 recruits the E3 ubiquitin
ligase Parkin to the outer mitochondrial membrane (OMM)
and causes its activation [37–40]. This results in the selective
autophagy of damaged mitochondria. PINK1 phosphorylates
Parkin at serine 65 (S65) [41, 42], but Parkin is still recruited
in a PINK1-dependent manner to mitochondria despite muta-
tion of S65 [26], which indicates that another PINK1 substrate
is essential for Parkin translocation. A proteomics approach was
designed to identify PINK1 substrates using mass spectrome-
try. Mitochondria were isolated from WT and PINK1 KO cells
after carbonyl cyanide 3-chlorophenylhydrazone (CCCP)
treatment. Isolated mitochondria were then treated with tryp-
sin to proteolyze exposed OMM proteins and the remaining
intact mitochondria were removed by centrifugation. The
supernatant containing the OMM peptides was alkylated. To
ensure complete digestion, this preparation was again incu-
bated with trypsin. Peptides were separated with a 25 cm
nano-column using a 4 h gradient. To maximize the number
of ions being scanned, only CID fragmentation was performed.
MS/MS data were acquired in the ion trap of an Orbitrap Elite
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Fig. 1 T739 in the intracellular c-tail of NL-1 is phosphorylated when incubated with CaMKII. (a) ETD MS/MS
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mass spectrometer. A unique phosphopeptide (TLSDYNIQ-
KEpSTLHLVLR) corresponding to phosphorylated ubiquitin
was found only in the PINK1 WT mitochondrial sample. To
confirm, recombinant His-ubiquitin (His-Ub) was incubated
in vitro with mitochondria isolated from control (no PINK1)
or CCCP-treated (with PINK1) cells. His-Ub samples exposed
to mitochondria fromCCCP-treated cells contained an identical
phosphopeptide, but the untreated controls did not. A second
LC/MS/MS run was then performed where CID, ETD, and
HCD spectra were acquired for the peptide. CID, ETD, and
HCD spectra obtained for the phosphopeptide fromPINK1WT
mitochondria samples were almost identical to those from His-
Ub CCCP-treated samples. The CID spectra contained a domi-
nant neutral loss-associated peak. The ETD and HCD spectra
clearly showed that S11 of 55TLSDYNIQKEpSTLHLVLR72,
which corresponds to S65 of ubiquitin, was phosphorylated
(Fig. 2). This analysis demonstrates that PINK1 phosphorylates
ubiquitin. This is an important cellular process, as phosphory-
lated ubiquitin activates Parkin E3 ubiquitin ligase [26, 44, 45].

2 Materials and Methods

2.1 GST-NL-1 Protein

Purification

1. Transform pGEX-NL-1 constructs in BL21 cells (+amp).

2. Grow E. coli from single colony in 10 ml LB (+amp) overnight
at 37 �C.

3. Transfer 10 ml culture to a 2 l flask containing 500 ml LB
(+amp).

4. Grow culture at 37 �C (250 RPM shake) until
OD600 ¼ 1.1–1.2.

5. Add IPTG (0.25 μM final concentration) and shake overnight
at 16 �C.

6. Centrifuge (9000 � g) for 20 min.

7. Resuspend pellet in 40 ml TBS supplemented with 100 μg/ml
lysozyme, four tablets of protease inhibitors (Roche), 10 mM
ethylenediaminetetraacetic acid (EDTA), 15 mM dithiothreitol
(DTT), and 1.5 % sarkosyl.

8. Incubate on ice for 10–15 min.

9. Sonicate the 40 ml lysate and centrifuge for 30 min
(12,000 � g) (see Note 1).

10. Add TritonX-100 to a final concentration of 4 % (neutralization
step).

11. Incubate lysate with a 10:1 ratio of glutathione-Sepharose 4B
(GE Healthcare) for 1 h at 4 �C.

12. Wash beads thoroughly in TBS-based buffer, then resuspend
beads in an optimal buffer.
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2.2 GST-NL-1 In Vitro

Kinase Assay (CaMKII)

1. 5–10 % of isolated protein is incubated in 20 mM Tris–HCl
(pH 7.5), 10 mM MgCl2, 0.5 mM DTT, 0.1 mM EDTA,
2.4 μM calmodulin, 2 mM CaCl2, 100 μM adenosine triphos-
phate (ATP), with 25 ng of recombinant CaMKIIα (Calbio-
chem) at 30 �C for 30 min.

2. Reaction is halted with addition of SDS-PAGE sample buffer
and incubation at 65 �C for 5 min.

3. Proteins are resolved by SDS-PAGE and identified by Coomas-
sie blue staining.

2.3 Mitochondrial

Isolation and Outer

Mitochondrial

Membrane Proteolysis

1. Prepare Isolation Buffer (IB); 220 mM mannitol, 20 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
pH 7.6, 70 mM sucrose.

2. Add 2 mg/ml BSA to an aliquot of IB; keep ice cold.

3. Harvest three confluent 15 cm plates of cells: Rinse 2 � 10 ml
ice-cold PBS, scrape into 5 ml of ice-cold PBS, and spin down
in 15 ml tube.

4. Resuspend cell pellet in 7 ml IB. Leave cells on ice to swell for
10 min.

5. Transfer cell suspension to a Teflon/glass homogenizer and
homogenize cells with ~30 strokes.

6. Transfer homogenate back into 15 ml tube and spin at 850 � g
for 10 min.

7. Transfer supernatant to 1.5 ml tubes and spin at 10,000 � g for
20 min.

8. Discard supernatant and combine pellets, then spin at
10,000 � g for 20 min.

9. Discard supernatant. Resuspend mitochondrial pellet in 200 μl
of IB. Remove a 2 μl aliquot to lyse, then measure protein
concentration.

10. Take 100 μg mitochondria and transfer to a clean tube and add
0.5 μg trypsin for 2 h at 24 �C to proteolyze the outer mem-
brane proteins.

�

Fig. 2 (continued) phosphorylated. In the ETD spectrum the phosphorylated residue remains intact. In the HCD
spectrum, loss of HPO3 or H3PO4 groups occurs for fragments containing the phosphorylated residue. Many
low mass product ions including immonium ions and several internal fragment ions are detected in HCD scan.
This exact phosphopeptide, TLSDYNIQKEpSTLHLVLR, is also found in Ub from endogenous PINK1 WT samples
with ETD and HCD spectra almost identical to what shown in a and b. Phosphorylation of S65 is not detected
on Ub from PINK1 KO or His-Ub exposed to mitochondria from untreated cell. ©Kane et al., 2014. Originally
published in J. Cell Biol. doi: 10.1083/jcb.201402104
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11. Spin at 20,000 � g to remove mitochondria and harvest super-
natant as the mitochondrial outer membrane proteome for
further digestion with trypsin.

2.4 In-Gel Digestion

of GST-NL-1 Samples

with Chymotrypsin

1. Cut NL-1 protein band (contains ~1 μg protein) into approxi-
mately 1 � 1 mm pieces and place into a 0.5 ml LoBind
Eppendorf tube (see Note 2).

2. Add 400 μl of 10 % acetic acid (Sigma, St Louis, MO) in 50 %
methanol (MeOH) (Honeywell B&J, Muskegon, MI) into the
sample tube, vortex on Thermomixer 5436 (Eppendorf, Haup-
pauge, NY) with medium speed for 1 h. Discard the superna-
tant. Repeat this step twice (see Note 3).

3. Dehydrate the gel pieces for 5 min with 400 μl HPLC grade
acetonitrile (ACN) (Honeywell B&J, Muskegon, MI). Discard
the supernatant.

4. Dry the gel pieces in the Savant SpeedVac Concentrators
(Thermo Scientific) for 30 min.

5. Add 30 μl of 10 mM DTT (Sigma, St Louis, MO) in 50 mM
ammonium bicarbonate (NH4HCO3) (Fluka, Germany).
Incubate at room temperature (RT) for 45 min (see Note 4).
Discard the supernatant.

6. Add 30 μl of 100 mM iodoacetamide (IAM) (Sigma, St Louis,
MO) in 50 mM NH4HCO3. Incubate at room temperature in
the dark for 30 min (see Note 5). Discard the supernatant.

7. Add 400 μl of HPLC grade H2O (Honeywell B&J, Muskegon,
MI). Incubate at RT for 10 min. Discard the supernatant
(see Note 6).

8. Dehydrate the gel pieces for 5 min with 400 μl ACN. Discard
the supernatant.

9. Dry the gel pieces in the SpeedVac for 30 min.

10. Make fresh 5 ng/μl chymotrypsin (sequencing grade, Roche,
Mannheim, Germany) solution in 5 mM NH4HCO3.

11. Add 10 μl of chymotrypsin solution to each sample (seeNote 7).
Incubate at 4 �C for 30 min.

12. Add 30 μl of 5 mM NH4HCO3 to cover the gel pieces. Carry
out the digestion at 25 �C overnight in Mini Incubator
(Labnet, Edison, NJ).

13. Add 50 μl of 5 % trifluoroacetic acid (TFA) (Thermo Scientific
Pierce, Rockford, IL) in 50 % ACN. Vortex with low speed for
20 min. Collect and transfer the supernatant in a new 0.5 ml
LoBind Eppendorf tube. Repeat this step once. Combine the
supernatants together.
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14. Add 50 μl of 0.5 % TFA in 80 % ACN. Vortex with medium
speed for 10 min. Collect the supernatant. Combine with the
supernatant from step 13.

15. Dry the combined supernatants in the SpeedVac.

2.5 In-Solution

Digestion of

PINK1-WT, PINK1-KO,

and His-Ub Samples

with Trypsin

1. Samples are in 220 mM Mannitol, 70 mM Sucrose, 20 mM
HEPES (pH 7.6). PINK1-WT and PINK1-KO samples con-
tain ~5 μg protein in 30 μl solution. His-Ub samples contain
~0.1 μg protein in 10 μl solution.

2. Make 100 mM HEPES (Sigma, St Louis, MO) aqueous solu-
tion; adjust the pH to 8.2 with NaOH (Sigma, St Louis, MO).

3. Add 30 μl of 100 mM HEPES into each PINK1 KO/WT
sample. For His-Ub samples, 10 μl of 100 mM HEPES is
added.

4. Add 1 μl of 50 mM tris-(2-carboxyethyl) phosphine (TCEP)
(AB Sciex, Framingham, MA). Vortex to mix, and briefly spin
to bring solution to the bottom of the tube. Incubate at room
temperature for 45 min (see Note 8).

5. Add 0.5 μl of 200 mM methyl methanethiosulfonate (MMTS)
in isopropanol (AB Sciex, Framingham, MA) (see Note 9).
Vortex and briefly spin. Incubate at room temperature for
30 min.

6. Make fresh trypsin (Mass Spectrometry Grade, Promega,
Madison, WI) solution with a concentration of 10 ng/μl in
50 mM NH4HCO3.

7. Add 20 μl of trypsin solution into each PINK1 KO/WT sam-
ple. For His-Ub samples, 1 μl of trypsin solution is used for
each sample. Incubate at 37 �C overnight in Mini Incubator.

8. Add 5 % TFA into the solution to bring the pH to 3. Vortex and
briefly spin. Store the digests in �20 �C freezer if not immedi-
ately used for desalting.

2.6 Peptide

Desalting

1. For in-gel samples, dissolve the extracted peptides in 100 μl of
0.1 % TFA (see Note 10). Vortex for 5 min and briefly spin.

2. For in-solution samples, check the pH of the solution; use 5 %
TFA to adjust the pH to 3 if needed.

3. Mount the HLB μElution plate (Waters, Milford, MA) on the
Extraction PlateMinifold (Waters, Milford, MA) and condition
the sorbent in each well (see Note 11) with 0.5 ml MeOH.
Equilibrate with 0.5 ml 0.1 % TFA. Adjust the vacuum level to
15 In Hg. Discard the flow-through.

4. Load the sample solution. Adjust the vacuum level at 3–5 In
Hg, let the sample solution pass through the sorbent slowly.
Discard the flow-through (see Note 12).
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5. Wash with 0.5 ml 0.1 % TFA. Adjust the vacuum level to 15 In
Hg. Discard the flow-through.

6. Elute with 100 μl HPLC grade MeOH. Adjust the vacuum
level to 3–5 In Hg. Collect the flow-through in a clean 0.5 ml
LoBind Eppendorf tube.

7. Elute with 100 μl 65 % ACN, 35 % MeOH. Adjust the vacuum
level to 3–5 In Hg. Combine the flow-through with that
collected in step 7.

8. Dry the eluent in the SpeedVac.

2.7 LC-MS/MS

Analysis

An Ultimate 3000 RSLCnano HPLC system with an RS autosam-
pler (Thermo-Dionex) is coupled to an Orbitrap Elite Mass Spec-
trometer (Thermo Scientific, Bremen, Germany). Xcalibur 2.2 sp
1.48 software provides instrument control for Orbitrap Elite mass
spectrometer. Xcalibur also controls Ultimate 3000 HPLC system
through Dionex Chromatography Mass Spectrometry Link
(DCMSLink) 2.11.

2.7.1 LC-MS/MS Method

for NL-1 Samples

1. Samples are loaded into the LC-MS system using the autosam-
pler with a 5 μl sample loop. The temperature of the sampler
tray is kept at 4 �C. Dissolve the desalted and dried protein
digests in 15 μl 1 % formic acid (FA) (Fluka, Germany) in 2 %
ACN. Vortex for 3 min, briefly spin. Transfer 7.5 μl of the
sample solution into sampler vial. For each LC-MS/MS run,
~6.4 μl of sample solution is taken from the vial, and ~4 μl of it is
injected to the column directly (see Note 13). Store remainder
solution at �20 �C. A user-defined injection method is used.

2. The peptides are separated at a flow rate of 300 nl/min using
an ES800 nano-LC column (15 cm � 75 μm ID, packed with
3 μm PepMap C18 particles, Thermo Scientific). A gradient of
mobile phase A (MPA) and mobile phase B (MPB) is
employed: 2–27 % MPB for 23 min, 27–80 % MPB for
7 min, and 80 % MPB for 15 min (see Note 14).

MPAcontains 0.1%FA in2%LC-MSgradeACN(J. T. Baker,
Philipsburg, NJ), 97.9 % LC-MS grade H2O (J. T. Baker,
Philipsburg, NJ).

MPB contains 0.1 % FA in 98 % LC-MS grade ACN, 1.9 %
LC-MS grade H2O.

3. The Orbitrap Elite is operated in a DDDT fashion (see Note
15). The precursor ion scan (MS scan) is performed in the
Orbitrap with a resolution of 60 K at m/z 400. The m/z
range for the survey scans was 300–2000. The automatic gain
control (AGC) target value for MS scan is 1 � 106. The frag-
ment ion scan (MS/MS scan) is performed in the linear ion
trap with an AGC value of 1 � 104. The maximum ion injec-
tion time for MS scan is 10 ms, and it is 100 ms for MS/MS
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scan. Minimum signal threshold for MS/MS scan is 3 � 104,
and up to ten MS/MS scans are performed after each MS
scan. The dynamic exclusion duration is 9 s. “Charge state
screening,” “monoisotopic precursor selection,” “charge state
dependent ETD time,” and “FT master scan preview mode”
functions are activated. The micro scan count is 1 for both MS
andMS/MS scans. The isolation width is 1.9 Da. The value for
normalized collision energy is 35, and the default charge state
is 2. Singly charged ions and ions with unassigned charge states
are rejected from MS/MS scan. The default decision tree logic
embedded within the Xcalibur method is used except for the
value for “charge state 3 mass.” All doubly charged ions are
fragmented with CID and all ions with charge state more than
5 are fragmented with ETD. For triply charged ions, the
default rule is that ions are fragmented with ETD if the m/z
value is less than 650. In our experiments them/z value was set
to 750 (see Note 16). As a result, triply charged ions with m/z
750 or less are fragmented with ETD. The default values of
m/z 900 and m/z 950 are used for ions with charge state 4
and 5, respectively.

2.7.2 LC-MS/MS Method

for PINK1 KO and WT,

and His-Ub Samples

1. Samples are injected with the same method described in
Section 2.7.1.

2. For PINK KO and WT samples, an ES802 nano-LC column
(25 cm � 75 μm ID, packed with 2 μm PepMap C18 particles,
Thermo Scientific) is used. A 4 h gradient is employed: 2–24 %
MPB for 170min, 24–50 %MPB for 35min, 50–80 %MPB for
15 min, and 80 % MPB for 20 min (see Note 14).

3. For His-Ub samples, an ES800 nano-LC column is used. A
75 min gradient is employed: 2–24 % MPB for 38 min,
24–50 % MPB for 12 min, 50–80 % MPB for 5 min, and
80 % MPB for 20 min (see Note 14).

4. For the first LC/MS/MS run, the Orbitrap Elite is operated in
a data-dependent acquisition (DDA) mode (see Note 17). The
m/z range for survey scans is 300–1600. A narrower m/z
range helps to reduce theMS scan time. The dynamic exclusion
duration is 30 s for PINK KO and WT samples, while it is 12 s
for His-Ub samples. The decision tree procedure is not acti-
vated. Settings for MS scan and CIDMS/MS scan are the same
as those discussed in Section 2.7.1.

5. Based on the data analysis results of the first LC/MS/MS run,
the m/z values of the potentially phosphorylated peptides are
included in the “Parent mass list” when building the data
acquisition method for the second LC/MS/MS run. Three
MS/MS scan events are set for each precursor ion from the
parent mass list: CID, ETD, and HCD. The parameters for MS
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scan, CID and ETD MS/MS scan are the same as those
discussed in Section 2.7.1. The HCD MS/MS scan is per-
formed in the Orbitrap with a resolution of 15 K. Minimum
signal threshold for MS/MS scan is 3 � 104. The isolation
width is 2.0 Da. The value for normalized collision energy is
35, and the default charge state is 2.

2.8 Data Analysis 1. LC-MS/MS raw data are processed with Mascot Distiller
2.4.3.3 (Matrix Science Inc., http://www.matrixscience.com).
The MS peak picking and processing method is the same for
data acquired with different methods: Minimum signal to
noise: 2; Expected peak width: 0.02 Da; Data points per Da:
200; Maximum charge: 7. For MS/MS peak picking and pro-
cessing, the time domain is on with maximum intermediate
time 30 s. For data acquired in DDA mode, the expected MS/
MS peak width is 0.2 Da and default charge range is 2–3. For
data acquired in DDDT mode, the expected MS/MS peak
width is 0.1 Da and default charge range is 2–7. For data
acquired in HCD mode, the expected MS/MS peak width is
0.05 Da and default charge range is 2–7.

2. The processed peaks are combined into Mascot generic format
files (MGF). Mascot Daemon 2.4.0 is used to submit the MGF
files to Mascot Server 2.4 (Matrix Science Inc., http://www.
matrixscience.com) for database search. The following para-
meters are used for all searches: Monoisotopic peptide mass;
Peptide tolerance: � 10 ppm; MS/MS tolerance: 0.2 Da;
Instrument type: CID + ETD. Parameters only for NL-1 sam-
ples: Searching against a house-built database which contains
the sequences of NCBI human database and the GST-NL-1
sequence; Enzyme: None (see Note 18); Variable modifica-
tions: carbamidomethyl (C), oxidation (M), phospho (ST),
phospho (Y). Parameters only for PINK WT/KO and His-
UB samples: Searching against the NCBI human database;
Trypsin as enzyme with up to two missed cleavages; Variable
modifications: MMTS (C), oxidation (M), phospho (ST),
phospho (Y).

3. Manually check the MS and MS/MS spectra of phosphopep-
tides matched in the database search. The spectra shown in
Figs. 1 and 2 are individual scans without any merging.

3 Notes

1. The lysate should be a clear yellow color. If cloudy you will
need to re-sonicate or spin down the lysate at 100,000 � g for
30 min

166 Yan Li et al.

http://www.matrixscience.com/
http://www.matrixscience.com/
http://www.matrixscience.com/


2. Sample loss can be severe due to adsorption to the plastic
surface, especially when sample amount is very limited. Using
LoBind Eppendorf tubes helps increasing sample recovery.

3. The washing step can be carried out overnight. If the gel pieces
are still blue, perform another wash step with 400 μl of 25 mM
NH4HCO3 in 50 % MeOH for 20 min.

4. TCEP can be used as the reducing agent to break disulfide
bonds.

5. IAM is light-sensitive. The reaction should be carried out in the
dark. Iodoacetic acid or MMTS can be used to block the
cysteine residues.

6. IAM can react with histidine and lysine residues at high pH, and
react with methionine residues at low pH. This wash step helps
to remove the extra IAM after the free cysteine residues are
blocked. Don’t incubate for longer than 20 min to minimize
sample loss.

7. For PTM analysis it is critical to achieve high sequence coverage
of the protein. Trypsin is the most commonly used enzyme for
protein digestion, but is not always the best choice. Due to the
sequence of the GST-NL-1 protein, a higher sequence coverage
can be obtained when chymotrypsin is used instead of trypsin
to digest the protein.

8. When using TCEP, thiols are not introduced to the sample
mixture, unlike use of DTT. The effective pH range for
TCEP is 1.5–8.5, much wider than that of DTT. TCEP is
also more stable when pH > 7.5 and is more effective when
pH < 8 [43]. The solution is acidic when dissolving TCEP in
water. For trypsin digestion, it is better to adjust the pH of
TCEP solution to 7–8.

9. MMTS is a reversible cysteine blocker. This feature is very
important for experiments that need to selectively isolate
cysteine-containing peptides after the digestion.

10. When using the μElution plate to desalt the sample, a typical
sample volume is 100 μl. Although each well of the collection
plate can hold up to 600 μl solution, to avoid cross-
contamination, the volume of the solution used to elute the
peptides should be less than 300 μl.

11. The amount of sorbent in μElution plate is 2 mg/well, with a
maximum mass capacity estimated to be ~50 μg (see Waters
Oasis Brochure youngwha.com/front/file/download.do?
seq¼1097). We use the μElution plate to desalt samples con-
taining up to 5 μg peptides/proteins. For sample with larger
amount, the plate with 5 mg/well sorbent or cartridges should
be considered.
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12. To minimize the possibility of sample loss, collect the flow-
through from the sample loading and wash steps. Store at
�20 �C. Discard it only after the LC/MS/MS data confirm
the experiment is successful.

13. Alternatively, samples can be loaded using a microliter Pick-Up
method with minimum sample loss. Since the microliter Pick-
Up method requires a minimum of 10 μl sample loop, samples
are usually loaded on a trapping column first at a flow rate of
10–30 μl/min, then flushed to the nano-column at a flow rate
of 200–300 nl/min. Loading the sample onto a trapping col-
umn using the microliter Pick-Up method minimizes, and
removes the need to desalt the digests before LC-MS/MS
injection. However, it requires a loading pump and an extra
column switching valve. In addition, because the same trapping
column is used for different samples, the possibility of sample
carryover increases.

14. At the time of performing the LC-MS/MS runs on the sam-
ples, the HPLC system delivers more MPB than indicated in
the gradient, even right after viscosity calibration. To find out
the right condition for the samples under the circumstance,
LC-MS/MS data of BSA digests are acquired using different
gradients. The gradient offering better separation is used for
real samples.

15. Coon and coworkers introduced a DDDT logic [32] that
makes “on-the-fly” decision on whether to use CID or ETD
for a certain precursor ion, based on the peptide charge state z
and mass-to-charge ratio (m/z). DDDT mode increases the
number of successful MS/MS events that can be achieved in a
single run. Otherwise, to obtain the complementary CID and
ETD spectra without sacrificing the number of ions being
scanned, two separate runs would be necessary.

16. In our hands, it is beneficial to change the value for “charge
state 3 mass” fromm/z 650 tom/z 750. For phosphopeptides
with molecular weight ranging from 1950 to 2250 Da, it is
very rare to see the quadruply charged form of the peptides.
Mainly doubly and triply charged ions are detected. Using the
default value embedded in the decision tree method, only CID
spectra are obtained for those peptides. With the new setting,
doubly charged ions of the peptides are fragmented with CID,
and triply charged forms are fragmented with ETD. Since CID
and ETD data often offer complementary information, the new
setting helps increase the chance of localizing the phosphoryla-
tion site.

17. The purpose of using the DDA method instead of the DDDT
method is to perform the MS/MS scan as fast as possible,
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which increases the likelihood of finding phosphopeptides
within a complex mixture.

18. Chymotrypsin often produces peptides that are cleaved non-
specifically at one end or even both ends. Choosing “None” as
the enzyme makes it possible to detect those nonspecific pep-
tides. However, doing so largely increases the search time and
the identity threshold.
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Abstract

Hyperphosphorylation, aggregation, and formation of neurofibrillary tangles of the microtubule-associated
protein tau have been implicated in the pathogenesis of Alzheimer’s disease (AD) and other tauopathies.
Phosphorylation and dephosphorylation of tau regulate its attachment or detachment from microtubules
(Yoshiyama et al., J Neurol Neurosurg Psychiatry 84(7):784–795, 2013). The abnormal hyperphosphor-
ylation of tau, however, disrupts its proper binding to microtubules and induces microtubule disassembly.
Accumulation of unbound tau, then, results to aggregate and neurofibrillary tangle formation. Knowing
the mechanism behind the abnormal phosphorylation of tau, therefore, is important to understanding the
pathogenesis of neurodegenerative diseases. A protocol that employs nanospray liquid chromatography
tandem mass spectrometry (nanoLC-MS3) for the analysis of tau phosphorylation by the checkpoint
kinases, Chk1 and Chk2, in vitro, is provided here. Technical details on phosphorylation, protein digestion,
peptide desalting, reversed-phase liquid chromatography (RPLC), mass spectrometry, and proteomics data
analysis are discussed.

Keywords: Tau phosphorylation, Liquid chromatography, Mass spectrometry, LC-MS, LC-MS/MS

1 Introduction

Tau protein promotes the assembly and stability of neuronal micro-
tubules under normal physiological conditions [1, 2]. There are six
isoforms in the adult human brain which have been found to differ
from each other in having either three (3R) or four (4R)
microtubule-binding repeats and from zero (0N) to two (2N)
amino- or N-terminal inserts [3, 4]. However, modifications such
as hyperphosphorylation under pathological conditions could
impair the binding of tau to microtubules [1, 4]. The accumulation
of unbound tau results to the formation of aggregates such as those
found in neurofibrillary tangles in Alzheimer’s disease (AD). Know-
ing the mechanism behind the abnormal phosphorylation of tau in
AD, therefore, is important to understanding the disease’s patho-
genesis as well as those of other neurodegenerative disorders.

The longest isoform of tau consists of 441 amino acid residues
and has 85 potential phosphorylation sites (45 serine, 35 threonine,
and 5 tyrosine). To date, 45 sites have been identified to be
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phosphorylated in AD brains [5]. Phosphorylation in the
microtubule-binding domain (residues 244–368) is believed to be
important in regulating microtubule stability. Phosphorylation at
other sites, such as Ser214 and Thr231, has also been found to
maintain cytoskeletal stability [6]. The interaction of a peptidyl-
prolyl isomerase, Pin1, with phosphorylated Thr231, has been
reported to restore binding of tau to microtubules indicating a
possible role of this site in AD pathogenesis [7]. Indeed, the relative
importance of phosphorylation at other sites to tau function and/
or toxicity remains to be studied and established, more importantly
in in vivo systems.

Several kinases have been shown to phosphorylate tau in vitro
and in cells [4, 8]. These are classified into proline-directed or non-
proline directed protein kinases. The DNA damage-activated cell
cycle checkpoint kinases, Chk1 and Chk2, have also been shown to
phosphorylate tau at AD-related sites and enhance tau toxicity [8, 9].
On the other hand, protein phosphatase PP1, PP2A, PP2B, and PP5
are reported to dephosphorylate tau [10]. The binding and unbind-
ing of tau to microtubules is actually coordinated by the balance of
phosphorylation and dephosphorylation of these enzymes.

Mass spectrometric analysis [5, 8], Edman degradation of phos-
phopeptides [5, 11], and use of phospho-tau-specific antibodies
[5, 8] have been employed to identify tau phosphorylation sites in
control andADhuman brain and in in vitro kinase studies.However,
the low abundance and lower ionization efficiency of phosphopep-
tides compared to non-modified peptides impose challenges to their
detection [12, 13]. Advances inMS instrumentation and methodol-
ogy have provided increased sensitivity and specificity to the detec-
tion of protein phosphorylation and other posttranslational
modifications (PTMs; [14, 15]). High-pressure liquid chromatog-
raphy (HPLC) in combination with tandem mass spectrometry has
been used to resolve and simplify complex peptide mixtures from
protein digests for improved sequence coverage. Trypsin has been
the protease of choice for PTM analysis because of its high cleavage
specificity [16] and the remaining positively charged amino acid
residues, Lys and Arg, at the C-terminals of the resulting peptides.
In cases where tryptic peptides may be too large for LC-MS/MS
analysis or too hydrophilic to be retained by reversed-phase C18

material, as in the case of many phosphorylated tryptic peptides,
substitution of trypsin for another enzyme having different cleavage
specificity should be considered [14]. Asp-N, chymotrypsin, or Glu-
C are popular choices. When tryptic peptides are too large, it is often
desirable to add the second enzyme to the trypsin digest. The use of
phosphopeptide enrichment strategies such asmetal affinity chroma-
tography [17, 18] and/or ion-exchange chromatography [19, 20]
further provides enhanced sensitivity and efficient MS characteriza-
tion of phosphopeptides. Another difficulty often encountered in
phosphopeptide analysis by mass spectrometry is the predominance
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of phosphorylation-specific neutral losses in the MS/MS spectra.
This yields lower intensities of b- and y-ions resulting from peptide
backbone fragmentations which are important for phosphopeptide
identification and precise phosphorylation site determination. Data-
dependent neutral loss (DDNL) MS3 methods and multistage acti-
vation (MSA) protocols are among the strategies developed for
generating efficient phosphopeptide fragmentation in ion trap
instruments [14]. In DDNL MS3 methods, additional fragmenta-
tion of the product of the precursor neutral loss in the form of an
MS3 scan was initiated when a dominant NL-associated peak was
detected in the MS/MS spectrum [21, 22]. The MSA approach, on
the other hand, uses consistent supplemental activation of neutral
loss product ions and records all the fragments from both the pre-
cursor and NL product activation in the same MS/MS spectrum
(pseudo-MS3) [23].

In this chapter, we provide specifics on how we perform these
experiments. We employ nanospray LC-MS3 to identify the sites in
tau protein phosphorylated by Chk1 and Chk2 in vitro. A data-
dependent neutral lossMS3method is used to improve fragmentation
of phosphopeptides (Fig. 1). As illustrated in Fig. 2, Phosphorylation
site assignment from database search was further evaluated with
A-scores using Scaffold PTM [24]. A total of 25 Ser/Thr residues
was identified as Chk1- or Chk2-target sites. Many of these sites are
located within the microtubule-binding domain and C-terminal
domain (Fig. 3), phosphorylation of which has been shown to reduce
tau binding to microtubules and/or has been implicated in tau
toxicity [8].

2 Materials

2.1 Tau

Phosphorylation

1. Recombinant human tau 0N4R (variant 3, NM_016834.3,
T9825, Sigma, St. Louis, MO).

2. Recombinant active human GST-tagged Chk1 (C0870, activ-
ity 169–229 nmol/min mg, Sigma, St. Louis, MO).

3. Recombinant active human GST-tagged Chk2 (C0995, activ-
ity 654–884 nmol/min mg, Sigma, St. Louis, MO).

4. Reaction buffer: 5 mM MOPS (pH 7.2), 2.5 mM glycerol 2-
phosphate, 5 mM MgCl2, 1 mM EGTA, 0.4 mM EDTA,
0.05 mM DTT and 5 μM ATP (Reagents are purchased sepa-
rately from Sigma-Aldrich, St. Louis, MO).

2.2 Reduction,

Alkylation, and

Enzyme Digestion

1. Ammonium bicarbonate, NH4HCO3 (Sigma-Aldrich, St.
Louis, MO).

2. Reducing reagent: Tris(2-carboxyethyl)-phosphine, TCEP
(Pierce, Thermo Fisher Scientific, Waltham, MA).
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3. Alkylating reagent: Iodoacetamide, IAM (Sigma-Aldrich, St.
Louis, MO).

4. Calcium chloride, CaCl2 (Sigma-Aldrich, St. Louis, MO).

5. Formic acid (analytical/chromatography grade, Sigma-Aldrich,
St. Louis, MO).

6. Trifluoroacetic acid, TFA (LC-MS grade, Pierce, Thermo
Fisher Scientific, Waltham, MA).
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Fig. 1 MS/MS spectra of a tau peptide from (a) control, (b) Chk1-treated, (c) Chk2-treated samples and (d)
MS3 spectrum showing that Ser293 was phosphorylated by Chk1 only. The detection of the corresponding
non-phosphopeptide in the sample treated with Chk2 suggests that phosphorylation at residue Ser293 is
unique to the Chk1-treated sample. Reprinted with permission from Mendoza et al. [8]. Copyright 2013
American Chemical Society
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7. Sequencing-grade modified trypsin (Porcine; Promega, Madi-
son, WI).

8. Endoproteinase Asp-N sequencing grade (Roche Applied Sci-
ence, Indianapolis, IN).
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Fig. 1 (continued)

LC-MS/MS System

Generate raw data

Sorcerer/Sequest
• Minimum peptide count: 1
• Peptide probability: 95%
• Peptide scores: ΔCn ≥ 0.1

Xcorr (+1) ≥ 1.8
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Fig. 2 Data flow in phosphorylation analysis using Scaffold and/or Mascot and Scaffold PTM. Scaffold PTM
requires a peak list in MGF format and a list of proteins and peptides in MZIdentML format. The scores/criteria
used for phosphopeptide identification and phosphorylation site assignment are included. (Star) Typically, A-
score � 15 is used but the high localization probability (99 %) and good MS/MS quality of the phosphopeptide
with A-score � 10 in this study led us to include it
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9. Water (Optima LC/MS, Thermo Fisher Scientific, Waltham,
MA).

10. Thermomixer (Eppendorf, Hauppage, NY).

11. pH paper (Whatman Inc., Piscataway, NJ).

12. 1.5 mL Microcentrifuge tubes (Thermo Fisher Scientific, Wal-
tham, MA).

13. Speed vacuum concentrator (Savant™, Thermo Fisher Scien-
tific, Waltham, MA).

2.3 Peptide

Desalting

1. ZipTip C18 (Millipore, Billerica, MA).

2. POROS R2 beads (Applied Biosystems, Foster City, CA).

3. Ethanol (Thermo Fisher Scientific, Waltham, MA).

4. Water (Optima LC/MS, Thermo Fisher Scientific, Waltham,
MA).

5. Trifluoroacetic acid, TFA (LC-MS grade, Pierce, Thermo
Fisher Scientific, Waltham, MA).

6. Activation solution: 100 % acetonitrile, ACN (Optima LC/MS,
Thermo Fisher Scientific, Waltham, MA).

7. Equilibration solution: 0.1 % TFA in water.

8. Wash solution: 0.1 % TFA in water.

9. Elution solution: 0.1 % TFA in 50:50 ACN:H2O.

10. Reconstitution solvent: 0.1 % formic acid in 2:98 ACN:H2O.

Fig. 3 Phosphorylation sites on tau by Chk1 and Chk2. The residues phosphorylated by Chk1 but not Chk2 are
shown in open boxes, the residues phosphorylated by Chk2 but not Chk1 are shown in black boxes, and the
residues phosphorylated by both Chk1 and Chk2 are shown in gray boxes. Stars indicate the residues
phosphorylated in AD brains, and an open circle indicates the residues possibly phosphorylated in AD brains.
The amino acid sequence of the longest isoform of human brain tau (2N4R) is shown. Residues corresponding
to N-terminal inserts are italicized. The microtubule-binding domain is underlined. Phosphorylation at Ser320
and Ser409 is detected with Western blot analysis using anti-pSer320 tau and anti-pSer409 tau. Reprinted
with permission from Mendoza et al. [8]. Copyright 2013 American Chemical Society
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11. 50 mL Conical centrifuge tubes (Falcon™, Thermo Fisher
Scientific, Waltham, MA).

12. 1.5 mL Microcentrifuge tubes (Thermo Fisher Scientific, Wal-
tham, MA).

2.4 Reversed-Phase

Liquid Chromato-

graphy

1. Solvent A: 0.1 % formic acid in LC-MS-grade water.

2. Solvent B: 0.1 % formic acid in LC-MS-grade acetonitrile.

3. NanoAcquity Ultrahigh Pressure Liquid Chromatography
(UPLC) system (Waters, Milford, MA).

4. C18 trap column (Waters Symmetry®, 180 μm id � 20 mm
length, 5 μm particle size, Waters, Milford, MA).

5. C18 capillary column (BEH130, 100 μm i.d � 100mm length,
1.7 μm particle size, Waters, Milford, MA).

6. 300 μL Autosampler microvials with pre-slit caps (National
Scientific™, Thermo Fisher Scientific, Waltham, MA).

2.5 Mass

Spectrometry

1. LTQ-Orbitrap mass spectrometer equipped with a nanospray
ionization source (Thermo Scientific, San Jose, CA).

2. LTQ calibration solution for positive ion mode: 200 μL of
1.0 mg/mL caffeine in 100 % methanol, 100 μL of 166.7 μM
L-methionyl-arginyl-phenylalanyl-alanineacetate � H2O(MRFA)
in 50:50 methanol:water, 100 μL of 0.1 % Ultramark 1621 in
100 % acetonitrile and 100 μL glacial acetic acid, 5mL acetoni-
trile, and 4.5 mL 50:50 methanol:water (all reagents except
solvents are purchased separately from Sigma-Aldrich, St.
Louis, MO).

3. LTQOrbitrap calibration solution for positive and negative ion
mode: 10 mL of LTQ positive ion mode calibration solution,
100 μL of 1.0 mM sodium dodecyl sulfate (SDS) in 50:50
methanol:water, 100 μL of 1.0 mM sodium taurocholate in
50:50 methanol:water and 200 μL of 166.7 μM of MRFA in
50:50 methanol:water (reagents are purchased separately from
Sigma-Aldrich, St. Louis, MO).

4. Angiotensin 5-peptide mix (Michrom Bioresources Inc.,
Pleasanton, CA).

5. Water (Optima LC/MS, Thermo Fisher Scientific, Waltham,
MA).

6. Methanol (Optima LC/MS, Thermo Fisher Scientific,
Waltham, MA).

7. Acetonitrile (Optima LC/MS, Thermo Fisher Scientific,
Waltham, MA).

2.6 Data Analysis 1. Sorcerer/Sequest (Sage-N Research, Milpitas, CA).

2. Mascot (Matrix Science Inc., Boston, MA).
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3. Scaffold (Proteome Software Inc., Portland, OR).

4. Scaffold PTM (Proteome Software Inc., Portland, OR).

3 Methods

3.1 Tau

Phosphorylation

1. Dilute the recombinant active human GST-tagged Chk1 to 1:2
in the reaction buffer, mix with 2 μg of recombinant human tau
0N4R, and incubate at 30 �C for 3 h.

2. Similarly, dilute the recombinant active human GST-tagged
Chk2 to 1:5 in the reaction buffer, mix with 2 μg of recombi-
nant human tau 0N4R, and incubate at 30 �C for 3 h.

3.2 Reduction,

Alkylation, and

Enzyme Digestion

1. Prepare all reagent solutions using LC-MS-grade water.

2. Adjust the pH of tau protein samples with or without kinases to
pH 8.5 with 100 mM NH4HCO3—Reduce sample volumes
first to approximately 70 % of the original using a speed vac-
uum. Titrate solution pH to 8.5 with 100 mM NH4HCO3.
During pH titration, vortex-mix the samples, centrifuge briefly,
and check the pH with pH paper. Keep adding NH4HCO3 in
small increments until desired pH is achieved and restore sam-
ples to the original volumes (see Note 1).

3. Reduce the proteins with 1 M TCEP to a final concentration of
5 mM. Vortex-mix the samples and centrifuge briefly. Place the
sample tubes in a Thermomixer set to 37 �C for 20 min, with
mixing.

4. Centrifuge the samples briefly and cover the tubes with foil.
Add the appropriate volume of 500 mM iodoacetamide to
achieve a final concentration of 10 mM in solution. Vortex-
mix the samples and centrifuge briefly. Allow the alkylation
process to proceed for 30 min in the dark at room temperature
(see Note 2).

5. Add 1 M CaCl2 to the samples to a final concentration of
1 mM, vortex-mix, and centrifuge briefly (see Note 3).

6. Reconstitute a vial (20 μg/vial) of sequencing-grade trypsin
with 40 μL of resuspension buffer (50 mM acetic acid)
provided by the manufacturer. Vortex-mix the enzyme solution
for 30 s and centrifuge briefly. Divide the trypsin solution into
5 μL aliquots, set aside the amount needed for digestion, and
keep the tubes on ice; store the rest in a �30 �C freezer for
future use.

7. Check if the pH of sample solutions is at 8.3–8.5, using a pH
paper. If pH is less than the optimal value, adjust with 100 mM
NH4HCO3 (see Note 3).
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8. Prepare a 10� dilution of the stock trypsin solution. Add
0.05 μg/μL trypsin at an enzyme to substrate ratio of 1:50.
Incubate the sample mixture overnight in a Thermomixer set to
37 �C in the dark while mixing.

9. Quench the digestion by adding an appropriate volume of 10 %
TFA(aq) to achieve a pH of 2–4.

10. Reconstitute a vial (2 μg/vial) of sequencing-grade endopro-
teinase Asp-N with 50 μL of LC/MS-grade water. Vortex-mix
the enzyme solution for 30 s and centrifuge briefly. Divide the
solution into 2.5 μL aliquots, dry down in a speed vacuum, set
aside the amount needed for digestion and keep the tubes on
ice; store the rest in a �30 �C freezer for future use.

11. Follow the same procedure for digestionwith 0.04 μg/μLAsp-N
(reconstituted in 100 mM NH4HCO3) except the addition of
CaCl2 (seeNote 4).

3.3 Peptide

Desalting

1. For POROS R2 beads conditioning, add 40 mL of acetonitrile
into the original bottle, mix and transfer 20 mL into a 50 mL
conical tube. Vortex-mix vigorously for 1 min, centrifuge for
10 min at 1700 � g at room temperature, and discard the
supernatant. Repeat this wash procedure with 20 mL of 0.1 %
TFA(aq) and with 20 mL water (twice). Add 13.5 mL of 10 %
ethanol for an approximate 100 μg/μL bead slurry preparation.

2. Place ZipTip C18 tips in holders positioned in 1.5 mL micro-
centrifuge tubes. Load a 50 μL aliquot of 100 μg/μL POROS
R2 bead slurry in 10 % ethanol onto ZipTip C18 tips. Centri-
fuge at 240 � g for 2 min at room temperature. Continue
centrifugation until almost all solution has been eluted.

3. Activate the POROS R2 slurry and C18 resin by adding 50 μL
of 100 % acetonitrile and centrifuging at 240 � g for 2 min.
Continue centrifugation until almost all solution has been
eluted.

4. Equilibrate by adding 50 μL of 0.1 % TFA(aq) and centrifuging
at 1800 rpm for 2 min or until all solution has been eluted.
Minimize column drying from this point on.

5. Check the sample pH to make sure it is less than 4 (seeNote 5).

6. Replace the microcentrifuge tubes with clean ones. Load the
samples onto the ZipTips with POROS R2 beads and centri-
fuge at 340 � g for 2 min. Continue centrifugation until all
solution has been eluted. Collect the flow-through and repeat
sample loading two more times (see Note 6).

7. Replace the microcentrifuge tubes with the ones used to collect
the eluate from activation and equilibration of the resin. Wash
off unbound salts by adding 50 μL of 0.1 % TFA(aq) onto the

LC-MS Analysis of Tau Phosphorylation 179



ZipTip columns and centrifuging at 340 � g for 2 min or until
all solution has been eluted.

8. Add 25 μL of 0.1 % TFA in 50:50 ACN:H2O to elute the
peptides of interest and collect in clean microcentrifuge tubes.
Centrifuge at 340 � g for 2 min and continue centrifugation
until all solution has been eluted.

9. Dry down the eluate in a speed vacuum (see Note 7).

3.4 Reversed-

Phase Liquid

Chromatography

1. Reconstitute the peptide residue in 25 μL of solvent A. Vortex-
mix for 15 s and centrifuge briefly. Mix, centrifuge again, and
make sure that all residue has been dissolved.

2. Transfer the sample into an autosampler microvial and check
for bubbles.

3. Equilibrate the RPLC column for at least 10 min with 1 %
solvent B at 0.5 μL/min (see Note 8).

4. Load 5–10 μL of the reconstituted peptides onto a C18 trap
column with 0.5 % solvent B at a flow rate of 15 μL/min
(see Note 9).

5. Resolve or separate the bound peptides using a C18 capillary
column at a flow rate of 0.5 μL/min using the following
gradient:

Time (min) % Solvent A % Solvent B

0 99 1

3 99 1

33 50 50

43 15 85

53 15 85

55 99 1

70 99 1

3.5 Mass

Spectrometry

1. Prior to sample run, calibrate the mass spectrometer using a
standard calibration solution to ensure the mass accuracy of the
instrument. Switch to using an electrospray ionization source
and directly infuse the calibration solution into the mass spec-
trometer at a flow rate of 3–5 μL/min. Please refer to the LTQ
Orbitrap Getting Started manual for detailed instructions on
how to prepare the calibration solution (see Note 10).

2. For optimum ion transmission conditions, tune the instrument
with 100 nM angiotensin 5-peptide mix prepared in 50:50
ACN:H2O with 0.1 % formic acid. Directly infuse the tune
solution into the mass spectrometer at a flow rate of 3 μL/min.
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Specifically, the [M + 3H]3+ ion of angiotensin-1 at m/z 433 is
used for automatic tuning (see Note 11).

3. Introduce peptides eluted from the reversed-phase capillary
column into the mass spectrometer using a nanospray ioniza-
tion source (see Note 12).

4. Operate the mass spectrometer in positive mode with spray
voltage at 2.1 kV, ion transfer tube voltage at 49 V, and ion
transfer tube temperature at 170 �C. Set the sheath and auxil-
iary gases to zero (see Note 13).

5. For a full-scan mass spectrum acquisition, set the target value at
1 � 106 ions with resolution (R) of 60,000 at m/z 400.
Enable the lock mass option, using the polydimethylcyclosilox-
ane ion (PCM; protonated (Si(CH3)2O)6) at m/z
445.120025, for accurate mass measurement [25].

6. Set an ion signal threshold of 1000 for MS/MS. Use a normal-
ized collision energy of 35 %, an activation of q ¼ 0.25, and
activation time of 30 ms for MS/MS acquisitions.

7. Employ data-dependent acquisition with automatic switching
between MS and MS/MS modes. Select the top eight most
intense ions for fragmentation in the LTQ. Use a collision-
induced dissociation (CID) target value of 10,000 ions for
fragmentation.

Apply the following dynamic exclusion settings to precursor
ions chosen for MS/MS analysis: repeat count—1; repeat
duration—30 s; and exclusion duration—120 s.

8. Carry out a neutral loss experiment where data-dependent
settings were chosen to trigger an MS3 scan when a neutral
loss of 97.97, 48.99 or 32.66 m/z units (relative to the singly,
doubly, or triply charged phosphorylated precursor ion, respec-
tively), was detected among the eight most intense product
ions to improve fragmentation of phosphopeptides.

9. To ensure reliablemass spectrometric identification of phosphor-
ylation sites, repeat the phosphorylation reaction, sample proces-
sing, and mass spectrometric analysis at least two more times.

3.6 Data Analysis The following database and search engines are used for the search:
human component of the NCBI non-redundant database (11/01/
2010 version; 113,484 entries); Sequest (Ver.27, Rev. 11); and
Mascot (Ver. 2.3.01).

1. Search the MS, MS/MS and MS3 spectra against the human
component of the NCBI non-redundant database using
Sequest and Mascot algorithms.

2. Perform searches with full tryptic specificity (two missed clea-
vages); carbamidomethylated cysteine residues (+57.0340 Da)
as static modification and oxidized methionine, histidine, and
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tryptophan (+15.9949 Da); deamidated asparagine and gluta-
mine (+0.9840 Da); phosphorylated serine, threonine, and
tyrosine (+79.9663 Da); and dehydroalanine and dehydroami-
nobutyric acid (�18.0106 Da) as differential modifications.

3. Use a precursor mass error tolerance of 10 ppm and the default
product ion mass error tolerance of the above searching
algorithms.

4. Use Scaffold to view Sequest search results. Set the minimum
protein probability to 95 %, minimum number of peptides to 1,
minimum peptide probability to 95 %, and the following pep-
tide scores: ΔCn � 0.1, XCorr � 1.8 for +1, XCorr � 2.5 for
+2, and XCorr � 3.5 for +3 and +4.

5. Consider the ion score, ion identity score, and expectation
value in Mascot search results for evaluating the phosphopep-
tides identified.

6. Inspect the tandem mass spectra and product ion lists manually
to ensure quality of the phosphorylation site identification (see
Note 14).

7. Evaluate further the phosphorylation site assignment from
database search with A-scores using Scaffold PTM. Generate
MZID and MGF files of the raw data with Scaffold. Export the
MZID and corresponding MGF files in Scaffold. Create a new
experiment and load the MZID and MGF files of the data that
needs to be analyzed into Scaffold PTM. Scaffold PTM then
calculates theA-score and localization probability for the mod-
ified peptides (see Note 15).

4 Notes

1. Separation of tau samples on polyacrylamide gels and staining
with colloidal Coomassie Blue G could also be carried out for
further sample purification [5].

2. The alkylating reagent, iodoacetamide, is light sensitive, so
minimize light exposure during sample alkylation. It is also
preferable to prepare it fresh before use.

3. For optimal trypsin activity, concentrations of salts and other
reagents (e.g., reducing and alkylating agents, SDS, urea and
acetonitrile) must be within tolerable limits; otherwise dilution
with 50–100 mMNH4HCO3 is necessary. Addition of calcium
ions and adjustment of sample pH are also important to ensure
effective digestion. Trypsin works best at pH 7–9 [26, 27].

4. Carrying out the sample digestion twice with enzymes of dif-
ferent cleavage specificity helps improve proteolytic efficiency.
Proteolysis by Asp-N provided access to additional cleavage
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sites that resulted in smaller peptide size for regions of the tau
protein that could not be well digested by trypsin.

5. Follow the user guide for reversed-phase ZipTip (Millipore).

6. Loading the sample repeatedly onto the ZipTip column allows
for maximum binding of peptides to the packing material.

7. Phosphopeptide enrichment of the sample using TiO2, ZrO2,
and/or Fe3+ and Ga3+ immobilized beads usually in conjunc-
tion with ion-exchange chromatography such as strong cation
exchange (SCX), hydrophilic interaction chromatography
(HILIC), and electrostatic repulsion—hydrophilic interaction
chromatography (ERLIC) could be employed prior to LC-MS3

analysis for improved phosphopeptide detection.

8. Another important consideration is to evaluate and optimize
the biocompatibility of the UPLC system to minimize phos-
phopeptide loss during analysis.

9. Loading capacity of columns to be used should be considered
to prevent overloading and promote efficient resolution of
peptide mixture.

10. It is recommended to designate and use an ion transfer tube for
calibration purposes only to minimize carry-over of calibrant
ions in sample runs. Use a different ion transfer tube for tuning
and sample runs.

11. Ideally, the corresponding compound of interest (e.g., peptide,
small molecule) is used for tuning the instrument parameters.
However, for instances when the sample is complex such as a
protein digest, a peptide or mixture of peptides withmasses that
fall within the mass range of interest can be used for tuning.

12. Nanospray ionization offers better sensitivity for samples of
limited quantities [28, 29].

13. Sheath and auxiliary gases are not used with nanospray. For
experiments conducted at higher LC flow rates (>10 μL/min),
optimizing gas flow settings contributes to MS signal
enhancement.

14. In cases where an MS/MS spectrum resulted to phosphopep-
tide identification and has a corresponding MS3 scan, provided
that the MS/MS spectrum shows a good signal-to-noise qual-
ity and relatively high number of signal peaks, the mass list of
b- and y-ions is consulted and detection of the corresponding
fragment ions especially the phosphorylated residue is con-
firmed. If the phosphorylated residue and several other b- and
y-ions are detected, the phosphopeptide is considered for
A-score evaluation and possible inclusion in the list of modified
peptides identified.

15. A-score measures the probability or likelihood that a site is
modified by chance by examining the product ion peaks
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between the first and second most likely site. The localization
probability is calculated based on the P value used in A-score
calculation. Scaffold PTM “extends the A-score algorithm to
consider overlapping data from several peptides simultaneously
to improve confidence in specific site assignments” [24, 30].
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Identification of Protease Substrates in Complex Proteomes
by iTRAQ-TAILS on a Thermo Q Exactive Instrument

Tobias Kockmann, Nathalie Carte, Samu Melkko,
and Ulrich auf dem Keller

Abstract

The human genome encodes more than 560 proteases, but only for few of them the substrate proteins are
known. This is mainly due to high numbers of potential substrate targets for any given protease that cannot
be comprehensively explored by conventional candidate approaches. In this chapter, we describe a proteo-
mics protocol for the reliable identification of protease substrates on a proteome-wide scale. Notably, this
method termed iTRAQ-Terminal Amine Isotopic Labeling of Substrates (TAILS) does not require any
prior knowledge on candidate proteins. Instead, it is used as an unbiased discovery approach to identify
protease-substrate relations in complex biological samples. In addition, iTRAQ-TAILS not only identifies
substrate proteins but also maps cleavage sites with amino acid precision. Knowing the cleavage site enables
the researcher to perform specific downstream analyses and eliminates the need for laborious follow-up
experiments like Edman sequencing. iTRAQ-TAILS acquires this rich information by exploiting the power
of latest generation mass spectrometers as the Thermo Q Exactive instrument. Through quantitative
assessment of protein N-termini in protease-exposed and control samples and a robust data analysis
pipeline, iTRAQ-TAILS can systematically screen proteome-wide substrate spaces for proteolytic events
exerted by proteases of interest.

Keywords: Proteolysis, Protease substrate screening, N-terminomics, TAILS, iTRAQ, Thermo Q
Exactive

1 Introduction

Recently, the first drafts of the human proteome have been pub-
lished [1, 2]. These drafts include about 300,000 peptides mapping
to approximately 30,000 proteins expressed by cultured cell lines
and adult/fetal human tissues. Overall, these peptides constitute
the basis of a zoomable proteome map [3]. Peptides belonging to
the first two levels of this map indicate the expressed proteome and
its splice isoforms. The third and by far most complex level encom-
passes peptides that arise from posttranslational protein processing
andmodifications. Protein processing—sometimes also referred to as
maturation—is mainly driven by proteases. In total, more than 560
proteases have been identified in the human genome so far [4, 5].
Well-known forms of processing are the release of the initiator
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methionine by aminopeptidases or the cleavage of signal peptides by
signal peptidases. Thus, proteases can be perceived as the final sha-
pers of the functional proteome. Since protein maturation is irrevers-
ible, most third level peptides are static (or precisely in steady state).
In analogy to genomic sciences, proteases catalyzing such reactions
can be viewed as house-keeping proteases.

In addition, proteases drive highly dynamic processing events
with direct impact on protein activity and function [6]. Here,
protease activity is tightly regulated in time and space, thereby
steering the level of cleavage products. The cleavage products act
as effector molecules that propagate, restrict, amplify, or dampen
signals [7]. A well-known example from neurosciences is the
γ-secretase complex, which is implicated in cell-surface receptor
signaling via the Delta/Notch pathway [8]. The enzymatic subunit
of γ-secretase called presenilin cleaves the Notch receptor upon
ligand binding, thereby releasing its intracellular domain (Notch
ICD) into the nucleus, where it acts as transcriptional regulator.

Not surprisingly, malfunctions of proteases can lead to severe
diseases. For instance, mutations in presenilin are positively corre-
lated with Alzheimer’s disease (AD) [9]. In addition, brains of AD
patients show accumulations (plaques) of amyloid beta (Aβ) protein
that is generated by γ-secretase cleavage of the amyloid precursor
protein (APP) [10]. Another striking example relating to neurode-
generative disorders is the pathological processing of huntingtin in
Huntington’s disease [11].

These examples show that proteases are integral parts of
biological systems and need to be studied in more detail. In this
chapter, we present a versatile technique termed iTRAQ-Terminal
Amine Isotopic Labeling of Substrates (TAILS) that facilitates
studying protease activity on a proteome-wide scale [12–14].
Depending on the exact experimental setup, this technique enables
answering different protease-related questions. Here, we will focus
on a 2plex-design (two-group comparison without replication) that
tries to solve the question, which substrates are cleaved by a specific
protease. This substrate-screening setup will help explaining the
basic principles of iTRAQ-TAILS and can be readily expanded to
more complicated designs (e.g., two-group comparison with repli-
cation using 4plex or 8plex chemistry, multi-group comparisons,
time-series studies) [15–17]. A typical iTRAQ-TAILS experiment
is subdivided into three major parts, as outlined below (Fig. 1):

1. In the first part, a proteome of choice (substrate space) is
incubated under two experimental conditions (+, �). In the +
condition the potential substrates are exposed to an active
protease, which we call the test protease. The minus condition
lacks this proteolytic activity and serves as control/baseline for
the experiment. This can happen in a test tube (in vitro), e.g.,
by incubating a purified protease with a complex protein
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mixture of choice, or in vivo under conditions with inherently
different proteolytic activity (e.g., tissue from wild type and
protease-deficient animals) [16, 18]. In general, the goal is to
obtain samples containing differentially abundant cleavage pro-
ducts that can be identified and quantified by iTRAQ-TAILS.

2. In the second part, all C-terminal cleavage products are chemi-
cally labeled by an isobaric mass tag (in this protocol we use
iTRAQ labels), which become attached to the newly exposed
N-terminus of a released fragment. These tags come in
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different flavors that can be resolved by mass spectrometry
(MS). Technically, they allow multiplex MS measurements,
since proteolysis products originating from different samples/
conditions can be analyzed simultaneously. Label attachment
also happens at free protein N-termini and all lysine side chains.
In order to generate peptides that can be analyzed by MS, thus
revealing the identity of the iTRAQ-labeled protein fragments,
labeled proteins need to be digested by a second protease with
known specificity (termed the working protease). We usually
apply trypsin for this task, which cleaves C-terminal to arginine
(Arg) and lysine (Lys), but notably skips labeled residues.
Therefore, in the context of an iTRAQ-TAILS experiment
trypsin cleaves proteins following ArgC specificity. Every tryp-
sin cleavage creates a novel reactive N-terminus. This feature is
exploited by our method to segregate the resulting peptides
into two populations. The majority of peptides—harboring a
free N-terminus created by the working protease—can form
covalent bonds with an amine-reactive polymer and are thereby
eliminated from the sample. The smaller portion (about 10 %)
is protected by their N-terminal mass tag and therefore stays in
the mixture. In summary, iTRAQ-TAILS effectively reduces
the complexity of the peptide mixture to the N-terminome,
consisting of natural mature protein N-termini, N-terminal
peptides derived from active proteases other than the test prote-
ase in both samples (background proteolysis), or neo-N-termini
that have been created by the test protease and thus released from
its substrates.

3. In the third part, the remaining peptides are analyzed by liquid
chromatography tandem mass spectrometry (LC-MS/MS).
The mass spectrometer is operated in data-dependent analysis
(DDA) mode, meaning that peptide ions get selected for frag-
mentation and recording of fragment ion spectra (MS2) based
on their intensity in the precursor (MS1) scan. This is also
referred to as shotgun proteomics. How many peptides can
be fragmented during MS analysis primarily depends on instru-
ment speed. During fragmentation the so-called reporter ions
are released from the tandemmass tags. These reporter ions are
visible as peaks in the low m/z range of the MS2 spectrum.
Reporter ion intensity is proportional to the relative quantita-
tive contribution of each sample to the analyzed peptide popu-
lation. Their extraction from the MS2 spectrum indicates the
relative abundance of each N-terminal peptide in the multi-
plexed sample. The remaining fragment ion peaks in the spec-
trum originate from the common peptide backbone and can be
used to identify the corresponding peptide. Based on the quan-
titative information attached to the peptide, it can be
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determined if this peptide represents the natural mature pro-
tein N-terminus of a protein, was derived from background
proteolysis in the sample, or was generated by the test protease
and thus released from a substrate protein. While natural
mature protein N-termini and those generated by background
proteolysis are equal in abundance in both conditions, peptides
released from substrates are significantly more abundant in
samples derived from the test protease (the + condition).
In statistical terms the peptide abundance depends on the
experimental condition. After removing systematic biases
from the quantitative data (normalization), standard statistical
methods are applied to guide the decision, if a neo-N-terminus
was generated by the test protease or not (see Section 3.9 for
details).

Taken together, the final result of an iTRAQ-TAILS experi-
ment is a list of protein N-termini observed in multiplexed samples
with high confidence. Peptides that are statistically higher in abun-
dance in the protease-treated compared to the control sample are
potential direct substrates of the test protease.

It should be noted that iTRAQ-TAILS only identifies potential
substrate candidates. Since a complex mixture of proteins is used as
substrate space, the test protease might have acted indirectly on an
identified substrate, e.g., by activating a downstream protease or by
inactivating a protease inhibitor [15, 16]. Thus, direct protease-
substrate relationships can only be demonstrated by independent
validation experiments using purified components. These experi-
ments may be difficult to perform, because not all proteases can be
easily obtained in their active form. Some may also need unknown
cofactors that have not been identified by the iTRAQ-TAILS
procedure.

Moreover, iTRAQ-TAILS is bound to the limits of bottom-up
proteomics. Proteolysis by a combination of test and working
protease may release peptides whose physical and chemical proper-
ties prevent detection by LC-MS/MS. Possible constraints are,
e.g., the length of peptides, their hydrophobicity, or ionization
properties. Even if peptides ionize well, their fragmentation behav-
ior may result in MS2 spectra that cannot support peptide identifi-
cation. This is a well-described problem in targeted MS, but often
overlooked in peptide-centric shotgun MS. Since cleavages by the
test protease are fixed in position, the only strategy to tackle this
problem is to perform multiple iTRAQ-TAILS experiments with
different working proteases (e.g., trypsin and endoproteinase
GluC). This increases the chances of generating an N-terminal
peptide with favorable LC-MS/MS properties, but does not neces-
sarily guarantee its detection by MS.
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2 Materials

2.1 Protein

Preparation and Test

Protease Treatment

1. Starting material: tissue, cells, conditioned growth medium.

2. TAILS sample buffer: 2.5 M Guanidine hydrochloride
(GnHCl), 250 mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES), pH 7.8.

3. Acetone. HPLC-grade acetone is available from Sigma-Aldrich
(34850).

4. Amicon Ultra 0.5 ml centrifugal filter units, 5 kDa (Millipore).

2.2 Whole Protein

iTRAQ Labeling

1. Reducing agent: 350 mM Tris(2-carboxyethyl)phosphine
hydrochloride (TCEP). Store aliquots at �20 �C. Molecular
biology grade TCEP is available from Sigma-Aldrich (C4706).

2. Cysteine alkylating agent: 250 mM Iodoacetamide (IAA).
Should always be prepared fresh by dissolving x mg of IAA in
x * 21.6 μl of ddH2O. Molecular biology grade IAA is avail-
able from Sigma-Aldrich (A3221).

3. Labeling reagents. iTRAQ® Reagents Methods Development
Kit, AB Sciex (4352160) Labeling reagents should be stored at
�20 �C and used before expiry date.

4. Dimethyl sulfoxide (DMSO). Molecular biology grade DMSO
is available from Sigma-Aldrich (D8418).

5. 1 M ammonium bicarbonate solution. Store ammonium bicar-
bonate stock solution at room temperature in airtight vessels.
Molecular biology grade ammonium bicarbonate is available
from Sigma-Aldrich (09830).

2.3 Protein

Precipitation and

Digestion

1. Acetone. HPLC-grade acetone is available from Sigma-Aldrich
(34850).

2. Methanol (MeOH). HPLC-grade MeOH is available from
Sigma-Aldrich (34860).

3. 100 mM sodium hydroxide (NaOH) solution.

4. Mass spectrometry grade trypsin. Trypsin should be reconsti-
tuted in 50 mM acetic acid at 1 μg/μl, aliquoted, and stored at
�20 �C until usage.Minimize the number of freeze/thaw cycles
to maintain maximum activity. Mass spectrometry grade trypsin
(Trypsin Gold) is available from Promega (V5280).

2.4 HPG-ALD

Polymer Pullout

1. 1 M Hydrochloric acid (HCl).

2. HPG-ALD (hyperbranched polyglycerol-aldehydes) polymer.
Store polymer aliquots under argon at �80 �C. Polymer is
available without commercial or company restriction from
Flintbox Innovation Network, The Global Intellectual
Exchange and Innovation Network (http://www.flintbox.
com/public/project/1948/).
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3. 1 M ALD coupling solution (Sterogene, cat. no. 9704-01).

4. Amicon Ultra 0.5 ml centrifugal filter units, 30 kDa (Millipore).

5. 0.1 M ammonium bicarbonate solution.

2.5 Strong Cation

Exchange

Chromatography (SCX)

1. 50 % phosphoric acid.

2. Agilent 1200 Series High Pressure Liquid Chromatography
(HPLC) system incl. UV detector and fraction collector.

3. Column: PolySULFOETHYL A column, 200 � 2.1 mm,
5 μm 300-Å (PolyLC Inc.).

4. SCX buffer A: 10 mM KH2PO4 pH 2.7, 25 % ACN.

5. SCX buffer B: 10 mM KH2PO4 pH 2.7, 0.5 M KCl, 25 %
ACN.

2.6 Peptide Cleanup 1. SpeedVac.

2. OMIX C18 pipette tips, 10–100 μl (Agilent).
3. Peptide wash buffer: 3 % ACN, 0.1 % Trifluoroacetic acid

(TFA).

4. Peptide elution buffer: 60 % ACN, 0.1 % Trifluoroacetic acid
(TFA).

5. 100 % ACN.

6. MS sample buffer: 3 % Acetonitrile, 0.1 % Formic acid (FA).

2.7 LC-MS/MS

Analysis

1. Thermo Q Exactive™ Hybrid Quadrupole-Orbitrap Mass
Spectrometer.

2. PicoTip Emitter/SilicaTip, Tip 10 μm (NewObjective, FS360-
20-10-N-20-C12).

3. Reprosil-Pur 120 C18-AQ, 1.9 μm (Dr. Maisch GmbH).

2.8 Data Analysis

Software

1. Xcalibur™, the data acquisition and analysis software for
Thermo Scientific™ mass spectrometers.

2. Trans-Proteomic Pipeline (TPP) 4.7.1, a collection of
integrated tools for MS/MS proteomics, developed at the
Seattle Proteome Center (SPC) [19]. Current binaries for
Windows and Linux can be obtained via http://tools.pro
teomecenter.org/wiki/index.php?title¼Software:TPP.

3. Mascot, a commercial search engine developed by Matrix
Science. Further information can be obtained via http://
www.matrixscience.com.

4. CLIPPER, a Perl script for processing of TAILS data [20].
The current release can be obtained via http://clipserve.clip.
ubc.ca/tails and needs to be installed on top of a working TPP
installation.
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3 Methods

3.1 Protein

Preparation and Test

Protease Treatment

Choices of source material for substrate preparation are very flexi-
ble. In the past, iTRAQ-TAILS has been successfully applied to
conditioned cell culture media and mammalian tissues [14–17, 21].
Ideally, the substrate proteome is derived from “naı̈ve” cells or
tissues that are deficient for the test protease [13]. The most
appropriate extraction procedure primarily depends on the source
material and protein fraction of interest (e.g., membrane or nuclear
compartment). Suitable protocols for mass spectrometry compati-
ble protein extraction procedures from cells and tissues are beyond
this chapter and should be taken from the comprehensive literature.

1. Transfer substrate proteins to a suitable digestion buffer that
fits your protease of interest (seeNote 1). This can be achieved,
e.g., by ultrafiltration with 5 kDa cut-off membranes or ace-
tone precipitation (seeNote 2) and subsequent resuspension in
the desired buffer.

2. Split your substrate mixture into test (+) and control (�)
samples and incubate the + sample at a fixed protease/substrate
ratio (e.g., 1/100 w/w) for several hours at 37 �C. The control
(�) sample is incubated in parallel without addition of the test
protease.

Before proceeding to the following section, we recommend
concentrating proteins in TAILS sample buffer (250 mM HEPES
pH 7.8, 2.5 M GnHCl) using acetone precipitation. Alternatively,
proteins may be directly digested in HEPES buffer and adjusted to
final TAILS sample buffer conditions after completing the digest.

3.2 Whole Protein

iTRAQ Labeling

The following steps assume: + and � sample at (1 μg/μl) in TAILS
sample buffer.

1. Transfer 250 μl protein solution from + and � sample
(equal to 250 μg total protein each) to fresh Eppendorf tubes
(see Note 3).

2. Denature proteins by incubating sample for 15 min at 65 �C.

3. Reduce proteins by adding 2.5 μl of 350 mM TCEP solution
and continue incubating for 45 min at 65 �C.

4. Cool samples down to room temperature (RT).

5. Alkylate proteins by adding 5 μl of 250 mM IAA solution and
incubate for 30 min in the dark.

6. Bring iTRAQ labeling reagents (114 and 117) to RTand pulse-
spin to collect reagents at the bottom of the tubes (seeNote 4).

7. Add 250 μl DMSO to each reagent tube (see Note 5), mix by
pipetting, and transfer diluted reagents to sample tubes (114 to
protease (+), 117 to control (�)).
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8. Incubate labeling reaction for 30 min at RT.

9. Quench excess iTRAQ reagent by adding 50 μl of 1 M ammo-
nium bicarbonate solution and incubate for 30 min at RT.

3.3 Protein

Precipitation and

Digestion

1. Combine iTRAQ-labeled samples in 50 ml falcon tube and mix
by vortexing.

2. Precipitate proteins by adding 32 ml acetone and 4 ml MeOH
(both �20 �C cold). Subsequently, incubate at �80 �C for
1–2 h.

3. Pellet proteins by centrifugation at max rpm and 4 �C for
20 min.

4. Discard supernatant by decanting and wash protein pellet in
15 ml ice-cold MeOH.

5. Collect precipitate by centrifugation at max rpm and 4 �C for
10 min.

6. Discard supernatant by decanting and invert falcon tubes on
tissue paper.

7. Resuspend protein pellet in 200 μl of 0.1 MNaOH solution by
pipetting and transfer dissolved proteins to fresh Eppendorf
tube.

8. Add 700 μl of ddH2O, 100 μl of 1 M HEPES, pH 7.8 and mix
by vortexing.

9. Digest labeled proteins by adding 20 μg of MS-grade Trypsin
and incubating at 37 �C overnight.

10. (Optional) If analysis of sample without N-terminal enrich-
ment is desired, remove 100 μl (10 %) from digested sample
prior to proceeding to the following step.

3.4 HPG-ALD

Polymer Pullout

1. Adjust pH of peptide solution to 6.5–7 by adding 20–30 μl of
1 M HCl (see Note 6).

2. Add 5 mg (140 μl) of HPG-ALD polymer (see Note 7) and
50 μl of 1 M ALD coupling solution. Mix by gentle pipetting
and incubate at 37 �C overnight.

3. Condition a 30 kDa Amicon with 350 μl of ddH2O.

4. Add one third (~340–350 μl) of polymer containing sample to
filtration device and collect free peptides by centrifugation
according to the manufacturer’s instructions. Repeat for a
total of three times and combine filtrates.

5. Wash polymer by adding 100 μl of 0.1 M ammonium bicar-
bonate solution to filtration device and gentle pipetting.

6. Collect flow-through by centrifugation and combine with fil-
trates from step 4.

7. Store peptides at�20 �C in case you do not directly proceed to
peptide fractionation or C18 cleanup.
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3.5 Strong Cation

Exchange

Chromatography (SCX)

1. Adjust pH of sample to �2.7 by adding 20 μl of 50 % phos-
phoric acid.

2. Fractionate peptides using strong cation exchange chromatog-
raphy (see Note 8 for details).

3.6 Peptide Cleanup 1. Dry peptide fractions in SpeedVac and resuspend in 100 μl
peptide wash buffer.

2. Clean and optionally pool peptides on C18 OMIX tips (see
Note 9 for details).

3. Dry cleaned peptides in SpeedVac and resuspend in 20 μl MS
sample buffer.

3.7 LC-MS/MS

Analysis

Analyze peptide fractions using liquid chromatography coupled to
tandem mass spectrometry (LC-MS/MS, see Note 10 for details).
We recommend injecting 10–20 % (2–4 μl) of your total sample
volume as a first try. The optimal injection volume depends on
sample amount/complexity and should be chosen empirically,
based on the results of this first test injection (see next section).

3.8 Inspection of

Mass Spectrometry

Raw Data

Raw data quality should be rigorously confirmed before moving to
the data analysis section. The most basic parameter that needs to be
inspected is the total ion count (TIC) and its distribution over
retention time (RT). ATIC much smaller than the machine specific
optimal value indicates technical problems or that too little material
was injected. This might be caused by sample loss during prepara-
tion or incomplete sample pickup from the auto sampler (AS) vial.
To exclude pickup problems, weigh sample tubes before and after
injection and compare weight differences to expected volume
reduction. After excluding pickup problems (see also next para-
graph) re-inject larger volumes of analyte, bearing in mind that
nanoLC columns have a limited loading capacity. Unequal signal
distribution along the RT dimension often indicates chromatogra-
phy/ionization problems. Inspect peptide signals by computing
extracted ion chromatograms (XICs) across injections. XICs are
calculated from raw data files using the MS instrument vendor
software (for Thermo instruments: Xcalibur™). Another attribute
that can be judged on the raw data scale is sample complexity. The
number of dependent scans (MS2 scans) per analysis cycle (MS1
scan) serves as a good first proxy. Given a sensible MS2 triggering
threshold, high dependent scan numbers over time indicate com-
plex peptide mixtures. Re-injection of these samples may provide
additional data that has been missed during the first injection due
to systematic undersampling. Dependent scan numbers and peak
picking behavior are inspected using the instrument vendor soft-
ware. Apart from re-injecting complex samples with the same chro-
matography protocol, longer linear gradient should be considered
(see Note 10). Flatter gradients at constant cycle times provide
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higher chances to select specific peptides for fragmentation,
because corresponding MS1 peaks will cover more analysis cycles.
However, adjusting the gradient slope needs to be harmonized
with dynamic exclusion settings. Otherwise, additional MS2 spec-
tra will cover mainly peaks that have already been annotated in
previous cycles, thereby resulting in redundant information.

3.9 Data Analysis Interpretation of mass spectrometry data will depend on the type of
mass spectrometer used and how spectra have been acquired. Here,
we describe an analysis workflow for data obtained on a Thermo Q
Exactive™ instrument (seeNote 11) (Fig. 2). In the first part of the
analysis, MS2 spectra are matched probabilistically against a refer-
ence proteome (see Section 3.9.1). This process infers the most
likely origin (explanation) of each spectrum given a collection of
proteins potentially expressed by the experimental system under
study. In order to control the total number of false negative and
false positive peptide identifications, these search results need to be
merged and confirmed using statistical error models (see Sec-
tion 3.9.2). The result is a list of peptides that have been observed
by the experimenter with known confidence. Finally, the user
assigns functional annotations to these confirmed peptides by
exploiting information on protein maturation/processing (Sec-
tion 3.9.3). This step divides the peptides into functional categories
like N-termini of unprocessed precursors or processed mature
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proteins (e.g., upon signal peptide removal). In addition, the
quantitative information obtained from the iTRAQ reporter ion
region is evaluated in order to decide if the abundance of a given
peptide is dependent on one of the experimental conditions. For
two-group comparisons between protease-treated and control sam-
ples, this evaluation translates into finding protease substrate can-
didates and defining cleavage site specificities.

3.9.1 Data Conversion

and Peptide Identification

As an analysis platform for iTRAQ-TAILS proteomics data, we use
the Trans-Proteomic Pipeline (TPP) in combination with the Mas-
cot search engine. These perform well in peptide-centric
approaches, and with pep.xml the TPP provides a common output
format for raw data from different vendors.

1. Open the TPP graphical user interface Petunia by directing
browser to http://www.localhost/tpp-bin/tpp_gui.pl. Log in
with user name “guest” and password “guest” and set analysis
pipeline to “Mascot”.

2. Within Petunia (“Utilities -> Browse Files”) create a directory
for your project and upload Thermo RAW files to the TPP data
tree. Details on the general use of TPP can be found here:
http://tools.proteomecenter.org/wiki/index.php?title¼TPP_
Tutorial.

3. Convert Thermo RAW data files for each sample (e.g., SCX
fraction) to mzML format using ProteoWizard’s msconvert
tool that is automatically installed with TPP v4.7.1 (“Analysis
Pipeline (Mascot) -> mzML/mzXML”). Check options for
centroiding, compression of peak lists, and output as gzipped file.

4. Convert mzML.gz output files to Mascot Generic Format
(mgf) applying TPP default settings (“mzXML Utils -> Con-
vert mz[X]ML Files”). Make sure to select the correct activa-
tion method (HCD).

5. Perform database (see Note 12) search with Mascot search
engine and following peptide modifications: fixed: iTRAQ4-
plex (K), Carbamidomethyl (C); variable: iTRAQ4plex
(N-term), Acetyl (N-term), Oxidation (M). Additional variable
N-terminal modifications, e.g., pyro-Glu formation, might be
added. Enzyme should be set to ArgC and semi-specificity to
allow for identification of peptides with nonspecific N-termini.
Set precursor and fragment ion mass tolerances to 10 ppm and
0.02 Da, respectively (see Note 13).

6. Retrieve search result files (dat) from Mascot server. If the
server is accessible from within Petunia, “Intermediate Files”
can be downloaded via “Analysis Pipeline (Mascot) -> Data-
base Search”. If not, locate search results in Mascot search log
and save “Intermediate file” under the same name as mzML.gz
and mgf files to the same directory in the TPP data tree.
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7. Convert dat files to pep.xml (“Analysis Pipeline (Mascot) ->
pepXML”) choosing a local copy of the corresponding Mascot
search database (see Note 12) and “argc - Semi” as enzyme.

3.9.2 Sample Merging,

Secondary Validation, and

iTRAQ Quantification

Since iTRAQ-TAILS relies on identification of protein N-termini
and thus in many cases on a single peptide per protein, very strin-
gent criteria for assignment of mass spectra to peptides are required.
Therefore, we apply several steps for secondary validation ofMascot
search hits by integrating multiple statistical models (PeptidePro-
phet, iProphet, ProteinProphet) [22–24].

1. Generate “condition.xml” file for iTRAQ quantification by
Libra (“Utilities -> Libra Conditions”). Check “Use Reagent
m/z” for 114.1 and 117.1 and leave correction values at “0.0”
(see Note 14). Save “condition.xml” to TPP project directory.

2. Run “xinteract” (“Analysis Pipeline (Mascot) -> Analyze Pep-
tides”) to combine pep.xml search result files from multiple
SCX fractions, secondary validate search results by PeptidePro-
phet and iProphet, and quantify iTRAQ reporter ions by Libra.
Select pep.xml files for all SCX fractions and apply default
“Output File and Filter Options” and following parameters:
PeptideProphet Options -> RUN PeptideProphet, Use accu-
rate mass binning (using PPM), Do not use the NTT model;
InterProphet Options -> RUN InterProphet; Libra Quantifi-
cation Options -> RUN Libra.

3. (Optional) Run “ProteinProphet” (“Analysis Pipeline (Mas-
cot) -> Analyze Proteins”) to generate a list of proteins to be
used for calculation of isoform assignment scores (IAS). Select
“interact.ipro.pep.xml” and apply following settings: Protein-
Prophet Parameters -> Input is from iProphet; Advanced Pro-
teinProphet Options -> Do not assemble protein groups.

3.9.3 Peptide Filtering,

Positional Annotation, and

Statistical Evaluation of

Protease Cleavage Events

In the final part of data analysis high confidence peptides are
extracted, annotated for their position in the corresponding protein
and quantitatively compared in protease-treated and control sam-
ple. This allows distinguishing natural mature protein N-termini
and background proteolysis events from neo-N-termini generated
by the test protease (seeNote 15). For all these steps the CLIPPER
analysis pipeline was developed that can be easily installed on top of
an existing TPP installation [20].

1. Open [PepXML] link to “interact.ipro.pep.xml” in “Output
Files” of “xinteract” analysis (see Section 3.9.2). In “PepXML-
Viewer” go to “Filtering Options” and set “min iProphet prob-
ability” to 0.95 (seeNote 16). Next, go to “Pick Columns”, add
“All>>” to “columns to display” and “Update Page”. Make
sure all information is displayed, go to “Other Actions” and
export “interact.ipro.pep.xls” with “Export Spreadsheet”.
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2. (Optional) Open [ProtXML] link to “interact.prot.xml” in
“Output Files” of “ProteinProphet” analysis (see Sec-
tion 3.9.2). In “ProteinProphet protXML Viewer” set “min
probability” to 0.95 (see Note 16). Set “protein groups”,
“annotation”, and “peptides” to “hide”. Check “export to
excel” and export to “interact.prot.xls” with “Filter/Sort/
Discard checked entries”.

3. In Petunia open “CLIPPER” tab and select “interact.ipro.pep.
xls” as “PepXMLViewer Excel export file to analyze”. Select
the local copy of the protein sequence database that had been
used in Section 3.9.1 for theMascot search in “Specify database
to use”. Apply the following “Output Options”: Merge multi-
ple spectra for same peptide, Annotate peptides, Calculate cut-
off from natural N-termini (select appropriate channels for
protease and control) (see Note 17). (Optional) To calculate
IAS values enter “interact.prot.xls” in “Proteinprophet Excel
export after enrichment of N termini”. Run CLIPPER.

4. Optional parameters. If checked “Generate output file for
upload to TopFIND” will automatically generate a file contain-
ing information on identified protease-substrate relations that
can be directly uploaded to the TopFIND database (http://
clipserve.clip.ubc.ca/topfind/contribute) [25, 26] (strongly
recommended). “Generate output file for analysis with Web-
PICS” provides data for analysis of protease specificity [27].
“Generate pdf file for all spectra” outputs a single pdf for all
spectra assigned to peptides included in CLIPPER analysis.

5. Open “interact.ipro_merge.clipper.html” in “clipper” subdir-
ectory for inspection of results. All additional files for each step
of analysis will also be saved to this directory.

3.9.4 CLIPPER Output

Files

In addition to the integrated HTML frameset “interact.ipro_
merge.clipper.html”, CLIPPER will generate output files for each
step of analysis in comma-separated values (*.csv) format that can
be opened in spreadsheet applications (Excel etc.) for further
inspection. Moreover, histograms for distributions of log2(pro-
tease/control) ratios before (nterm_hist.png) and after (nterm_
norm_hist.png) normalization are provided. Additional detailed
information can be found in the CLIPPER Manual, which is freely
available at http://clipserve.clip.ubc.ca/tails/ [20].

1. interact.clip.csv: lists extracted data from interact.pep.xls fil-
tered for peptides with N-terminal modification (iTRAQ, acet-
ylation etc.) and tryptic C termini.

2. interact_merge.clip.csv: lists peptides from “interact.clip.csv”
upon merging of multiple spectra and modifications (e.g.,
nonoxidized, oxidized) for the same peptide.
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3. interact_merge.annotate.clip.csv: lists all data from “interact.
ipro_merge.clipper.html” but in csv format. This is the
main working file for downstream data interpretation.
Neo-N-termini from substrate candidates can be extracted by
filtering for p-value cut-offs given in column “substr_p_1”.

4. nterm_hist.png and nterm_norm_hist.png: histograms should
be inspected for number of contributing N-termini (n), distri-
bution fit, and normalization factor. For valid results n should
be �30, the fitted curve should closely follow the histogram,
and the maximum of “Density” should not extensively deviate
from 0 in nterm_hist.png.

4 Notes

1. Proteases have very different needs when it comes to conditions
like pH, buffering agent, ions (e.g., Mg2+, Ca2+, Zn2+), and
other additives. As a starting point, use a digestion buffer that
has already been described in the literature. Be careful: Many
extraction buffers contain protease inhibitors and detergents.
Both may inhibit your test protease if carried over into the
digest.

2. Standard acetone precipitation is performed by adding six
volumes of ice-cold (�20 �C) acetone to the sample tube and
incubating for 30 min to 4 h at �20 �C. The protein flocculent
is pelleted by spinning the sample tube at 6000� g for 10 min.
Be careful not to overdry the protein pellet after decanting the
acetone. Inverting the sample tubes on tissue paper for
5–10 min is usually sufficient. Some protein pellets are difficult
to redissolve in TAILS sample buffer. Therefore, we recom-
mend first dissolving the protein pellets in 8 M GnHCl by
gentle pipetting. Once the pellets have been completely dis-
solved, add 1 M HEPES pH 7.8 and ddH2O to match final
TAILS sample buffer concentrations. If you wish to deviate
from the TAILS sample buffer, consider the following:
GnHCl assures complete protein denaturation prior to protein
labeling. We have not used buffers without chaotropic salt for
TAILS and do not recommend this. In case you replace HEPES
by a different buffering agent, make sure that your buffer of
choice is devoid of free amine group, since these would inter-
fere with the labeling reaction, thereby leading to partial
labeling.

3. Do not use coated Eppendorf tubes at any step of the protocol,
since these can release polymers into the sample that might
interfere with MS analysis.
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4. iTRAQ labeling reagent is supplied in a minimal volume of
organic solvent.

5. iTRAQ makes use of NHS chemistry to form covalent bonds
between the labeling reagent and free amine groups. Efficient
labeling requires�50 % organic solvent. Therefore, care should
be taken to add sufficient DMSO to the labeling reaction.

6. Before adding polymer, the pH should be quickly checked by
applying 10 μl of peptide solution to a pH paper. If needed, the
pH can be further adjusted with NaOH or HCl.

7. This amount is based on the actual binding capacity of a 100 kDa
HPG-ALD polymer (35 mg/ml) but may vary with the specific
batch. Information is provided on the package insert.

8. We perform strong cation exchange chromatography of pep-
tides using the SCX buffers and column listed in Section 2 and
the gradient table given below. If you choose to use a different
column, make sure that it is suited for peptide separation and
that its loading capacity exceeds 2 mg of input material. We
favor the use of a matching precolumn to protect the prepara-
tive column and to ease column cleaning. Test column/instru-
ment performance prior to sample fractionation by separating a
standard mixture of synthetic peptides. The optimal number of
fractions depends on sample complexity and desired MS instru-
ment time. We routinely divide the gradient into 27 fractions
and pool low intensity fractions, judged by UV signal, on C18
OMIX tips prior to MS analysis (see Note 9). General instruc-
tions regarding the operation of HPLC systems and SCX can be
found elsewhere.

Step Time [min] %B Flow [ml/min]

1 0 0 0.2

2 60 0

3 65 5

4 100 35

5 110 100

6 115 100

7 115.01 0

8 140 0

9. Wet and equilibrate C18 OMIX tips by 5 aspiration/infusion
cycles in 100 μl of 100 % ACN, elution buffer and wash buffer.
Bind and optionally pool peptides on C18 resin by 10 cycles in
redissolved HPLC fractions. Finally, elute peptides by five cycles
in 100 μl peptide elution buffer.
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10. For inline peptide separation we use custom-made 15 cm
� 75 μm (ID) frit columns, packed with C18 chromatogra-
phy medium of 1.9 μm particle size. Columns are operated at
50 �C in connection with a 10 μm microTip emitter. The
chromatographic elution time of a single peptide on such a
column will be in the 20–30 s range. A typical nanoLC gradi-
ent table suited for DDA experiments is given below. For
longer gradients simply adjust step 2.

Step Time [min] %B Flow rate [nl/min]

1 0 2 300

2 60 35

3 63 95

4 70 95

Beam- and trapping-typeMS instruments are suitable for iTRAQ-
TAILSanalysis.Werecommendusingahigh resolution,highmass
accuracy model providing higher-energy collisional dissociation
(HCD)fragmentationofprecursor ions.The instrumentofchoice
should be operated in data-dependent analysis (DDA) mode. In
DDA, also called shotgunmode, the instrument sequentially dis-
sociates themost intense (topn) ions fromaprecursor scan (MS1)
and records corresponding fragment ion spectra (MS2). Post
acquisition, these MS2 spectra are probabilistically matched
against a proteome database for peptide identification. We rou-
tinely use top15 to top30 DDA methods, depending on the
instrument speed, with cycle times around 3 s (necessary time to
performMS1 and all dependingMS2 scans). This corresponds to
fragmentation frequencies of 5–10 Hz. The following table lists
MS instrument settings thatwehave used successfully for iTRAQ-
TAILS analysis on the ThermoQExactive™ instrument:

MS1 Resolution: 70,000
AGC target: 1e6
Max. IT: 250 ms
Scan range: 400–2000 m/z

MS2 Resolution: 17,500
AGC target: 2e5
Max. IT: 120 ms
topN: 15
Isolation window: 2 m/z
Fixed first mass: 100 m/z
NCE: 30

Data-dependent settings Underfill ratio: 5 %
Charge state exclusion: undefined, +1, >5+
Dynamic exclusion*: 10 s
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In theory, single MS2 spectra/precursor can be sufficient for
correct peptide identification and iTRAQ quantification. Still,
we do not recommend using very strict dynamic exclusion
settings for iTRAQ-TAILS analysis (e.g., 1 min exclusion
after first appearance). Generally, single spectra recordings/
precursor bear the risk of failed peptide assignments and inac-
curate quantification due to low quality spectra. In protein
centric DDA experiments, matching other peptides from the
same protein usually compensates for this. In contrast, iTRAQ-
TAILS analysis is more likely to be affected by such missed
identifications, since detection of proteolytic events implies
the correct assignment and quantification of a single peptide.
Thus, we prefer to sample each precursor multiple times.

11. To test the functionality of the installed data analysis pipeline, a
preprocessed test dataset recorded on a Thermo Q Exactive™
instrument might be downloaded from http://clipserve.clip.
ubc.ca/tails/. These data were obtained by labeling two ali-
quots of 0.5 ng of a commercially available tryptic digest of
bovine serum albumin (MassPREP Digestion Standard Kit,
Waters, 186002329, SwissProt P02769) with iTRAQ reagents
114 and 117, respectively, following the protocol provided
with the iTRAQ® Reagents Methods Development Kit, AB
Sciex (4352160). Mass spectrometry was performed applying
parameters described in Note 10. To see expected results
unpack “BSA_test.zip” and move folder to “C:\Inetpub
\wwwroot\ISB\data”. To test your own pipeline create a new
folder “C:\Inetpub\wwwroot\ISB\data\BSA_test_2” and copy
files “bsa_digest.raw” and “uniprot-organism-taxid-9913-bos-
taurus.fasta” to this location. Follow Section 3.9 for processing
and compare results to preprocessed test output.

12. To allow for positional annotation and compatibility with
CLIPPER (see Section 3.9.3), we recommend using
organism-specific UniprotKB fasta databases. These can be
downloaded from ftp://ftp.uniprot.org/pub/databases/
uniprot/current_release/knowledgebase/proteomes/. As an
example a database for Bos Taurus is provided with the test
dataset (see Note 11). For later use in TPP, the same database
has to be uploaded to the TPP data tree.

13. These are standard values for a Thermo Q Exactive™ mass
spectrometer. They might differ on your specific instrument.

14. Due to their differences in masses of reporter ions released
from iTRAQ reagents 114 and 117, no purity corrections
have to be entered. If reagents generating reporter ions with
mass differences of less than 3 Da are used, appropriate correc-
tion factors have to be entered. If provided, these may be
obtained from package inserts with individual iTRAQ reagent
kits. Otherwise, commonly used values suggested by TPP’s
Libra condition.xml tool should be applied.
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15. CLIPPER exploits the basic assumption that the levels of natu-
ral N-termini are not affected by the test protease treatment
and thus equal in both conditions. Accordingly, the log2-trans-
formed peptide abundance ratio follows a Normal distribution:

ri ¼ log2
pepi, treated

pepi, control

 !
� N μ; σ2

� �

In the absence of any experimental bias, the mean parameter
(μ) of the model should be zero. CLIPPER normalizes ri by
subtracting the mean ratio over all natural N-termini (this re-
centers the ratio distribution on zero). The prefix of the nor-
malized log2 abundance ratio (ri*) now indicates the direction
of regulation relative to the control level. The variance parame-
ter of the model (σ2) can be considered as the total measure-
ment noise of a given iTRAQ-TAILS experiment. According to
the cumulative distribution function (cdf) of the Normal dis-
tribution, ratios more than x sigma away from the mean are
unlikely to occur by chance. Thus, the standard deviation of ri
over all natural protein N-termini can be used to calculate
p-values for statistical significance of substrate cleavage events
applying the Gaussian error function. CLIPPER estimates

the peptide abundances as pepi, k ¼
X
j

y with y being the

reporter ion intensity for condition k of a spectrum j matched
to a stripped peptide i.

16. In PeptideProphet, iProphet, and ProteinProphet analyses, the
probability translates into an error rate for spectrum to peptide
assignments or protein inferences, respectively, calculated from
the actual statistical model [22–24]. In our experience, in
iTRAQ-TAILS experiments iProphet and ProteinProphet
probabilities of �0.95 correspond to error rates of <1 % on
the peptide and <2 % on the protein level [16] and thus
represent stringent cut-offs. Models for your specific experi-
ment and “Sens/Error Tables” are accessible via “interact.ipro.
pep-MODELS.html” and “interact.prot-MODELS.html” in
the TPP project directory. Based on this information less strin-
gent probability cut-offs may be chosen, but for high confi-
dence the error rate should not exceed 1 % for iProphet and 2 %
for ProteinProphet analyses.

17. Do not check option “Calculate cut-off from natural N-ter-
mini” for analysis of the test dataset (seeNote 11), since it does
not provide sufficient data for model generation.
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Proteolytic Processing of Neuropeptides

Lloyd D. Fricker

Abstract

Proteolytic cleavage of neuropeptide precursors is a major post-translational modification that is essential
for the production of all biologically active peptides. Differential processing of precursors can produce
peptides with unique biological activities. Even differences of a single amino acid can cause large changes in
biological activity. Therefore, it is important to understand the precise molecular form of the peptide that is
produced in a particular cell or tissue. For this, mass spectrometry-based peptidomic approaches are ideal.
Unlike older radioimmunoassay-based detection techniques, peptidomics methods can measure the precise
form of each peptide and can readily distinguish between longer and shorter forms of the same peptide. In
addition, peptidomic methods are not limited to known peptides and can detect hundreds of different
peptides in a single experiment. Comparison between two or more groups of samples is possible with
quantitative peptidomic methods. The use of quantitative methods allow for differences in levels among
tissues, cell types, or between wild-type and mutant animals to be determined. This review describes a
method for quantitative peptidomics using isotopic labels based on trimethylammonium butyrate, which
can be synthesized in five different isotopic forms, allowing multivariate analysis of five different samples in a
single liquid chromatography/mass spectrometry run.

Keywords: Prohormone convertase, Proprotein convertase, Carboxypeptidase, Peptidomics,
Proteomics, Peptidase, Protease

1 Introduction

Neuropeptides are produced from precursor proteins that require
processing by endo- and exopeptidases. Endopeptidases include
furin, prohormone convertases (PC), and related enzymes. Furin
and furin-like enzymes are located primarily in the trans Golgi
network, while the PCs are present within secretory vesicles and
perform the majority of the cleavages of neuropeptide precursors.
There are two major PCs: PC1 (also known as PC3 and typically
referred to as PC1/3) and PC2 [1, 2]. Following the endopepti-
dase step, most bioactive peptides require an additional step
mediated by exopeptidases carboxypeptidase E (CPE) and carboxy-
peptidase D (CPD). These enzymes cleave C-terminal basic resi-
dues from the prohormone convertase reaction products [3–5].
Some peptides require further modifications such as C-terminal
amidation [6].
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Mass spectrometry can be used to determine the precise forms
of peptides present in a biological sample [7, 8]. Quantitative mass
spectrometry can determine the relative levels of peptides in two or
more different samples. This allows for a range of applications. For
example, strains of mice lacking a particular processing enzyme can
be compared to wild-type littermates [9–14]. Peptides that are
missing from the mutant mice are likely to be products of the
enzyme, while those peptides that accumulate to high levels in the
mutant mice are likely to be substrates of that enzyme. However, it
is possible that peptide levels change for other reasons, and in vitro
studies are needed to verify that an enzyme can perform the clea-
vages predicted from the analysis of mutant mice [5]. These in vitro
studies can also use a similar mass spectrometry-based peptidomics
approach to measure the effect of incubating purified enzymes with
extracts of peptides, versus control incubations in the absence of
enzyme [15–17]. The combination of animal studies and in vitro
studies collectively reveal the substrates and products of an individ-
ual processing enzyme [5].

There are two basic approaches for quantitative peptidomics.
One involves label-free measurements of the signal strength of each
peptide [18, 19]. For this, many technical replicates are required, as
well as several biological replicates. Thus, a large number of liquid
chromatography/mass spectrometry (LC/MS) runs must be per-
formed for each experiment. While large changes in peptide levels
can be readily detected using a label-free approach, it is much more
difficult to detect small changes in the levels of peptides. The other
general approach is to label the peptides in each sample with a stable
isotope so that the resulting mass of each peptide is distinct [20, 21].
The various samples are combined and a single LC/MS run is
required for each set of samples. Although multiple LC/MS runs
still need to be performed to obtain a suitable number of biological
replicates, there is no need to perform multiple technical replicates,
and the overall number of LC/MS runs is greatly reduced in the
isotopic label approach, compared to the label-free approach. Under
optimal conditions, changes in peptide levels as small as 10 % can be
detected using the isotopic label approach [22].

A number of different isotopic labels have been described in the
literature [22–29]. The protocol described below labels peptides
with trimethylammonium butyrate (TMAB) [30]. This compound
is a quaternary amine, meaning that it contains a permanent
positively-charged amine group. It is easily synthesized from
gamma-aminobutyric acid and methyl iodide, which is commer-
cially available with normal isotope composition (i.e. >99 % hydro-
gen), and with 1, 2, or 3 atoms of deuterium per molecule. Because
three methyl groups are incorporated into the compound, the
resulting product has a mass either 3, 6, or 9 Da heavier than the
product made with the non-deuterated methyl iodide [23]. In
addition to these compounds, a fifth reagent can be synthesized
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using methyl iodide containing three deuteriums and one 13C
atom—the resulting mass is 12 Da heavier than the form made
with regular methyl iodide. Peptides labeled with each of the five
distinct isotopic forms of the TMAB reagent co-elute from HPLC.
This is not usually the case for deuterated compounds due to the
difference between hydrogen bonds and deuterium bonds. But in
the case of the TMAB labels, the positive charge of the quaternary
amine adjacent to the methyl group reduces the formation of
hydrogen bonds (or deuterium bonds) and the label doesn’t affect
the retention time of the peptide [30]. Co-elution of all isotopic
forms allows for more accurate quantification of the signals [22].

All peptidomic methods require special care in the preparation
of samples. Older methods such as radioimmunoassays were less
sensitive to impurities and typically started with animal tissue that
had been dissected and frozen [31]. The tissue would be thawed in
boiling acidic solutions and then peptides extracted and measured
using an antiserum-based assay. Attempts to use these approaches
for peptidomics failed for multiple reasons [20, 21]. One problem
is the post-mortem changes in peptides that occur within minutes
of death. Some proteins are rapidly degraded within several minutes
of death, possibly due to ischemic conditions in brain. The protein
degradation leads to a very high background of peptides derived
from these proteins, which obscure the signals from the neuropep-
tides. In addition, neuropeptide levels decrease within minutes of
death, possibly due to secretion of the peptide-containing granules
and subsequent degradation by extracellular peptidases [32–35]. A
third problem is that extraction in boiling acid leads to breakdown
of amide bonds in proteins, primarily at Asp residues, with Asp-Pro
sequences especially sensitive to acidic conditions [36]. Thus, the
standard methods of sample preparation and peptide extraction
used for decades to study neuropeptides were not applicable for
mass spectrometry-based peptidomic approaches. A simple solu-
tion to these problems is to rapidly heat the brain prior to removal
from the skull and dissection. This can be accomplished using
microwave irradiation, either with a focused-beam device that kills
mice within seconds [37], or by decapitating the mice and placing
the head into a conventional microwave oven for several seconds
[9]. Other approaches using rapid heating of the brain have also
been successful [38]. Once the brain is heat-inactivated (80 �C),
protease activity is eliminated and there is no need to extract pep-
tides in hot acid. Instead, peptides can be extracted in hot water
followed by ice-cold acid to precipitate proteins; this combination
does not result in chemical breakdown of proteins [36].

The following protocol describes the basic method of sample
preparation, peptide extraction, isotopic labeling, and mass spec-
trometry analysis.
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2 Materials

High-purity water (such as Milli-Q distilled water system from
Millipore).

0.1 M Hydrochloric Acid (Pierce).

0.4 M NaH2PO4 (Sigma).

TMAB-NHS compounds, synthesized as described [23].

1.0 M NaOH (Sigma).

Dimethylsulfoxide (Sigma).

NH2OH HCl (Sigma).

Glycine (Sigma).

Acetonitrile, HPLC grade (Fisher Scientific).

Trifluoroacetic acid (Pierce).

Ultrasonic processor W-380 (Ultrasonic Inc., Farmingdale, NY,
USA).

Low retention microcentrifuge tubes (Eppendorf).

Hydrion pH Papers, 8.0–9.5 (Micro Essential Laboratory).

Amicon Ultra 4 mL Ultracel 10,000 molecular weight cut-off
Centrifugal Filter Devices (Millipore).

PepClean™ C-18 spin column (Pierce).

3 Methods

3.1 Sample

Preparation

1. Sacrifice the animals and heat-inactivate the tissue. Mice can be
sacrificed by cervical dislocation followed by decapitation. The
heads are immediately placed in a conventional microwave oven
until the internal temperature of the brain reaches 80 �C [9].
This needs to be determined for each microwave oven used, as
there is considerable variability among brands and models. It is
necessary to find a spot in the oven that yields consistent
results. This can be done using a small beaker of water and
measuring the temperature change over multiple tests. Once a
consistent spot in the microwave is identified, the length of
time to raise the brain temperature to 80 �C needs to be
determined with animals. For this, it is best to use a digital
thermometer and insert the probe into the skull immediately
after removing from the microwave. After obtaining consistent
results in several animals, it is not necessary to check the tem-
perature of the mice brains to be used for peptidomics; inser-
tion of the probe will damage the brain. An alternative to a
conventional microwave oven is to use a device that employs
focused microwaves to sacrifice the animals within seconds [37].
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However, these devices require immobilizing the animals in
tubes, causing stress that may induce changes in neuropeptide
levels. A third approach is to decapitate the animals, as above,
and quickly remove the brain and heat to 80 �C with a specific
device designed for this purpose [38].

2. Dissection. After allowing the brain to cool, it needs to be
removed from the skull and dissected. Unlike a fresh brain,
after heat inactivation the brain becomes much more fragile
and prone to nicking. Dissection is best done using a razor
blade to cut the brain into coronal sections. Using measure-
ment references from Paxinos and Franklin [39], prefrontal
cortex is obtained by cutting at Bregma 1.94, additional coro-
nal cuts are made at Bregma 0.00 and �3.00. The striatum
(including the caudate putamen, nucleus accumbens, septum,
and ventral palladium) is dissected from the 1.94–0.00 section
by removing the cortex. The section of Bregma 0.00 to �3.00
is dissected into the hippocampus, thalamus, amygdala, and
hypothalamus. The cortex is obtained from this section as
well as the previous section (containing striatum). The cerebel-
lum is dissected by removing the forebrain and brainstem
sections.

3. Tissue storage. Tissue should be stored in low retention
tubes—loss of peptides can occur if normal tubes are used.
We typically use 2 mL microfuge tubes, which allows for effi-
cient sonication (see step 4). Some tubes contain impurities
that can interfere with the mass spectrometry, and we routinely
pre-wash the tubes with distilled water before using. Tissue can
be stored in a freezer at �70 �C for several months. In our
experience, tissue stored for several years shows a decrease in
the number of peptides obtained from the sample.

4. Extraction of peptides. Tissue is sonicated using a probe type
device (not a bath sonicator). The precise conditions will
depend on the manufacturer and model. For the sonicator we
use, typical conditions are sonication for 20 s at 1 pulse/s at
duty cycle 3, 50 % output, in ice-cold water (5 μL of water per
μg of tissue, with a minimum of 200 μL water). The sonicator
must be rinsed between tissue extractions to avoid cross-
contamination of the samples.

The tubes containing the homogenates are incubated at 70 �C
in a water bath for 20 min, cooled on ice for 15 min, and combined
with 1/10 volume of ice-cold 0.1MHCl to a final concentration of
10 mM HCl. It is important that the extracts are ice-cold before
adding acid to prevent acid-labile peptide bonds from breaking.
After addition of acid, the samples are mixed on a vortex mixer and
returned to the ice bath for 15 min. Samples are then centrifuged at
13,000 � g for 40 min at 4 �C. The supernatant is transferred to a
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new low-retention tube that has been pre-washed with water. The
pH of the extracts is adjusted to 9.5 by the addition of 0.4 M
phosphate buffer (pH 9.5). The extracts can be stored at �70 �C.

3.2 Isotopic Labeling

of the Peptides

With five distinct isotopic forms of the TMAB reagent, it is possible
to compare five samples in a single experiment. In some of our
experiments, we have compared one control with four different
experimental groups. However, in most experiments we compare
2–3 biological replicates of an experimental group (i.e. a mouse
with a gene knock-out) with 2–3 biological replicates of the control
group (i.e. wild-type mice). This is repeated a second time, using
different isotopic labels for the biological replicates, and leading to
a total of five biological replicates of the experimental group and
five biological replicates of the control group—a sufficient number
of replicates for most experiments. It is essential to switch TMAB
reagents between groups to control for potential problems with the
reactivity of a particular reagent. It is not necessary to perform
technical replicates; they are usually much smaller than the
biological replicates.

1. Labels. The TMAB-NHS labeling reagents are dissolved in
DMSO at 350 μg/μL. Typically, a total of 5 mg of TMAB-
NHS reagent is used for labeling of each mouse brain region
(i.e. 5 mg for each hypothalamus, striatum, etc present in the
tube). If multiple mice are included in each group, scale up
accordingly.

2. Labeling. The TMAB-NHS reagent is labile in water. Therefore,
instead of adding the entire amount of reagent at one time, it is
better to add many smaller aliquots over several hours (typically
3–4 h), adjusting the pH after each addition. Each round of
labeling consists of adding one-seventh of the label volume to
the sample. Samples are incubated at room temperature for
10 min before the pH is adjusted to 9.5 with 1.0 M NaOH,
using pH paper to test the pH of each sample by blotting<1 μL
of sample onto the paper. After adjusting the pH, incubate the
samples another 10 min at room temperature before the next
round of label is added. This process is repeated six times (for a
total of seven rounds). After the final addition of TMAB-NHS
reagent, the samples are incubated for another 10–30 min.

3. Quenching. Prior to combining the samples, it is essential to
quench any unreacted TMAB-NHS reagent. For this, 10 μL of
2.5 M glycine is added per 5 mg of TMAB-NHS reagent and
the mixture is incubated at room temperature for 40 min.

3.3 Peptide

Purification

1. Pool and filter. Combine the samples labeled with the five
different isotopic TMAB reagents. The samples are then
applied to Amicon Ultra 4 mL Ultracel filters to remove pro-
teins >10 kDa. Before use, the filters should be washed with
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2 mL water to remove any glycerol or other substances present.
Filtration is performed according to the manufacturer’s
instructions. The flow through is collected and saved—this
contains the peptides and proteins smaller than 10 kDa. The
material remaining behind in the filter is the proteins>10 kDa,
which can be discarded or if desired, used for other analyses.

2. Removal of TMAB groups from tyrosine. The TMAB-NHS
reagent labels the side chain of tyrosine as well as amines. To
remove TMAB from the tyrosine residue, the filtrate is treated
with hydroxylamine (NH2OH). First, adjust the pH of the
filtrate to 9.0 using 1.0 M NaOH. Then, add 2.0 M hydroxyl-
amine in DMSO to the filtrate at a ratio of 7.5 μL of hydroxyl-
amine solution for every 25 mg of total TMAB label in the
filtrate. Keep in mind that samples have been pooled, and if
5 mg TMAB reagent was used for each of five reactions, the
total TMAB is now 25 mg. The reaction is carried out in three
rounds, with one third of the hydroxylamine solution added in
each round. After hydroxylamine is added, the mixture is incu-
bated for 10 min at room temperature. The pH of the reaction
is adjusted back to 9.0 using 1.0 M NaOH. The addition of
hydroxylamine followed by incubation and pH adjustment is
performed two more times, for a total of three rounds. After
this step, the solution can be stored at �70 �C.

3. Desalting. To remove salts from the sample, we use PepClean™
C-18 spin columns (Pierce). In a typical experiment, we com-
bine resin from two C-18 columns into one column (by pour-
ing the resin from one column into the other). The remainder
of the procedure follows the manufacturers’ instructions using
solutions made with acetonitrile and trifluoroacetic acid. Pep-
tides are eluted with 80 μL of 70 % acetonitrile and 0.1 %
trifluoroacetic acid in water. The eluates are frozen, concen-
trated to 10–20 μL in a vacuum centrifuge, and stored at
�70 �C until analysis.

3.4 Liquid

Chromatography and

Mass Spectrometry

(LC/MS)

In our experience, optimal results are obtained by chromatography
on a reverse phase column with direct electrospray ionization mass
spectrometry on a quadrupole time-of-flight (q-TOF) instrument.
We have used a variety of LC systems. The precise procedure will
depend on the equipment available. A typical protocol for LC/MS
analysis on a quadrupole time-of-flight mass spectrometer is
described below:

1. Samples are thawed and briefly centrifuged in a microfuge to
remove particulates.

2. An aliquot (typically 2–5 μL) is injected onto a Symmetry C18
trapping column (5 μm particles, 180 μm i.d. � 20 mm,
Waters, USA).
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3. The sample is desalted online for 15 min.

4. The trapped peptides are separated by elution with a water/
acetonitrile 0.1 % formic acid gradient through a BEH 130—
C18 column (1.7 μm particles, 100 μm i.d. � 100 mm,
Waters, USA), at a flow rate of 600 nL/min.

5. Data are acquired in data-dependent mode and selected pep-
tides dissociated by collisions with argon, using standard pro-
cedures. For optimal MS/MS analysis of TMAB-labeled
peptides, use higher collision energy values than typically used
for nonlabeled peptides.

3.5 Data Analysis:

Quantification of

Relative Levels

1. Using the software program for your mass spectrometer, open
the data file to observe the MS spectra. Zoom in on a peak
group and scroll through the spectra, making sure that all five
peaks co-elute. If not, then they probably aren’t a related peak
set. If they do co-elute, determine which spectrum has the
strongest signal strength. Several spectra can be averaged
together if this improves the signal to noise ratio. Finally,
measure the peak intensity of the monoisotopic peak and the
peak containing one atom of 13C. Intensity measurements can
be made with most software programs, or can simply be per-
formed with a ruler, measuring the increase in signal over the
background level. We find it optimal to average the peak inten-
sity of the monoisotopic peak and the peak containing one
atom of 13C so that the peak intensity is based on multiple
points and not a single peak.

2. Log the data into a spreadsheet. In addition to peak intensity,
include the mass/charge values, elute time, charge state, and
number of isotopic tags. It is important to calculate the mass of
the unmodified peptide in order to allow for comparison to
databases. Because the tags were added to allow the quantifica-
tion of the peptide, the mass of the tag needs to be subtracted
in order to represent the endogenous form of the peptide. The
mass of the peptide without isotopic tags or protons can be
calculated from the following formula:

mass of unmodified peptide ¼ m=z � zð Þ � c � Tð Þ
� 1:008 � z � Tð Þð Þ

where m/z is the observed mass to charge value for the mono-
isotopic peak, z is the charge state, c is the mass of the TMAB
tag (128.118 for D0-TMAB, 131.133 for D3-TMAB,
134.155 for D6-TMAB, 137.170 for D9-TMAB, and
140.190 for D12-TMAB), T is the number of tags
incorporated, 1.008 is the mass of a proton, and (z � T) is
the calculation of the number of protons (i.e. the difference
between the charge and the number of tags). This last part of
the equation is required because the TMAB tags add a positive
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charge due to the quaternary amine group and the charge state
is not equal to the number of protons. Typically, the mass of
the unmodified peptide is taken as the average of the values
determined from all of the isotopic tags.

3.6 Identification

of Peptides by MS/MS

Sequencing

Interpretation of MS/MS data is initially performed by computer-
assisted searching of databases consisting of proteins or translated
cDNA. The Mascot program allows for the identification of pep-
tides labeled with the TMAB reagents. This program only has four
of the five TMAB labels included as options (the D12-TMAB is
missing from the list of modifications to search for). The TMAB
labels are called “GIST” in the Mascot program, and there are
separate modifications for N-terminal TMAB and Lys TMAB of
each isotopic form, resulting in a total of eight choices. The Mascot
program considers the neutral loss of TMA from the peptides
during collision-induced dissociation; this causes the loss of
59 Da from peptides labeled with one D0-TMAB tag, 62 Da
from peptides labeled with one D3-TMAB tag, 65 Da from pep-
tides labeled with one D6-TMAB tag, and 68 Da from peptides
labeled with one D9-TMAB. Following Mascot searches, it is
essential to perform manual interpretation to eliminate false posi-
tives. Important criteria to confirm the peptides identified by Mas-
cot include:

1. The isotopic form of TMAB matched by Mascot is correct,
based on analysis of the peak set. Although this may seem
obvious, Mascot does not consider the peak set and know
which of the individual peaks correspond to each of the isotopic
forms (i.e. D0, D3, etc.). When using the five isotopic forms of
TMAB, there is a 1 in 5 chance that a false positive labeled with
one tag is correct, and 4/5 of the false positives will fail this
test. If a peptide is labeled with two tags (i.e. there is a lysine
residue as well as the free primary amine), there is a 1 in 25
chance that a false positive has the correct tags and 24/25 false
positives will fail this test. If a peptide contains two lysine residues
and a freeN-terminal amine and is labeledwith three tags, there is
a 1 in 125 chance that a false positive will have the correct number
of tags, and 124/125 false positives will fail this test. Thus,
confirming that the isotopic TMAB form in the observed peak
set corresponds to the predicted Mascot match is a simple and
necessary step that will eliminate the majority of false positives.

2. The number of tags incorporated into the peptide matches the
number of free amines (N-terminus and side chains of Lys).

3. If multiple tags, all should be the same isotopic form on a
particular peptide (i.e. all D0-TMAB, or D9-TMAB, and not
one D0-TMAB and one D9-TMAB on the same form of a
peptide). As with criteria #1, Mascot does not consider that
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the labeling was performed in separate tubes and therefore
peptides must be labeled with only a single isotopic form.

4. The Mascot score is either the top score of all potential pep-
tides, or the other peptides with comparable scores can be
excluded by the other criteria listed here, leaving only one
peptide that matches all criteria.

5. The majority (>80 %) of the major MS/MS fragment ions
match predicted a, b, or y ions, or precursor ions with loss of
trimethylamine.

6. The mass accuracy of the fragment ions is within the accepted
specification for the q-TOF instrument used for the analysis.

7. A minimum of five fragment ions match b or y ions. For small
peptides, this can be a problem.

8. The charge state of the observed ion matches the expected
charge state of the peptide sequence. This is not always precise,
and some peptides with a large number of positive charges will
appear with fewer protons. Conversely, some peptides that
should have only a single positive charge will appear on occa-
sion with two positive charges. However, if the charge state of
the observed ion is different than the expected charge state
based on peptide sequence, the other criteria should be very
solid in order to consider the identification valid.

4 Notes

The quantitative peptidomics technique is able to identify hundreds
of peptides in mouse brain regions and other tissues. However, the
method is not able to quantify every peptide in a sample. One
problem is peptides lacking a free amine such as peptides with an
N-terminal acetyl or pyroglutamyl group. If these peptides also lack
an internal lysine residue, they will not be labeled by the TMAB
reagent and will appear as a single peak. While it is possible to detect
and identify these peptides from the MS/MS data, the absence of
TMAB tags means that their relative levels cannot be quantified
using this technique. For other peptides, intrinsic factors can result
in low ionization efficiency and failure to detect the peptide. A
particular problem is that very small or very large peptides are
difficult to detect, especially if their mass/charge ratios are outside
the range of the instrument. The dynamic range of peptide levels in
biological samples varies several orders of magnitude, and low
abundance peptides are difficult to detect above the background.

Small molecule and polymeric contaminants in the sample can
greatly interfere with the MS analysis. In some cases, the contami-
nants completely overwhelm the signal from tissue-derived pep-
tides. It is important to use high quality ultrapure deionized water.
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Some brands of microfuge tubes and filtration devices contain
polymeric contaminants that appear as polyethylene glycol-related
compounds when analyzed on MS. It is important to use low-
retention microfuge tubes and pipette tips in order to avoid loss
of sample during the various procedures. The tubes should be
washed with ultrapure deionized water and then dried before use.

All solutions should be freshly prepared with ultrapure deio-
nized water to avoid contamination from small organic molecules
that can interfere with the mass spectrometry. High quality reagents
should be purchased. It is important to clean the Centricon filters
before filtering peptides. The filters usually contain glycerol and
other substances, which need to be washed off before using. Wash-
ing with ultrapure deionized water usually solves this problem.

The most time-consuming part of the procedure is the data
analysis. Unfortunately, automated programs for the quantitation
of TMAB-labeled peptides have not been successful, and the data
need to be manually analyzed. While computers can help with the
identification of peptides from the MS/MS spectra, these data need
to be manually interpreted to avoid false positives.
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Isotope Dilution Analysis of Myelin Basic Protein
Degradation After Brain Injury

Andrew K. Ottens

Abstract

Functional diversity within the proteome has expanded up the phylogenic tree with the introduction of
multiple isoforms expressed varyingly across the lifespan. The neuroproteome is no exception with selective
isoforms differentiating neurodevelopment from maturation and, as we will discuss, in response to brain
injury. However, isoform characterization requires selective analysis of alternatively spliced sequences
missed by non-targeted proteomic methods. Isotope dilution analysis provides an answer whereby
isoform-selective peptides are specifically targeted for absolute quantification. Synthesized isotopically
labeled peptide standards provide an internal reference when monitored simultaneously with the endoge-
nous targets via multiple reaction monitoring on a tandem mass spectrometer. Provided is a detailed
description of isotope dilution methodology exemplified in monitoring the proteolytic degradation of
myelin basic protein isoforms in response to brain injury.

Keywords: Isotope dilution analysis, Mass spectrometry, TBI, Myelin, Isoforms, MBP, Neuropro-
teomics, Proteolysis

1 Introduction

Proteomic research, in developing biomarkers for example,
necessitates the use of sensitive and specific quantitative assays.
High-throughput technologies that assess multiple markers are of
particular interest. Targeted mass spectrometry is one such tech-
nique, recognized as the 2013 method of the year by Nature
Methods for enabling precise proteomic quantification [1]. Isotope
dilution analysis (IDA), or stabile isotope dilution analysis, takes
targeted mass spectrometry a step further by providing absolution
quantification [2, 3]. IDA combines the use of isotopically labeled
internal standards with multiple reaction monitoring mass spec-
trometry (MRM-MS) [4]. Peptides are chosen to each protein of
interest, which are selectively profiled by isolating their precursor
mass-to-charge (m/z) and detecting a molecule-specific series of
corresponding product ions (ion transitions). Thereby, MRM-MS
offers unprecedented target specificity while maintaining assay sen-
sitivity due to the noise reduction inherent to tandem mass spec-
trometry (MSMS). Further, MRM-MS methods are readily
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customized to just about any protein target with effective
quantification of multiple targets. Case-in-point, Abbotiello et al.
demonstrated <20 % variability across 11 different laboratories in
analyzing 125 peptide targets within plasma, substantiating the
clinical potential for IDA biomarker assays [4].

Our own interest in IDA began with the need to characterize
myelin basic protein (MBP) proteolytic degradation following trau-
matic brain injury (TBI) [5]. MBP has been regarded as a brain
injury biomarker for over 35 years [6], yet it has not been as widely
studied in neurotrauma due to issues with assay specificity and
sensitivity [7, 8]. Part of the complication arises from MBP’s mul-
tiple isoforms, which vary in their expression and function through-
out myelin formation, compaction, and stabilization [9, 10]. Thus,
understanding MBP dynamics in neurodevelopment [11], neuro-
degenerative disease [11, 12], and neurotrauma [13, 14] requires
an account of the ratio across these isoforms.

Differential splicing of exons 2, 5, and 6 of the MBP gene
results in [11, 15] the eight possible isoforms depicted in Fig. 1
[16]. Thus far, mRNA for all eight has been sequenced [17], while
only five (21.6, 18.6, 17.3, 17.2, and 14.0 kDa) have been identi-
fied as protein [18–20]. MBP isoform expression varies across the
lifespan with respect to their function, as can be classified into three
groups [11]. Isoforms 2, 4, 6, and 8 lacking exon 5 (Fig. 1) are
linked with embryonic myelin formation, while those without exon
5 are most common in adulthood [17]. Isoforms 1, 2, 5, and 6
containing exon 2 are associated with postnatal myelin develop-
ment as well as remyelination in aging [10, 19, 20] and disease
[21]. Isoforms 3, 4, 7, and 8 lacking exon 2 appear with myelin
maturation in adolescence. The functional significance of exon-6,
however, is not well understood, other than that those containing it
are less basic [10, 20]. Importantly, all eight isoforms share a
common calpain cleavage motif between Phe114 and Lyc115 that
is targeted with neurodegeneration, such as with multiple sclerosis
and TBI [12, 14]. Thus, MBP proteolytic products may be partic-
ularly informative as biomarkers of myelin degeneration if readily
detected within biofluids. To this end, our IDA studies demon-
strated that MBP breakdown products are detected within cerebro-
spinal fluid following TBI [5]. More recently, others have
established MBP blood assays to detect fragments shed following
TBI, which hold promise as specific assessments of myelin degen-
eration [8, 22].

Herein we detail the optimization and implementation of IDA
methodology as used in profiling the ratio of MBP isoforms and
their calpain degradation following brain injury. The resultant assay
provided picomolar detection from brain tissue and has been effec-
tively instrumented in assessing biofluids [5]. The described IDA
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approach is readily adapted to other proteins with the synthesis of
new isotopically labeled standards—a considerable benefit in study-
ing the complex neuroproteomic response to brain injury and
disease [23, 24]. MRM-MS ion transition lists are then simply
updated and can be engineered for multiple proteins employing
commercial or open access software [25]. IDA is highly amenable
to large-cohort biomarker studies, providing greater target speci-
ficity than immunological-based assays. IDA is particularly advan-
tageous in that it can assess multiple markers simultaneously
without compromising sensitivity.

Fig. 1 Rat MBP and marker peptides. Indicated are the sequences for each isoform (#1–8), the calpain
cleavage site (vertical red line) with associated proteolytic fragments (A–F), and the select marker peptides
(underlined and colored ) of myelin basic protein. The molecular mass and associated variable transcription
regions of the eight known isoforms and six predicted calpain fragments of MBP are tabulated. Two peptides
used for pan-isoform MBP IDA quantification analysis, HGFLPR (magenta) and KNIVTPR (red ), are shown in
bold. Listed are six exon-specific peptides for differentiating the MBP isoforms. Reproduced from Ottens et al.
[5] with modification and permission from Wiley & Sons
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2 Materials

2.1 Synthesis of

Isotopically Labeled

Peptides

1. Isotopic amino acids (Cambridge Isotope Laboratories,
Andover, MA) (see Note 1)

2. Purified or enriched standard of target protein (e.g., MBP
Bovine, p/n M1891, Sigma-Aldrich, St. Louis, MO)

3. Sequences for target protein isoforms (see http://www.
uniprot.org/)

2.2 Brain Lysis

and Protein Extraction

1. Fresh frozen brain tissue (see Note 2)

2. Cryostat or a �20 �C chest-style freezer

3. Lysis Buffer: 1 % Triton X-100 (v/v), 20 mM Tris–HCl (pH
7.5), 150 mM NaCl, 50 mM EDTA, 50 mM EGTA, 1 mM
dithiothreitol, Complete Mini Protease Inhibitor Cocktail
tablet (Roche, Indianapolis, IN), 1 mM sodium vanadate
(see Note 3)

4. 1.5 mL LoBind microcentrifuge tubes (Eppendorf,
Hauppauge, NY)

5. Disposable Pellet Pestles (Fisher Scientific, Pittsburg, PA)

6. Refrigerated microcentrifuge (e.g., ThermoScientific Legend
RT, Marietta, OH)

7. Refrigerated tube rotator (e.g., VWR Tube Rotator Unit
placed within a laboratory refrigerator, Radnor, PA)

8. Ice bath

9. 0.1 μm pore-size Ultrafree filter units (EMDMillipore,
Billerica, MA)

10. Detergent-compatible protein assay kit (e.g., DC Protein
Assay, Bio-Rad, Hercules, CA)

2.3 MBP Gel

Electrophoresis

1. Denaturing sample buffer (e.g., NuPAGE LDS sample buffer,
Life Technologies, Carlsbad, CA)

2. Reducing agent (e.g., NuPAGE Sample Reducing Agent, Life
Technologies)

3. Pre-cast gel for resolution of low-mass proteins (e.g., 10 %
NuPAGE Bis-Tris gel used with MES Running Buffer, Life
Technologies)

4. Antioxidant for adding into running buffer (e.g., NuPAGE
Antioxidant, Life Technologies)

5. Prestained protein standard for low molecular mass correlation
(e.g., Dual Xtra, Bio-Rad)

6. Purified MBP, Bovine as positive control and marker (Sigma-
Aldrich)

7. Pre-cast gel running tank and compatible power supply (e.g.,
XCell SureLock and Novax Power Supply, Life Technologies)
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8. Coomassie Blue R250 (Bio-Rad)

9. Destain solution: 40 % ethanol/10 % acetic acid in nanopure
water.

10. Digital gel imager with software (e.g., In-Vivo F Pro with MI
software, Bruker, Billerica, MA).

2.4 In-Gel Digestion

and Sample

Preparation

1. LC/MS grade water and acetonitrile (Optima solvents, Fisher
Scientific)

2. A clean surface for gel cutting (e.g., one-half of the disposable
plastic gel cassette)

3. Surgical steel scalpel (#15)

4. White light box

5. 1.5 mL LoBind microcentrifuge tubes (Eppendorf)

6. 50 mM ammonium bicarbonate

7. 50:50 Solution: 1:1 (v/v) mixture of 50 mM ammonium bicar-
bonate and acetonitrile (LC/MS grade)

8. Vortex with microcentrifuge tube adaptor

9. Gel loader tips (non-filtered)

10. Speed vacuum concentrator (e.g., SPD-1010, ThermoScientific)

11. Clostripain Digest Solution: 25 ng/μL clostripain (a.k.a. Arg-C,
Worthington Biochemical, Lakewood, NJ), 50 mM ammo-
nium bicarbonate, 20 mM calcium chloride, 2.5 mM dithio-
threitol in LC/MS grade water. For digestion of unknown
samples, add isotopically labeled KNIV*TPR peptide (to
10 mM) as internal standards for MBP calpain proteolysis and
exon-selective peptides for IDA of MBP isoforms: HGFL*PR
(all isoforms), SPL*PSHAR (with exon 2), FSW*GGR (with
Exon 5 and not 6), GSEGQK*PGFGYGGR (with exon 6
and not 5), FSW*GAEGQKPGFGYGGR (with exons 5 and
6), TPPPSQ*GKGGR (lacking exons 5 and 6) (Fig. 1)
(see Note 4).

12. 50:45:5 Extraction Solution: 50 % acetonitrile, 45 % (v/v)
50 mM ammonium bicarbonate, 5 % acetic acid

13. Autosampler vials for LC/MSMS systems (LC/MSMS clean
with low peptide binding characteristics)

2.5 Reversed-Phase

Liquid

Chromatography

(RPLC)

1. Mobile Phase A: LC/MS grade water with 0.1 % formic acid
(v/v)

2. Mobile Phase B: LC/MS grade acetonitrile with 0.1 % formic
acid (v/v)

3. Reversed-phase trap and capillary analytical columns (can be
commercial or self-packed). We presently use Waters (Milford,
MA) SymmetryC18 trap (2 cm � 180 μm i.d.) andWatersHSS
T3 NanoAcquity analytical (15 cm � 75 μm i.d.) columns.
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4. Ultra or high performance liquid chromatography system with
autosampler, binary high-pressure gradient programmable
pump, and trapping valve. The autosampler should provide
precise (<10 % error) sample injection at 1 μL volumes. The
gradient pump should provide precise mobile phase mixing at
low flow rates around 250 μL/min. A column oven (kept at
55 �C) may improve separation performance and reproducibil-
ity. We presently use Waters NanoAcquity UPLC systems.

2.6 Multiple Reaction

Monitoring Mass

Spectrometry

(MRM-MS)

1. Tandem mass spectrometer with DDA and MRM analysis
modes (triple quadruple instruments are used commonly,
such as a Waters Xevo TQMS, though ion trap or qTOF-
based instruments with a linear response over four orders in
magnitude may also be used).

2. Quality control protein digest standard (e.g., HeLa Protein
Digest, Life Technologies)

3. Reconstitution/dilution buffer: 0.1 % formic acid (v/v) in LC/
MS grade water

4. Isotopically labeled peptide standards

2.7 Quantitative

Analysis of MBP

Calpain Degradation

1. Skyline (MacCoss Lab, Seattle, WA, https://skyline.gs.
washington.edu)

2. Excel (Microsoft, Redmond, WA, http://office.microsoft.
com)

3 Methods

3.1 Synthesis

of Isotopically Labeled

Peptides

1. Determine the amino acid sequences for each target protein
isoform. Online resources such as www.uniprot.org provide
convenient access to verified as well as hypothetical protein
sequences for model organisms and humans.

2. Align isoform sequences (www.uniprot.org/align), as demon-
strated with the eight possible MBP isoforms (Fig. 1). Note the
alternative splicing regions (e.g., exons 2, 5, and 6 in Fig. 1).

3. Identify candidate peptides that selectively cover the alternative
sequence regions (see color-coded peptides in Fig. 1)
(see Note 5). Also, select peptide sequences covering known
posttranslational modifications of interest. For example, we
sought to quantify the calpain cleavage of MBP via the product
peptide KNIVTPR (shown in red within Fig. 1).

4. When possible, it is recommended to test the digestion of a
purified or enriched standard of the target protein. Non-
targeted data-dependent or data-independent methods along
with protein sequence identification will discern which
isoform-selective peptides are readily produced with the chosen
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protease and detected on the LC/MSMS platform to be used.
Results may then guide peptide selection between two or more
candidate peptides covering a particular splice region.

5. Submit a list of isoform-selective peptide sequences along with
the desired isotopically labeled amino acids to an institutional
or commercial peptide synthesis facility (synthesis methods are
beyond the scope of this chapter). For example, we
incorporated 13C5 labeled L-valine into our labeled
KNIV*TPR standard. Synthesis of the unlabeled peptides
may also be useful when examining for interfering ions during
LC/MSMS method development.

3.2 Brain Lysis

and Protein Extraction

1. At�20 �C (e.g., within a cryostat), block-cut each frozen brain
with surgical steel blades as necessary to isolate the anatomical
region of interest (see Note 6).

2. Tissue should be placed into pre-chilled LoBind microcentri-
fuge tubes, and kept frozen at �20 �C until ready to add ice-
cold lysis buffer.

3. Add 100 μL of Lysis Buffer per 1 mm3 of frozen tissue and
homogenize (press and rotate 30 times) using disposable Pellet
Pestles (see Note 7).

4. Seal tubes and place within a refrigerated tube rotator for
90 min such that the lysate is able to move end-over-end within
the tube about once every 5 s.

5. Centrifuge the lysate at 14,000 � g and 4 �C for 10 min.

6. Remove supernatant and pass through an Ultrafree filter unit.

7. Measure the protein concentration using a detergent-
compatible protein assay kit. Produce a concentration-balanced
set of samples by dilution with lysis buffer. Keep the concentra-
tion as high as possible to facilitate loading sufficient material
onto a pre-cast gel (e.g., 3 μg/μL).

3.3 MBP Gel

Electrophoresis

1. Combine between 20 and 50 μg of brain lysate with sample
buffer and reducing agent to achieve a final volume commiser-
ate with the maximal loading volume for the selected pre-cast
gel (e.g., 25 μL for a 10 well 1.0 mm thick NuPAGE gel)
(see Note 8).

2. Heat samples at 70 �C for 10 min to facilitate protein denatur-
ation. Allow to cool to room temperature prior to loading.

3. Prepare and set gel within the running tank per manufacturer
instructions and fill inner and outer chambers with running
buffer pre-mixed with antioxidant.

4. Load the gel with replicate TBI and control brain tissue lysate
samples in an interspersed order with 10 μL of prestained
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molecular mass marker spiked with 1 μg of purified bovine
MBP set between replicates and in the outside lanes.

5. Ensure that the running buffer has not leaked out of the inner
chamber (the wells remain covered with buffer). Connect the
running tank to a power supply programmed with the optimal
settings for the selected pre-cast gel (e.g., 35 min at a constant
200 V for NuPAGE MES running buffer).

6. Remove the gel and place in well-cleaned staining trays with
15 mL of Destain Solution. Place on a shaker for 30 min.

7. Remove Destain Solution and cover the gel with Coomassie
R250 stain. Shake for 20 min.

8. Remove Coomassie stain and add 15 mL of Destain Solution
and shake for 2 h.

9. Capture a digital image of the destained gel, being careful not
to contaminate its surface. Process the gel image with appro-
priate 1D gel software to assign apparent molecular masses
(Ma) to each 1 mm of length as calibrated against the Pre-
stained Molecular Mass Marker. The Coomassie stained MBP
standard should also be apparent as a band below the 25 kDa
marker band (see Note 9).

3.4 In-Gel Digestion

and Sample

Preparation

1. Rinse the gel for 5 min in LC/MS grade water.

2. The processed image should provide an estimate as to where
above the 25 kDamarker band to begin cutting. This should be
at an Ma of approximately 28. Proceed to cut 1 mm bands from
each lane until reaching an Ma of 3. You will end up with
approximately 15 gel bands per lane (Fig. 2) (see Note 10).

3. Excise the MBP bovine standard gel bands (from the molecular
mass marker lanes) for method development. These gel slices
should be digested (step 8) without the addition of isotopically
labeled peptide standards.

4. Dice each gel band into 1-mm3 cubes and transfer them into
one pre-labeled (for lane and gel band position) LoBind
1.5 mL microcentrifuge tube per band.

5. Add 150 μL of 50/50 Solution to each tube and vortex gentle
for 15 min. Discard the liquid using gel loader tips (aspirate
from under the gel cubes). Repeat this step until gel cubes are
clear of Coomassie stain.

6. Add 30 μL of LC/MS grade acetonitrile to the gel cubes and
vortex gently for 5 min.

7. Discard the acetonitrile and speed vacuum the gel cubes dry
(around 15 min).

8. Rehydrate the dried gel cubes with 25 μL of Clostripain Diges-
tion Solution (containing the isotopically labeled peptides).
Close tubes tightly and incubate overnight at 37 �C.
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9. Add 25 μL of 50 mM ammonium bicarbonate and vortex
gently for 5 min. Collect the digest into a labeled autosampler
vial.

10. Add 50:45:5 Extraction Solution to the gel cubes and vortex
gently for 5 min. Collect the solution into the same autosam-
pler vial.

11. Speed vacuum the autosampler vials to dryness. Vials can be
stored at �80 �C until ready for LC/MSMS analysis.

3.5 Reversed-Phase

Liquid

Chromatography

(RPLC)

3.5.1 RPLC Method

Optimization

1. Create a 25 μL mixture of the isotopically labeled MBP pep-
tides each at 100 nM in 0.1 % (v/v) modified LC/MS grade
water.

2. Configure a tandem mass spectrometer for data-dependent
analysis (DDA) (see Section 3.6.1).

3. Begin optimizing the RPLC elution profile with a wide gradi-
ent; e.g., with 5 % mobile phase B and ending at 65 % B over
60 min (rate of change ¼ 1 %/min).

4. The gradient range should be narrowed as possible while main-
taining retention and elution of all MBP target peptides.

Fig. 2 Gel electrophoresis separation of naı̈ve and TBI brain lysates. Prior to
mass spectrometry analysis, brain lysates were separated by gel
electrophoresis, resolving MBP isoforms and their proteolytic fragments. An
adjacent Prestained Molecular Mass Marker (MKR) allowed the calculation of
the apparent molecular mass (Ma) for each gel band. Slices were excised along
each gel lane as indicated, between 28 and 3 Ma. TBI-induced blood brain barrier
disruption produced excess hemoglobin at 12.5 Ma. Reproduced from Ottens
et al. [5] with permission from Wiley & Sons
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5. If the target peptides are fully resolved, try increasing the rate of
change (e.g., to 1.5 %/min).

6. A step gradient may also be employed should certain areas of
the gradient profile need to be sped up or slowed down to fully
resolve the target peptides while minimizing the total gradient
time.

7. Lastly, evaluate the optimized gradient profile at several flow
rates (e.g., 300, 400, 500, 600 nL/min). Peak capacity,
assessed as the average peak width (at 50 % height) across
MBP target peptides, degrades when mobile phase velocity is
either too slow or two fast for a given column.

3.5.2 RPLC Separation

for Isotope Dilution

Analysis of MBP

1. Operational performance of an LC/MSMS system should be
affirmed throughout the experiment using a protein digest
quality control standard. Results should be assessed for chro-
matographic peak shape, elution profile, excessive background,
signal intensity, and fragmentation efficiency relative to previ-
ous quality control data.

2. Reconstitute sample peptides in 10 μL of formic acid (0.1 % v/
v) modified LC/MS grade water (see Note 11). Vortex auto-
sampler vials for 1 min at a sufficient rotational speed that just
starts to move the water up the side of the vial (see Note 12).

3. Allow autosampler vials to equilibrate to the temperature of the
autosampler system (i.e., if the autosampler is cooled, then the
samples must be equilibrated to the desired temperature before
injection).

4. Inject the sample peptides onto a RPLC trap column at a low %
A (e.g., 2 % A), allowing three column volumes of mobile
phase to pass through the trap to remove excess salt/buffer
(see Note 13).

5. Place the trap column in-line with the capillary analytical col-
umn and begin the previously optimized gradient profile pro-
gram (see Section 3.5.1).

6. Following each gradient separation, the analytical column
should be washed with a high %B (e.g., 85%B) for three to
five column volumes and then equilibrated back to the starting
%B over five column volumes.

3.6 Multiple Reaction

Monitoring Mass

Spectrometry

(MRM-MS)

3.6.1 MRM-MS Method

Development

1. Reconstitute a digest of one of the MBP bovine standard gel
bands with 0.1 % formic acid modified water containing each
isotopically labeled peptide at 20 nM (assuming a 1 μL injec-
tion volume).

2. Analyze the MBP standard using a DDA method with a target
list containing the precursor m/z for each endogenous
and isotopically labeled MBP peptide per the table below
(see Note 14).
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3. Resulting tandemmass spectra (see examples for HGFLPR and
KNIVTPR in Fig. 3) should be validated against predicted
fragment ions for the target peptides. Repeat the DDA analysis
over a range of collision energies (instrument dependent). The
m/z values for the three most intense singly charged product
ions at their optimal collision energy should be tabulated for
each native and isotopically labeled peptide. Using HGFLPR
(parent m/z of 363.71) as an example, the most intense prod-
uct ions observed were: y1-5 at 589.35; b1-5 at 532.37;
b1-4 at 455.26. In addition, tabulate a retention time window
for each peptide (generally a 1 min window centered at the
peptide’s elution time is sufficient) (see Note 15).

4. Develop an MRM method from the above tabulated precur-
sor/product ion m/z values, specifying MRM transitions for
the three most-intense product ions per peptide (seeNote 16).
Program successive retention time windows with the respective
MRM transitions for each native and isotopically labeled pep-
tide pair (known as a scheduled MRM method). With only six
MRM transitions to monitor at any given time, longer dwell
times (e.g., 25–50 ms) may be used to enhance assay sensitivity,
while still maintaining adequate chromatographic peak sam-
pling (>2 Hz) (see Note 17).

5. Next, assess the developed MRM assay for quantitative perfor-
mance. Reconstitute another MBP bovine standard digest as in
step 1. From this digest, prepare an eight-step dilution series
across five orders in magnitude. Analyze the dilution series
(lowest concentration first) in triplicate. Tabulate the peak
area for each peptide (summed across all ion transitions to the
peptide) and calculate the native:labeled ratio for each peptide.
Multiply each ratio by 20 nM to provide the concentration for
the respective native peptide. Average the triplicate results and
produce a calibration curve as in Fig. 4. The assay should

Native peptide Precur. m/z Top z
Isotopically
labeled peptide AA label Precur. m/z

HGFLPR 363.71 2 HGFL*PR L(13C6,15N) 367.24

SPLPSHAR 432.74 2 SPL*PSHAR L(13C6,15N) 436.27

FSWGAEGQKPGFGYGGR 600.95 3 FSW*GAEGQKPGFGYGGR W(13C11,15N2) 365.57

TPPPSQGKGGR 361.20 2 TPPPSQ*GKGGR Q(13C5,15N) 364.23

GSEGQKPFGFYGGR 743.86 2 GSEGQ*KPFGFYGGR Q(13C5,15N) 746.89

FSWGGR 326.16 2 FSW*GGR W(13C11,15N2) 332.72

KNIVTPR 414.26 2 KNIV*TPR V(13C5) 416.78
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Fig. 3 RPLC-MSMS results for native and isotopically labeled MBP peptide pairs.
(a) Chromatographic peak area results for HGFLPR and KNIVTPR MBP peptides
and their corresponding isotopically labeled (denoted by *) partners are shown
based on their selective precursor and product ion data. A seven-point Gaussian
smoothing algorithm was applied during peak area integration. (b) Collected
tandem mass spectra were used to confirm peptide identity. Product ions are
labeled with their respective b- and y-ion assignments (in red ). Results were
acquired for a mixture of the four peptides each at 1 nM, with 2 μL injected on
column. Reproduced from Ottens et al. [5] with modification and permission from
Wiley & Sons
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demonstrate a linear response across much of the calibration
plot, with sub fmol/μL detection expected (see Note 18).

6. Finally, it is suggested that the developed RPLC/MRM-MS
methodology be evaluated against gel bands from a lane of
naı̈ve and TBI brain lysate to adjust for interferent endogenous
molecules (see Note 18).

3.6.2 MRM-MS

Acquisition for Isotope

Dilution Analysis of MBP

1. Ensure that the instrument is properly tuned and calibrated
ahead and strategically throughout the course of the study
(if data will be acquired over multiple days).

2. The reconstituted gel band digests should be injected onto the
RPLC/MSMS system in a treatment-interspersed order across
biological replicates, so as to avoid introducing bias between
the groups. In subsequent technical replicates, use a different
treatment-interspersed order across the biological replicates.

3. Acquire all biological and technical replicates at a given Ma

before moving to the next row of gel bands, so as to minimize
variance when measuring a given MBP isoform.

4. When acquiring over multiple days, perform a quality control
analysis following tuning and calibration to affirm system
performance.

Fig. 4 Linear dynamic range for MRM-MS MBP quantification. From 0.2 to
600 fmol of HGFLPR and KNIVTPR was quantified relative to 20 fmol of their
respective isotopically labeled internal standards (loaded on column). The
chromatographic peak ratio remained linear across four orders of magnitude,
with attomole detection. Values are reported as the mean � SD (n ¼ 3).
Reproduced from Ottens et al. [5] with modification and permission from Wiley
& Sons
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3.7 Quantitative

Analysis of MBP

Calpain Degradation

MRM-MS results are generated as the summed peak area intensity
across all ion transitions for a given peptide. Open-source and
commercial software are available to simplify this process and pro-
duce tabulated results that can be interrogated using statistical
software. Here we will review IDA data processing using the
open-source software Skyline (https://skyline.gs.washington.
edu), the most compatible, freely available software for MRM-MS
analysis at this time [26]. However, commercial software packages
generally follow a similar MRM-MS processing workflow.

1. Beginning with a blank worksheet in Skyline, import or manu-
ally set up an ion transition list within the “Targets” pane. Most
mass spectrometer control software packages are able to export
the ion transition list from the used MRM-MS method (see
Note 19). If building the list manually, simply type in the
peptide sequences and Skyline will automatically generate the
precursor and product ion masses. It may be necessary to
manually select which product ion transitions were used from
the pull-down next to each precursor while turning off “Auto
Selected Filter Transitions”. It is only necessary to enter the
native peptides information as the isotopically labeled ion tran-
sitions will be automatically added in the next step.

2. Select “Settings” and “Peptide Settings”: under “Digestion”,
specify Arg-C (a.k.a. clostripain); under “Filter”, reduce the
Min length to 5; under “Modifications”, specify any fixed
modifications (e.g., carbamidomethyl C if iodoacetamide was
used during in-gel digestion), for the isotope label type, edit
the list to include the appropriate isotopically labeled amino
acids (e.g., select “Label:13C(6)15N(1)(L)” for peptide
HGFLPR), and select heavy under Internal standard type.

3. Proceed to “Settings” and “Transition Settings”: under
“Instrument”, adjust the m/z min, max, and tolerance as
appropriate for your instrument (m/z tolerance is a critical
settings); under “Full-Scan”, select MS/MS filtering as a Tar-
geted Acquisition method and specify the Product mass ana-
lyzer, isolation scheme, and an appropriate mass resolution;
also under “Full-Scan”, select Include all matching scans
under Retention time filtering (see Note 20).

4. Proceed to “File” and “Import Results”. Specify “Add single-
injection replicates in files” and click “OK”. Navigate to and
select all replicate samples for the study (see Note 21).

5. Imported data should automatically show chromatograms for
all identified native (light) and isotopically labeled (heavy)
peptides across all study replicates (Fig. 5). You can select a
given peptide in the “Targets” pane as well as a specific ion
transition. Further, the software will automatically integrate
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and sum the peak areas for all product ions and tabulate the
light-to-heavy peptide ratios.

6. Under “View” select: “Results Grid” to tabulate the light-to-
heavy peptide ratios; “Auto Zoom, Best Fit” to focus each
replicate’s chromatogram onto the target peptide peak;
“Retention Times, Replicate Comparisons” to evaluate the
retention time consistency for the auto-picked peptide peaks,
which is useful in identifying peak-picking errors.

Fig. 5 Processing IDA results using Skyline software. Native and isotopically labeled MBP peptide sequences
are entered into the Skyline Targets list in the upper left, with precursor and product ion m/z values generated
automatically. Raw data are then added to the main window, which displays the summed chromatographic
peak intensity for all product ions to each peptide. The native:labeled peptide ratio is tabulated and reported in
the lower left, while a quality control evaluation of the retention time distribution across replicates and
statistical analysis results are displayed on the lower right
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Fig. 6 Quantitative profiling of MBP degradation following TBI. (a) HGFLPR and (b) KNIVTPR peptide abundance
is plotted against gel band Ma value for naı̈ve and TBI rat cortex lysate. Also shown are (a) the corresponding
MBP isoforms as indicated by their molecular mass, as well as their respective (b) calpain breakdown
products. Abundance is given in fmol relative to 5 μg of brain protein digested loaded on column. Values are
reported as the mean � SD (n ¼ 3). Reproduced from Ottens et al. [5] with modification and permission from
Wiley & Sons
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7. Proceed to “Settings” and “Document Settings”: under
“Annotations”, “Add” three variables to define technical repli-
cates (TechRep), biological replicates (BioRep), and treatment
conditions (Treatment) as type text and value list (e.g., CNT
and TBI), respectively. Apply both to “Replicates”; under
“Group Comparison”, “Add” a Treatment comparison by spe-
cifying Treatment under Control group annotation, CNT
under Control group value, TBI under Value to compare
against, BioRep under Identity annotation (for technical repli-
cates), and ratio to Heavy under Normalization method.

8. Proceed to “View” and new “Group Comparison” to see the
differential statistic results for each target peptide. Pop-up
panes may be placed back onto the main Skyline window (as
in Fig. 5). Result tables can be customized via the Views pull-
down in the upper left corner, allowing you to add or remove
column data.

9. Finally, use the Export function on a results table to transfer the
data into Excel. Multiply the tabulated light-to-heavy ratios by
20 nM to calculate the absolute native peptide concentrations
at each gel band Ma. Average the fmol amounts (on column)
across technical replicates and then calculate the target mean
and standard deviation across biological replicates for each
peptide. Figure 6 shows IDA results for the peptides HGFLPR,
a marker common to all MBP isoforms, and KNIVTPR, the
calpain proteolysis-selective marker indicative of post-TBI deg-
radation of MBP.

4 Notes

1. Cambridge Isotope Laboratories offers amino acids enriched
with one or more heavy isotope (e.g., D, 13C and 15N),
providing the flexibility to label any peptide and adjust the
mass difference from the native form. By incorporating an
amino acid with multiple enriched isotopes, for example L-
leucine (13C6, 15N) with a delta mass of 7 Da, the monoiso-
topic peak of the labeled peptide will be well resolved from the
naturally occurring peptide. Amino acids with 13C and 15N
isotopes is preferred over deuterated amino acids when using
reversed-phase chromatography, in order to avoid an elution
shift between the labeled and native peptide forms. Amino acids
are available with Fmoc and BOC protecting groups for ease of
synthesis.

2. Brain tissues should be fresh-frozen either over liquid nitrogen
or dry ice-chilled isopentane for proteomics. Time between
sacrifice and freezing of the brain should be minimized and
kept consistent (<5min) to reduce postmortem artifacts within
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the neuroproteome. Avoid using frozen tissue-embedding
media, such as HistoPrep or OCT, as these polymeric com-
pounds will produce unwanted chemical noise within the mass
spectra.

3. When formulating your brain lysis buffer, carefully consider:
(1) The buffering agent to avoid interference with downstream
processes; e.g., phosphate buffers should be avoided with clos-
tripain digestion as the required calcium will precipitate out as
calcium phosphate; Tris buffers interfere with amine-reactive
agents; HEPES can promote radicals and, along with MOPS,
may offer varied buffering capacity with membranous prepara-
tions. (2) The additives, such as NaCl to maintain ionic
strength and EDTA/EGTA to chelate metals, which may inter-
fere with downstream separation procedures. (3) The reduction
agent, as those containing thiols should be prepared fresh to
maintain reducing capacity. The reducing agent TCEP, which is
stable at room temperature, has become popular as a replace-
ment for thiol-related agents. (4) The surfactant, such as Triton
X-100, which is an essential component membrane protein
extraction. Yet while ionic surfactants such as SDS are excellent
for protein extraction, they tend to interfere with downstream
separations and mass spectrometric analysis. Triton X-114 has
recently been shown to provide better performance than X-110
in solubilizing membranous proteins from brain and affording
a higher number of identified proteins by LC/MSMS analysis
[27]. (5) Protease (e.g., Roche Complete Mini) and Phospha-
tase inhibitors (sodium vanadate), which limit postmortem
processing of the neuroproteome. Of late, our group has
switched to using the Pierce Halt Protease and Phosphatase
Inhibitor Cocktail (Life Technologies, Rockford, IL), which
provides broad-based inhibition as an easy-to-use single source
product.

4. The Clostripain Digestion Buffer should be activated for 1 h at
room temperature prior to usage. The calcium chloride is first
prepared as a 1M stock that is then added dropwise to make the
digestion buffer.

5. While trypsin remains the most widely utilized protease for
bottom-up proteomics, other mass spectrometry-grade pro-
teases may be preferential in generating isoform-specific pep-
tides. Thermo Pierce (www.piercenet.com/guide/protease-
selection-chart) offers a variety of mass spectrometry-grade
proteases that may provide more advantageous cleavage for a
given sequence (e.g., for sequences containing too many or too
few arginine residues, it may be preferred to use Asp-N for
cleaving the amino side of aspartate or Glu-C for cleaving the
carboxyl side of glutamate and aspartate).
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6. In brain injury studies, neuroanatomy and contusional burden
are both important to consider when dissecting tissues. For
example, one would preferentially examine white matter, such
as the corpus callosum, for myelin degeneration after TBI, both
from regions proximal and distal from the contusion center.

7. Ensure that roughly the same volume of brain tissue is pro-
cessed for each sample in order to minimize protein extraction
variability. Use of the Pellet Pestles should be kept consistent
across samples.

8. Wider pre-cast gels, such as the NuPAGE midi format, are
preferred so that all biological replicates can be separated on
the same gel (or two). Load as much protein as possible per lane
to maximize LC/MSMS detection; e.g., the 20 well NuPAGE
midi gel can hold up to 25 μL per lane (60 % of the actual
volume so as to avoid spill-over between wells).

9. MBP isoforms are known to migrate slower than expected
relative to Prestained Molecular Mass Markers. Thus, the
18.6 kDa isoform of MBP enriched in the purified bovine
standard will appear closer to 21 kDa on the calibrated molec-
ular mass curve.

10. Cutting 1 mm gel bands between an Ma of 28 and 3 should
resolve all predicted isoforms of MBP as well as potential
calpain cleavage products following TBI. Depending on one’s
objective, fewer bands may be required. Gel bands should be
cut using a clean scalpel on a clean surface ideally placed atop a
white light box.

11. The reconstitution volume should allow for replicate sample
injections and sample loss between injections. An individual
injection volume for a capillary chromatography column
would typically range between 1 and 5 μL, depending on the
precision of an autosampler system and the internal diameter of
the column. Multiply the injection volume by five for a sug-
gested reconstitution volume.

12. The rotational speed of a vortex should always be optimized for
the sample vessel and volume, such that the liquid swirls within
the vessel without lifting too high up the side. Peptides dried by
speed vacuum will largely concentrate at the bottom of the
vessel. Thus, adjust the vortex speed to allow the liquid to
swirl towards the bottom of the vessel to facilitate maximal
peptide reconstitution.

13. An RPLC trap column should contain a reversed-phase media
with slightly less retentive properties than the media of the
analytical column in order to allow peptide refocusing at the
head of the analytical column during gradient elution.
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14. Operational parameters for DDA acquisition should be
provided by the instrument vendor. DDA methods generally
allow the user to specify a precursor ionm/z target list. MSMS
spectra are typically acquired between m/z 150 and 2000.
Adjust the parameters to allow for multiple MSMS events
(e.g., top six events) such that any co-eluting target peptides
and their isotopically labeled partners will be fragmented.
Given the use of a target list, it is advisable that dynamic
exclusion be turned off.

15. RPLC method optimization (see Section 3.5.1) ideally would
resolve target peptides from one another so that 100 % of the
MS duty cycle is devoted to each peptide pair. However, most
modern instruments are sufficiently sensitive to simultaneously
profile several peptides in MRM-MS mode for a more rapid
assay.

16. While a given peptide could be quantified with a single MRM
transition, a minimum of three ion transitions are suggested to
provide sufficient selectivity. Most instruments employ a qua-
druple mass filter for precursorm/z selection, which require an
isolation window between 0.5 and 3 Da to avoid a loss in
sensitivity. As such, the possibility remains that multiple pre-
cursors may be fragmented together and that have common
product ions. In practice, this issue was observed often enough
that we always employ two to three transitions per peptide,
allowing us to validate the calculated native:labeled peptide
ratio across the ion transitions. In addition, summing the chro-
matography peak area for three product ions increases the
sensitivity of the assay.

17. Vendor-specific (e.g., PinPoint, ThermoScientific) and open-
source (e.g., Skyline: https://skyline.gs.washington.edu) soft-
ware can be used to automate MRM method generation [25].
DDA data is searched against an MBP isoform database, then
MRM generation software is used to select the target peptides
and their ion transitions.

18. The calibration plot should remain linear across at least three
orders in magnitude. If this is not observed, the native:labeled
ratio for each of the three product ions should be compared at
each concentration to assess whether one or more transitions is
perturbed by another endogenous signal. The RPLC and/or
MRM methods should be adjusted to exclude any interferent
signal.

19. As mentioned in Note 17, Skyline may also be used in gener-
ating the MRM-MS method. In that case, the saved “Skyline
Document” already contains the required MRM transition list
for your study, and results can be added without further modi-
fication of the “Targets” pane.
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20. Refer to the Skyline tutorials for further information if you
wish to import search results and retention time information
for targeted peptides.

21. Skyline, in collaboration with ProteoWizard, is able to read raw
data formats from all major mass spectrometer vendors as well
as mzML, mzXML, and MZ5 formats.
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Abstract

Analysis of posttranslational modifications (PTMs) of proteins is of major interest in current biomedical
research due to the multiple roles played by PTMs in protein regulation and function. In general this is a
complex problem because first and foremost there are large numbers of potential PTMs in every protein
that result in myriads of possible combinations of functional enzymes. In this chapter we present a general
method for PTM analysis based on specifically labeling modified and unmodified samples with distinguish-
able fluorescent dyes followed by protein fractionation. The method is open to further refinements; in
particular there are no computer programs tailored for this type of analysis, and in multiple cases little or
nothing is known about a specific PTM, about how to alter such modification, or about successful labeling
of the target amino acid. We present this chapter with two goals in mind, first to share with other scientists
some of our experiences in this field, and second to invite those interested in the subject to bring their own
contributions to an area that should be further explored and enhanced in order to create a large tool kit for
PTM analysis. Although we present just four examples of this technology, in principle, any PTM can be
targeted for analysis using the general principles delineated here.

Keywords: Differential in gel electrophoresis (DIGE), Oxidation, Palmitoylation, Ubiquitination,
Phosphorylation, Protein isoforms, DeCyder, Quantitative intact proteomics (QIP)

1 Introduction

1.1 PTMs: A Cell’s

Modify and Conquer

Selection processes have resulted in a human genome having a
modest set of protein-coding genes. The 2004 consortium of the
human genome reported less than 25,000 protein-coding genes
comprising only 1.2 % of the total euchromatic genome landscape
[1]. However, human cells have found compensatory mechanisms
to expand upon the proteome. At the gene level, mutation and
splicing expand protein-coding outcomes. Scattered over individ-
ual genomes are over 10 million common single nucleotide poly-
morphisms (SNPs) [2]: some leading to coding changes in proteins
while others are either synonymous or silent, and lead to no appre-
ciable differences. Random SNPmutations in protein-coding genes
are highly affected by intron/exon density. Gene SNPs within
exons may not always lead to protein changes. From studies in
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yeast, the effect of a mutation is limited, due to the degenerate
nature of the amino acid code, so that only 12 % of protein-coding
SNPs are actually deleterious [3]. This ratio might not apply to the
human genome landscape since SNP sensitivity is far more com-
plex. Gene SNPs within introns are likely silent unless they affect
regulating or splicing mechanisms. Alternative splicing of gene
transcription products allows an individual gene to produce multi-
ple protein isoforms from a single coding space. Splicing mechan-
isms frequently influence which gene promoters and transcription
start sites are selected for the protein code or polycistronic protein
codes [4]. Recent evidence has revealed that over 73 % of human
genes are alternatively spliced with half of these altering the reading
frame of the protein code [5]. All gene-level modifications encom-
pass pre-translational events that significantly expand the possibili-
ties for total protein-coding outcomes and create a broader protein
base for the cell’s most diverse biochemical tool, Posttranslational
Modification (PTM) [6].

In 2011, a survey of the non-redundant Swiss-Prot database
(http://www.uniprot.org/) revealed at least 431 different types of
PTMs with 87,308 experimentally observed and 234,938 putative
modifications on 530,264 proteins [7]. The incidence of PTMs
may be far greater as over 2 million putative PTMs are predicted by
statistically driven algorithms [8]. Frequency analysis of the most
commonly observed modifications revealed that phosphorylation,
glycosylation, and acetylation dominate the PTM landscape. The
top 15 most seen PTMs included 88 % of all the observations.
However, a high incidence of PTM does not necessarily correlate
with a stronger functional role. Even the rarest PTMs, often called
orphans, are absolutely critical in catalytic reactions and enzyme
regulation [9]. The plethora of PTMs greatly expands the total
protein-coding outcomes that comprise the proteome.

Many techniques have been either implemented or modified to
study and characterize PTMs. In this chapter we present our
approaches using a modified version of the differential in gel elec-
trophoresis (DIGE) method. In DIGE-based quantitative intact
proteomics (QIP) a sample of interest is labeled with a fluorescent
probe and compared in the same gel with a control sample, which is
also labeled with a fluorescent probe of a different wavelength. In
addition, equimolar amounts of both samples are pooled and then
labeled with a third fluorophore. All samples are fractionated by 2D
gel electrophoresis and the images are individually resolved via the
corresponding wavelength of each fluorescent label [10]. An
important feature of the DIGE approach is that the fluorescent
labels do not induce significant changes to the protein’s molecular
weight and isoelectric point.

Our approaches are based on the following principle: target any
PTM for analysis, find a method to label such PTM or a treatment
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that will make the modification suitable for fluorescent labeling,
and fractionate the samples as in the DIGE approach. This meth-
odology allows many variations in which it is possible to compare
multiple samples, to determine the presence of specific PTMs and
the changes in protein expression. The experiments presented next
have been performed in our laboratory. In most cases data analyses
have been performed with the GE DeCyder software [11];
although this computer program is specifically tailored for DIGE-
based QIP, there are multiple ways in which the variables can be
assigned to obtain significant results.

2 Theory and Methods

2.1 General

Methodology

The general methodology is the following (Fig. 1a, b):

1. Select the posttranslational modification (PTM) to be analyzed;

2. Determine whether:

(a) This PTM can be fluorescently labeled; or

(b) This PTM can be altered to generate a reactive group that
can be fluorescently labeled;

3. Purify protein samples;

4. Split samples in two identical aliquots for PTM analysis
(Fig. 1a); or three identical aliquots for PTM and Quantita-
tive analysis (Fig. 1b);

5. Treat one of the aliquots to remove the corresponding modifi-
cation (for instance, to dephosphorylate proteins, treat the
sample with phosphatases)—Altered sample, A;

6. Treat the other aliquot under identical conditions without
removing the modification (i.e., for phosphorylation analysis
treat the samples as in 5, without adding protein
phosphatases)—Unaltered sample, U;

7. Label equal amounts of sample U with Cy3 and sample A
with Cy5;

See Note 1.
8. Remove unreacted labels and determine protein concentration;

9. Run a 2D fluorescent gel;

10. Analyze images with DeCyder 2D;

11. After gel analysis, protein spots of interest can be cut from a
pick gel and analyzed by mass spectrometry (MS) for confirma-
tion of the PTM or characterization of the modification sites.

This methodology can be applied to study any PTM provided
that specific methods for altering the PTM are identified, and that
the alteration is sufficient to generate detectable changes in the
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protein’s molecular weight, or isoelectric point, or both [11].
The following pages explain four examples in which these methods
have been successfully applied.

2.2 Analysis of

Protein Palmitoylation

2.2.1 Materials

1. Lysis buffer (8 M Urea, 4 % CHAPS, 30 mM Tris, pH 8.5).

2. Protease and phosphatase inhibitors (Sigma-Aldrich).

3. Freshly prepared 100 mM NEM (N-ethylmaleimide).

4. Hydroxylamine chloride (Sigma).

Fig. 1 General methodology. (a) To determine if a group of proteins displays a specific PTM the protein
samples should be prepared via protocol, and the target PTM should be modified with the appropriate method.
For instance, to analyze palmitoylated proteins the samples should be treated with hydroxylamine hydrochlo-
ride [12]; or to analyze phosphorylated proteins the samples should be treated with phosphatases. A sham
sample should be prepared along with the target sample under exactly the same experimental conditions.
After treatments, the proteins are usually cleaned up again, to remove unreacted labels, and the concentration
is determined. Equal amounts of treated and untreated samples are individually labeled with Cy dyes, i.e.,
treated samples are labeled with Cy5 (sample A), and untreated samples with Cy3 (sample U). It is important to
identify a different type of fluorophore when the modification itself can be specifically labeled, such as
maleimide for disulfide bridges, or Alexa Fluor for oxidized proteins [13]. Fluorescently labeled proteins are
separated by 2D gel electrophoresis, and the resulting gels are scanned with a Typhoon TRIO+ scanner,
followed by image analysis with DeCyder 2D. (b) For quantitative analysis as well as analysis of the PTM of
interest, three samples should be prepared: (a) a treated sample that will show the presence of the target PTM,
(b) a sham sample that will be used to compare the presence of the PTM, and (c) an untreated sample that will
be used to determine changes in protein expression and posttranslational modifications. The latter approach is
more complex as it requires a larger number of gels in order to obtain statistical significant differences [14]
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5. Cy3 and Cy5 maleimide (Cy3-M, Cy5-M, GE Healthcare).

6. Cy3 and Cy5 (GE Healthcare).

7. GE Clean-up Kit (GE Healthcare).

2.2.2 Methods 1. Prepare samples of interest according to the established proto-
cols. Resuspend cell pellets in lysis buffer containing protease
and phosphatase inhibitors.

2. Extract proteins and determine protein concentration.

3. Prepare fresh 100 mM NEM.

Fig. 2 Analysis of protein palmitoylation via modified DIGE methodology. (a) Methodology following the general
guidelines described in Fig. 1 with specific details for targeting protein palmitoylation. (b) Overlay image
displaying proteins labeled with Cy3-M and Cy5-M (panel a). Several protein spots are seen in green, which
correspond to proteins that were depalmitoylated with hydroxylamine (not visible in panel c). The arrows
indicate proteins identified by mass spectrometry
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4. Add 1 μL of 100 mM NEM to 100 μL of protein sample
(concentration ~ 1 μg/μL), reach a final concentration of
10 μM NEM.

5. Incubate the sample in the dark at RT for 3 h or overnight at
4 �C with gentle rocking.

6. Clean up the sample using the 2D clean-up kit (GEHealthcare)
or the cold chloroform/methanol method (Section “Sample
Cleaning”) to remove unbound NEM.

7. Resuspend the pellet in lysis buffer (50–100 μL) and split the
samples in two identical fractions. These two samples are iden-
tified as U (Unaltered) and A (Altered) samples.

8. To sample A add an equal volume of 1 M freshly prepared
hydroxylamine hydrochloride. Treatment with hydroxylamine
hydrochloride should result in depalmitoylated proteins [12].

9. To the U sample add an equal volume of lysis buffer.

10. Incubate both samples at room temperature for 1 h with
rocking.

11. Clean up each sample via the clean-up method.

12. Resuspend each final pellet in 25–30 μL lysis buffer.

13. Add 1 μL of Cy5-maleimide dye to the A sample and vortex
briefly.

14. Always protecting the sample from light, flush the tube con-
taining the A sample with nitrogen gas, and incubate at RT for
2 h, and then overnight at 4 �C with gentle rocking.

15. The next day, clean up sample A to remove unbound
Cy5-maleimide and label the U sample (control; i.e., palmitoy-
lated) with Cy3-maleimide.

16. Pool both samples, shake them gently and add a volume of 2�-
buffer (Section “Modified DIGE”) equivalent to the total
volume of the pooled samples. Run a 2D gel as explained
below (Section 2.6.2).

17. Scan the gel as explained (Section “Gel Imaging”), and use the
images for differential analysis as explained in
Section “DeCyder-Based Differential Protein Modification
Analysis.” In principle, all spots that have a red labeling should
have been palmitoylated in the original sample. The analysis has
to be performed with great care because the Cy5-maleimide
introduces a pI shift that depends on the number of palmitoy-
lated amino acids.
See Note 2.
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2.3 Analysis

of Protein

Ubiquitination

in Postsynaptic

Densities

2.3.1 Materials

1. Dissection media: 80 mLHanks Balanced Salt Solution, 20 mL
FBS. FBS stands for Fetal Bovine Serum.

2. Digestion solution: 50 mg trypsin, 6 mg DNAse (Sigma-
Aldrich, Cat# D5025) dissolved in pre-warmed (37 �C)
Dissection media.

3. Trypsin (Life Technologies, Cat# 27250-018). For High and
Low Inhibitor.

4. Trypsin inhibitor (specific source or grade?).

5. AraC (cytosine-1-β-D-arabinofuranoside—Sigma C1768).

6. Lysis buffer: 8 M Urea, 2 M thiourea, 4 % CHAPS, 20 mM
Tris, pH 7.5, 1 % DTT, 0.5 % IPG buffer.

7. 1 M Tris–HCl buffer, pH 7.4.

8. 0.5 M MgCl2.

9. 588 μM ubiquitin aldehyde (Santa Cruz Biotech, Santa Cruz,
CA, USA; prepare fresh).

10. 188.7 mM AMP-PNP (Adenylyl-imidodiphosphate, tetra-
lithium salt; Santa Cruz).

11. 10 mM MG132 stock (Boston Biochem, Boston, MA, USA).
Store at �20 �C.

12. 0.5 M ATP stock (Sigma-Aldrich, St. Louis, MO). Store at
�20 �C.

13. 0.5 M Creatine phosphate stock (EMD Biochemicals, Gibbs-
town, NJ, USA). Store at �20 �C.

14. 2�Ubiquitin conjugation buffer (100 mM Tris–HCl, pH 7.8,
10 mMMgCl2, 1 mMDTT, 150 μMMG132, 4 μM ubiquitin
aldehyde, 5 mM AMP-PNP, 20 mM ATP, 20 mM creatine
phosphate, and 0.5 mg/mL creatine phosphokinase). Prepare
fresh as required.

15. 1 M HEPES buffer.

16. Isopeptidase-T (Enzo Life Sciences, Plymouth Meeting, PA,
USA).

17. UCH-L3 (R&D Systems, Minneapolis, MN, USA).

18. De-ubiquitinating buffer (25 mM HEPES, pH 7.4, 10 mM
DTT, isopeptidase-T and UCH-L3). Prepare fresh as required.

19. Phosphatase inhibitors (Sigma-Aldrich, Cat# P5726).

2.3.2 Methods

Sample Preparation

The following protocol was developed using cultured cortical neu-
rons from 18-days-old rat embryos (E18).

1. Dissect cortical tissues in Dissection media, and transfer five
cortexes to 15 mL conical tubes with Hanks solution.

2. Spin down at 106.2 � g for 20 s.
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3. Prepare and filter-sterilize the digestion solution.

4. Incubate culture at 37 �C for 5 min. Shake tubes gently two
times during incubation.

5. Centrifuge at 106.2 � g for 20 s.

6. Prepare High inhibitor: dissolve 26 mg of trypsin inhibitor in
5.0 mL pre-warmed (37 �C) Dissection media.

7. Prepare Low inhibitor: mix 0.5 mL of High inhibitor in 4.5 mL
Dissection media.

8. Wash pelleted cortexes with filter sterilized Low inhibitor.

9. Centrifuge as in 5.

10. Replace the Low inhibitor with filter sterilized High inhibitor.
Repeat this step.

11. Pellet cells by mild centrifugation as above and remove High
inhibitor.

12. Wash cells twice with 10 mL ice-cold Dissection media.

13. Centrifuge as above.

14. Dissolve 6 mg of DNAse in 5.0 mL ice-cold Dissection media,
and use it to titrate the mixture 10–12 times.

15. Pellet cells as above, and resuspend in 5.0 mL Hanks media.

16. Count cells and plate appropriate amount on coated 60 mm
tissue culture dishes in 3.0 mL pre-equilibrated plating media
with 1:1000 dilution of AraC (10 mM).

17. After 48 h replace 2mL of the platingmedia with feedingmedia
with 1:1000 dilution of FUDR (5-Fluoro-20-deoxyuridine;
Sigma-Aldrich, Cat# F0503). Repeat this step 4 days later.

18. Allow cells to grow for 1 week, then remove from dishes with
scraper, and resuspend in 1 mL lysis buffer containing protease
and phosphatase inhibitors.

19. Grind cells in cold lysis buffer, followed by gently sonication
for 30 s.

20. Spin down (17709.1 � g) resulting solution in ultracentrifuge
to remove cell debris.

21. Resuspend pellets in an appropriate amount of lysis buffer with
protease and phosphatase inhibitors and determine protein
concentration.

De-ubiquitination and

Labeling

1. Take a portion of the sample prepared above and divide it into
two aliquots (the amount of protein should be around 120 μg
in 20 μL).

2. Clean each aliquot as described (Section “Sample Cleaning”),
resuspend the resulting pellets as indicated below.
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3. To one aliquot add 20 μL of 2� ubiquitin conjugation buffer
and 20 μL of water and mix. Incubate the mixture at 37 �Cwith
shaking for 1 h. Sample U.

4. To the other aliquot add 40 μL of de-ubiquitination buffer and
mix. Incubate this solution at room temperature for 1 h. Sam-
ple A.

5. To each sample add an equal volume of lysis buffer containing
protease and phosphatase inhibitors and incubate at 4 �C
overnight.

6. Label sample U with Cy3 and sample A with Cy5 dyes as
described below (Section “Modified DIGE”).

7. After labeling mix the samples together.

8. Run a 2D gel as described in Section 2.6.2.

9. Scan the gel as described in Section “Gel Imaging” to deter-
mine changes in protein migration as result of the de-
ubiquitination treatment.
See Note 3.

2.4 Analysis

of Protein

S-Nitrosylation (S-NO)

2.4.1 Materials

1. S-NO labeling buffer: 8 M Urea, 4 % CHAPS, 20 mM Tris
pH 7.3.

2. MMTS.

3. DMF.

4. Ascorbic acid.

5. Lysis buffer: 8 M Urea, 4 % CHAPS, 30 mM Tris pH 8.5.

2.4.2 Methods 1. Extract proteins from cells of interest using standard protocols,
and resuspend the final pellets in S-NO labeling buffer.

2. Determine protein concentration. The sample should contain
at least 1 μg/μL.

3. Take 100 μL and perform a quick precipitation with cold
methanol/chloroform (Section “Sample Cleaning”).

4. Split the sample into two identical fractions: U (Unmodified, to
be used as control), and A (Altered, to be used as the target
sample for S-NO analysis).

5. Prepare fresh 2 M MMTS by dissolving 200 mg in 792.4 μL
DMF. This solution can be stored at 4 �C. Avoid light
exposure.

6. Add MMTS from stock to sample A to reach a 20 mM final
concentration, and incubate the sample at RT for 1 h always
protected from light.

7. Clean up each sample via clean-up method (Section “Sample
Cleaning”).
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8. Resuspend the final pellets in S-NO labeling buffer.

9. Prepare 2.5 M ascorbic acid by dissolving 0.495 g in 1.0 mL
water.

10. Add ascorbic acid from stock to sample A. Final concentration
should be 3 mM.

11. Clean up each sample (Section “Sample Cleaning”).

12. Resuspend both samples in S-NO labeling buffer.

13. Label sample A with 0.5–1.0 μL Cy5-maleimide. At this point
replace air on tube with nitrogen by flushing air out with a
stream of nitrogen and quickly closing the tube, then covering
the tube cap with parafilm.

14. Incubate labeled sample at RT for 2 h protected from light,
then continue the reaction overnight at 4 �C with gentle
rocking.

15. The next day, clean up both samples using 2D clean-up kit, and
resuspend the final pellets in lysis buffer.

16. Label the U sample with Cy3 via protocol. Stop the reaction
with Lysine.

17. Pool both samples and run a 2D gel as explained in
Section “Modified DIGE,” S-Nitrosylated proteins should
appear red.

Fig. 3 Analysis of protein S-nitrosylation. Proteins that are denitrosylated and
labeled with Cy5-maleimide are shown in red; proteins that are not treated
appear in green
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2.5 Analysis

of Protein

Phosphorylation

2.5.1 Materials

1. Lysis buffer: 8 M Urea, 4 % CHAPS, 30 mM Tris, pH 8.5.

2. Phosphatase kit (Millipore, Cat# 14-405).

3. Cy3, and Cy5 dyes (GE Healthcare).

4. Complete® protease inhibitor.

2.5.2 Methods 1. Resuspend cells in lysis buffer.

2. Isolate and clean up proteins (Section “Sample Cleaning”), and
determine protein concentration.

3. Take 30 μg of protein.

4. Split samples in two identical halves.

5. Label one of the fractions with Cy3 as explained under sample
labeling (Section “Modified DIGE”)—sample U (Unaltered).

6. Label the other fraction with Cy5; sample A (Altered).

7. Stop the reaction with Lysine (Section “Modified DIGE”).

8. Clean up each sample individually using the cold methanol/
chloroform method (Section “Sample Cleaning”).

9. Resuspend sample U in 200 μL phosphatase buffer included
with the phosphatase kit; and resuspend sample A in 200 μL of
phosphatase buffer supplemented with λ-PP included in the
phosphatase kit.

See Note 4.

Fig. 4 Analysis of protein phosphorylation. Phosphatase-treated proteins are labeled with Cy5 (shown in red).
The insets display the two spots shown in the white rectangle. The top panel shows the untreated spot in
which it is clear that the isoelectric migration of the protein is changed compared to the lower panel in which
the treated sample is shown

PTM Analysis by Fluorescent-based Proteomics 253



10. Let the reaction of both samples proceed overnight at 30 �C
with gentle agitation.

11. The next day clean up both samples (Section “Sample
Cleaning”).

12. Dissolve the final pellets in 20 μL lysis buffer supplemented
with protease inhibitor “Complete®,” added accordingly to
manufacturer’s instructions.

13. Find the concentration of samples U and A.

14. Mix equal amounts of samples U and A, shake them gently, add
a volume of 2�-buffer (Section 2.6.2) equivalent to the total
volume of the pooled U and A samples.

15. Run a 2D gel (Section 2.6.2).

16. Scan the gel as explained under Section “Gel imaging.”

17. Use the images for differential analysis as explained in
Section “DeCyder-Based Differential Protein Modification
Analysis.”
See Note 5.

2.6 Modified

2D-DIGE

2.6.1 Materials

1. Ethanol.

2. Glacial acetic acid.

3. Bindsilane.

4. MilliQ water (18 Ω).

5. Tris.

6. Glycine.

7. Urea.

8. Thiourea.

9. IPG strips.

10. IPG For.

11. Typhoon TRIO+.

12. Low-fluorescence glass plates.

13. Dalt 6.

14. NHS-Cy2, NHS-Cy3, NHS-Cy5, Cy3-, Cy5-maleimide (GE
Healthcare).

15. Acrylamide/Bis Acrylamide.

16. Alkanox.

17. Bromophenol blue.

18. CHAPS.

19. Complete protease inhibitor.

20. DMF.

21. DTT.
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22. Iodoacetamide.

23. IPG buffer (Ampholytes: pI range as desired).

24. Sodium Orthovanadate (NaVO4).

25. TEMED.

26. DeCyder 2D v 7.0 software (GE Healthcare).

2.6.2 Methods

Sample Cleaning

Proteomics experiments require properly prepared samples. Before
the samples are labeled, they should be properly cleaned up, and the
concentration should be determined with the highest accuracy
possible. There are multiple methods for sample cleaning; we use
frequently a method based on 2D Clean-Up kit (GE Healthcare).
Another efficient method based on chloroform/methanol is
described next; this method is very efficient and the quality of the
sample is high enough for most proteomics requirements.

1. Store methanol in �20 �C the day before the cleaning
procedure.

2. Bring up the predetermined amount of protein extract to
100 μL with diH2O.

3. Add 300 μL (3 volumes) of water.

4. Add 400 μL (4 volumes) of methanol.

5. Add 100 μL (1 volume) of chloroform.

6. Vortex vigorously and centrifuge for 15 min, at 4 �C,
20817.2 � g (protein precipitate should appear at the
interface).

7. Add another 400 μL of methanol.

8. Remove the water/methanol mix from the top of the interface
(be careful NOT to disturb the interface).

9. Vortex vigorously and centrifuge as in 6 (the protein precipitate
should appear now as a pellet to the bottom of the tube).

10. Remove the supernatant and briefly dry the pellet.

11. Resuspend the pellet in Lysis buffer.

Modified DIGE

Buffers and Solutions

– Lysis buffer

12 g Urea (final concentration 8 M)

5.0 mL of 20 % (w/v) CHAPS (final concentration 4 %)

0.75 mL of 1 M Tris, pH 8.5 (final concentration 30 mM)

Bring up to 25 mL with diH2O

To 1 mL of Lysis buffer add 10 μL Complete protease inhibitor

– 2� Sample buffer

0.48 g Urea

200 μL of 20 % CHAPS

20 mg DTT—prepare fresh
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20 μL ampholyte (pH 4–7 or 3–10)

Up to 1 mL with diH2O

– Rehydration buffer

0.48 g Urea

200 μL of 20 % CHAPS

2 mg DTT—prepare fresh

10 μL ampholyte (pH 4–7 or 3–10)

Up to 1 mL with diH2O

– 1� Equilibration buffer

18.2 g Urea

1.68 mL 1.5 M Tris, pH 8.8

17.25 mL 87 % Glycerol

1.0 g SDS

Bring volume up to 50 mL with diH2O

– DTT equilibration solution (DTT-ES): Add 20 mL of equil-
ibration buffer to 0.1 g of DTT

– Iodoacetamide equilibration solution (IAA-ES): Add
20 mL of equilibration buffer to 0.9 g of Iodoacetamide

– 3� Anode buffer

90 g Tris

432 g Glycine

30 g SDS

Up to 10 L with diH2O

– Cathode buffer

30 g Tris

144 g Glycine

10 g SDS

Up to 10 L with diH2O

– 12% SDS resolving gel (per 15 mL)

5 mL 1.5 M Tris pH 8.8

6 mL 30 % acrylamide

3.9 mL diH2O

75 μL 20 % SDS

75 μL 10 % APS

25 μL TEMED

– 5 % SDS stacking gel (per 5 mL)

0.620 mL 1.5 M Tris pH 8.8

0.833 mL 30 % acrylamide
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3.87 mL diH2O

25 μL 20 % SDS

50 μL 10 % APS

5 μL TEMED

– Coomassie G250 solution
450 mL diH2O

100 mL glacial acetic acid

3 g Coomassie Brilliant Blue G250

Protein Labeling

with Cy Dyes

1. Dilute Cy dyes according to the manufacturer’s instructions.

2. The final concentration of the Cy dye stock solution should be
1 mM. Aliquot into light-protected small tubes each contain-
ing 2 μL.

3. Prepare working solution by adding 3 μL of DMF (final con-
centration 400 pmol/μL) to each tube containing 2 μL Cy dye.

4. Label the protein as indicated by the manufacturer maintaining
the ratio 8 pmol of Cy dye for each 1.0 μg of protein.

First Dimension Separation First dimension separation will require Immobilized pH gradient
(IPG) strips and specialized electrophoretic equipment which are
commercially available.

1. Combine all samples with the different fluorescent labels and
record the total volume.

2. Add equal volume of 2� sample buffer.

3. Place samples on ice for 15 min.

4. Add rehydration buffer to reach a final volume of 450 μL if
running a 24 cm IPG strip, or 250 μL if running a 13 cm IPG
strip.

5. Load the IPG strip into the specialized electrophoretic system
and rehydrate with the prepared sample.

6. Run first dimension as follows:

– For 13 cm strips:

S1 30 V 12 h

S2 500 V 1 h

S3 1000 V 1 h

S4 8000 V 28,000 Vh

– For 24 cm strips:
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Rehydrate (Active) at 30 V up to 450 Vh

S1 Step to 500 1 h

S2 Step to 1000 1 h

S3 Step to 8000 Up to 68 kVh

Second Dimension

Separation

Second dimension separation will require a denaturing polyacryl-
amide gel.
See Note 7.

1. Prepare an appropriate 12 % resolving gel in appropriate
low-fluorescence glass.

2. Overlay the gel with diH2O or n-butanol and allow it to poly-
merize 2–4 h.

3. Remove the overlay liquid and wash well with diH2O.

4. Prepare a thin 5 % stacking gel above the resolving gel.

5. Overlay the gel with diH2O or n-butanol and allow it to poly-
merize 1–2 h.

6. Remove the overlay liquid and wash well with diH2O.

7. Prepare fresh equilibration buffer, followed by fresh DTT-ES
and IAA-ES as required.

8. Prepare 1� running buffer for washing the IPG strips; usually
100–200 mL.

9. Remove the strip from the holder using forceps and rinse the
strip in 1� running buffer.

10. Wash strips in 20 mL DTT-ES. Wrap tubes in aluminum foil
and place them on an orbital shaker for 10 min.

11. Rinse strips in 1� running buffer, then transfer to fresh tubes
containing 20 mL of IAA-ES. Cover tubes in aluminum foil
and place them on an orbital shaker for 10 min.

12. Rinse each strip in 1� running buffer, and then load each strip
onto the prepared gel.

13. Melt an aliquot of 1 % agarose containing bromophenol blue.
Cover the strip by slowly adding the agarose, allow the agarose
to cool.

14. Load the plate into the electrophoresis chamber and add the
appropriate amount of 3� running buffer. Connect the cham-
ber to a circulating water cooler set at 14 �C, and cover the
electrophoresis unit with aluminum foil.

15. Use the following settings for 13 cm strips/gels: 600 V, 9 mA
per gel, 1 W per gel for 16 h and for 24 cm strips/gels use
600 V, 25 mA per gel, 1 W per gel for 16 h.

16. Stop the running when the bromophenol blue reaches the
bottom of the gel.
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Gel Imaging Scan the gels using Typhoon Trio+ scanner following the manu-
facturer’s instructions.

– Image Cy3, and Cy3-maleimide with 520/590 nm wave-
lengths; and

– Image Cy5, and Cy5-maleimide with 620/680 nm
wavelengths.

DeCyder-Based Differential

Protein Modification

Analysis

The description presented next is based on DeCyder 2D v 7.0
software (GE Healthcare).

1. In DIA (Differential In gel Analysis) select a “spot number” of
4500 to create spot maps.

2. Filter spot maps with the built-in algorithm using “max slope”
of 1.0. Edit manually spot maps to eliminate signals from dust
particles.

3. In BVA (Biological Variation Analysis) normalize and standard-
ize spot maps for each sample.

4. Match spot maps for each gel (individual samples and IC).

5. Perform statistical comparison (t-test and ANOVA) between
modified and unmodified samples for each spot.

6. Use EDA (Extended Data Analysis) to determine the PCA
(Principal Component Analysis) and the partition cluster
analysis.

See Note 6.

2.6.3 Pick Gel 1. Prepare enough sample for creating a “Pick gel” (usually
between 400 and 600 μg of total protein).

See Note 8.

2. Use low fluorescent glass plates. One plate is covered with
bindsilane that allows the polymerized gel to stick to the
glass. The other plate is covered with repelsilane or alternatively
left uncovered so that it can be removed from the gel.

3. Add bindsilane to the glass plates as follows:

– Wash glass plates carefully with alkanox, and rinse exten-
sively with diH2O.

– Prepare the bindsilane solution:

8 mL ethanol

200 μL glacial acetic acid

10 μL bindsilane

1.8 mL diH2O

– Disperse evenly 3 mL of bindsilane solution on a glass
plate.

– Damp a kimwipe with ethanol, and wash the plate evenly.

– Let the plate dry for 1–2 h.
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4. Add two adhesive markers at the edge of the glass for
orientation.

5. Add repelsilane to the other glass plate as follows:

– Wash glass plate carefully with alkanox, and rinse exten-
sively with diH2O.

– Prepare the repelsilane solution:

4.5 mL octamethylcyclooctasilane

200 μL dimethyldichlorosilane

– Disperse evenly 3 mL of repelsilane solution on a glass
plate.

– Damp a kimwipe with ethanol, and wash the plate evenly.

– Let the plate dry for 1–2 h.

6. Prepare and run the gel with the two specially coated plates as
previously described in section “Second Dimension
Separation.”

7. Remove the pick gel and separate the repelsilane glass from the
gel assembly. The gel will stick to the bindsilane coated plate.

8. Stain the gel with Coomassie G250 solution with gentle agita-
tion for 24–72 h at room temperature in a covered vessel to
prevent evaporation.

9. Destain the pick gel with fresh destain solution, utilizing large
kimwipe towels to wick the Coomassie blue out of the destain
solution.

10. Repeat step 9 twice or until the gel is clarified and the spots are
clearly visible.

11. Scan the gel for visible color (using the blue filter on the
Typhoon Trio+ scanner).

2.6.4 Spot Picking

for Protein ID

After PTMs have been discovered utilizing this straightforward
methodology, the protein ID must be determined. Spots can be
excised by hand or may be robotically cut using commercially
available robotic spot picking systems. The orientation marks
placed on the bindsilane plate will be critical for appropriate
machine alignment when high-throughput spot picking is
necessary.

In this chapter we demonstrated the general principles to apply
differential fluorescent labeling to target a few common PTMs that
are observed in the proteomics strategies utilized to conquer cellu-
lar needs. Our experiments with modified 2D-DIGE have sug-
gested that any PTM can be targeted for analysis using the
techniques delineated here. Even though the tool kit for PTM
analysis has been greatly expanded, the possibilities for enhance-
ments in this field remain strong. The biological significance of the
over 2 million putative PTMs remains to be discovered.
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3 Notes

1. The order in which the samples are labeled is up to each
researcher—it has been customary in DIGE-based proteomics
to label the control samples with Cy3, the target samples with
Cy5, and to rotate the labels at least once out of three repeats to
even-out the effects of unequal labeling.

2. To identify and further characterize proteins via mass spec-
trometry it is required, in most cases, to prepare a pick gel,
and from this gel remove the protein spots that will be further
analyzed. See Section 2.6.3.

3. Ubiquitination/De-ubiquitination is a complex process that
needs to be analyzed carefully. The method presented here
uses the inhibition of ubiquitinating enzymes to create proteins
that accumulate in the cell by not having an ubiquitin moiety.
Alternatively, ubiquitinated proteins can be altered and ana-
lyzed in a similar fashion. In the example presented here, the
samples were extracted from postsynaptic densities purified by a
sucrose gradient following well-established protocols [15].

4. Prepare λ-PP according to the manufacturer’s protocols, and
add amount of λ-PP according to those instructions. We have
used ~15 μg total protein with 0.4 μL of λ-PP. Millipore
recommends 3.0 μL for 40 μg of total protein.

5. In principle, all spots that have equivalent labeling of Cy dyes 3
and 5 are not phosphorylated (under normal circumstances
these are the spots that look yellow); any other spot has some
form of phosphorylation. In our experiments we have observed
changes in both pI and Mw.

6. If protein IDs are available for DeCyder analysis, Gene Ontol-
ogy can be interrogated via the Extended Data Analysis module
using the gene ontology (http://www.geneontology.org) and
the KEGG (http://www.genome.jp/kegg/) databases.

7. Second dimension separation will require a denaturing poly-
acrylamide gel. For best results, the gel should be prepared on
the day of separation. Alternatively, they can be purchased
readymade from commercial suppliers. It is extremely impor-
tant to utilize low-iron glass with DIGE methodology in order
to minimize background fluorescence. Low-iron glass can be
readily purchased commercially or locally prepared with laser
precision. If handled with care, and cleaned properly low-iron
glass is reusable. Gels can be prepared in a range of 7.5–20 %
acrylamide. Often 12 % is utilized for optimized separation of a
broad range of protein molecular weights.

8. Total protein should be prepared from a pool of all the samples
that want to be analyzed.
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Mass Spectrometric Detection of Detyrosination
and Polyglutamylation on the C-Terminal
Region of Brain Tubulin

Yasuko Mori, Alu Konno, Mitsutoshi Setou, and Koji Ikegami

Abstract

Polyglutamylation, detyrosination/tyrosination cycle, and conversion to the Δ2 form are three major
types of posttranslational modifications (PTMs) in neuronal tissues, occurring on the C-terminal region
of tubulin, which lies on the surface of microtubule (MT). Polyglutamylation is the addition of
glutamic acid chain to a specific glutamic acid residue near the tubulin C-terminus. The detyrosina-
tion/tyrosination cycle is a reversible removal and re-addition of the genomically encoded tyrosine
residue of the α-tubulin C-terminus. The detyrosinated α-tubulin is further converted into the irrevers-
ible Δ2 form through the removal of the penultimate glutamate residue. These PTMs change the
interaction between motor proteins or MT-associated proteins and MTs, involved in neuronal growth
and development as well as the maintenance of neuronal function. For analysis of these PTMs, mass
spectrometry (MS) is a powerful approach. In this chapter, we provide a convenient procedure
specialized for polyglutamylation of β-tubulin as well as a conventional procedure for all three mod-
ifications of both α- and β-tubulin.

Keywords: Microtubule (MT), Tubulin, Posttranslational modification (PTM), Polyglutamylation,
Detyrosination, Tyrosination, Mass spectrometry (MS)

1 Introduction

In neuronal cells, the microtubule (MT) plays great roles in the
development, establishment, and maintenance of the complex
neuronal structures and function, acting as a building frame of
cell structure and a railway for the intracellular transport system.
The MT has a tubelike structure, which consists of protofilaments
built of heterodimers of α- and β-tubulin, with the tubulin
carboxyl-terminus (C-terminus) exposed on the microtubule sur-
face. The C-terminal region of tubulin undergoes unique post-
translational modifications; polyglutamylation, detyrosination/
tyrosination cycle, and conversion to Δ2 form in neuronal cells
[1, 2].

Polyglutamylation is a form of PTM, where polymers
consisting of multiple glutamic acids are attached to specific
glutamic acid residues near the tubulin C-terminus. In many
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cases, anywhere from several to a dozen glutamic acids are added.
There appears to be an optimal range for the number of glutamic
acids incorporated. A loss of α-tubulin polyglutamylation impairs
transport of a motor protein, Kif1A, and affects synaptic trans-
mission [3]. A loss of β-tubulin polyglutamylation results in the
slowdown of neurite outgrowth [4]. Over-polyglutamylation is
more deleterious for neuronal structure and function, causes
Purkinje cell degeneration, and results in severe ataxia [5, 6].

Detyrosination is a form of PTM, where the tyrosine residue
of α-tubulin C-terminus encoded by the genome is enzymatically
removed. The detyrosinated form of α-tubulin is subjected to two
different PTMs. On the one hand it may undergo (re-)
tyrosination, in which a tyrosine residue is re-added to the
C-terminus. Or, it may be converted to the Δ2 form, where the
penultimate glutamic acid residue is irreversibly removed, which
represents 40–50 % of α-tubulin in the brain. Recently, a new
form of PTMs, Δ3 form, is proposed, which can be generated
through the further removal of the third last glutamic acid residue
of α-tubulin from the Δ2 form [6]. The detyrosination/tyrosina-
tion cycle is crucial for brain development [7] and for the axon
determination at the early stage of neuronal development [8].

To analyze these PTMs, immunochemical techniques are most
often used as convenient methods. Nowadays, a variety of highly
reliable monoclonal antibodies are available: GT335 for glutamy-
lated tubulin, B3 for di-glutamylated α-tubulin, 1A2 and YL1/
2 for tyrosinated α-tubulin, and AA12 for detyrosinated α-tubulin.
Antibodies provide simple information as to the presence or
absence of PTMs. However, they have a major weakness with
respect to PTM analysis, especially of polyglutamylation. Antibo-
dies are not suitable for counting the exact number of glutamic
acids attached on tubulin. Detecting the modification directly by
mass spectrometry (MS) provides accurate information about the
length of the glutamic acid chain attached to tubulin. In this
chapter, we present procedures of analyzing these PTMs of the
tubulin C-terminal region, aiming to analyze the state of PTMs in
nervous tissues [3] as well as to evaluate activities of PTM-
performing enzymes in vitro [9]. We also provide a new approach
that enables a facile procedure of PTM analysis of β-tubulin
(Fig. 1). The conventional procedure (Fig. 1; 1 to 6) or the
rapid convenient procedure (Fig. 1; 7 to 9) can be chosen
according to the experimental goal.
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2 Materials

2.1 Tissue

Homogenization

1. Mice: adult males.

2. CHAPS (Dojindo).

3. Urea (Sigma).

4. Thiourea (Sigma).

5. IPG buffer (GE Healthcare).

6. Dithiothreitol (DTT) (Sigma).

7. Protease inhibitor cocktail EDTA-free (Roche).

8. Extraction buffer: 7 M urea, 2 M thiourea, 2 % CHAPS, 2 %
IPG buffer, 40 mM DTT, EDTA-free protease inhibitor cock-
tail (Note 1).

9. Glass Teflon homogenizer: 10 mL.

2.2 Two-

Dimensional

Electrophoresis

1. Multiphor II (GE Healthcare).

2. Power supply, EPS 3501 XL (GE Healthcare).

3. Water circulator, CCA-1110 (EYELA).

4. Glass plates and combs for slab gel electrophoresis (Biocraft).

5. Immobiline DryStrip (GE Healthcare).

6. Silicone oil (KF-96-L-1.5CS, Shin-Etsu Silicone; also available
from GE Healthcare).

Fig. 1 A workflow of mass spectrometry of brain tubulin C-terminal PTMs. Two strategies can be chosen
according to the aim. If purified tubulin is available and β-tubulin is the research target, the course of 7
through 9 is more convenient. Two enzymes, lysyl endopeptidase (Lyc-C) or endoprotenaise (Asp-N), can be
chosen according to the research target, α-tubulin or β-tubulin
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7. Equilibration buffer: 50 mMTris–HCl, pH 6.8, 7M urea, 20 %
glycerol, 2 % SDS, 33 mM DTT, bromophenol blue (trace).

8. SDS, 95 % purity (L-5750, Sigma) (Note 2).

9. Coomassie brilliant blue staining solution (Wako).

2.3 In-Gel Digestion 1. Disposable scalpel.

2. Centrifugal concentrator, CC-105 (TOMY).

3. Ultrasonic cleaner, Model 2510 (Branson).

4. Lysyl endopeptidase (Lyc-C), mass spectrometry grade
(Wako).

5. Endoproteinase Asp-N, sequencing grade (Roche).

6. Acetonitrile, HPLC grade (Wako).

7. Ammonium hydrogen carbonate (NH4HCO3) (Wako).

8. Iodoacetamide (Wako).

9. Trifluoroacetic acid (TFA) (Wako).

10. DTT solution: 10 mM DTT/100 mM NH4HCO3 (Note 3).

11. Alkylating solution: 40 mM iodoacetamide/100 mM
NH4HCO3 (Note 3).

12. Lysyl endopeptidase solution: 2 μg/mL lysyl endopeptidase in
25 mM Tris–HCl, pH 9.0, 10 % acetonitrile.

13. Endoproteinase Asp-N solution: 20 μg/mL endoproteinase
Asp-N in 25 mM NH4HCO3, 10 % acetonitrile.

2.4 Peptide

Extraction

1. 0.1 % TFA/50 % acetonitrile.

2. 0.1 % TFA/80 % acetonitrile.

2.5 Desalting 1. NuTip (1–10 μL), Silica strong Anion (SAX) (Glygen).

2. Washing solution: 20 mM ammonium formate (HCOONH4).

3. Elution solution: 1 M TFA.

2.6 Mass

Spectrometry (MS)

1. Mass spectrometer, AXIMA-QIT (Shimadzu).

2. 2,5-Dihydroxybenzoic acid (DHB) (Bruker).

3. Matrix solution: 12.5 mg/mL DHB in 50 % acetonitrile/0.1 %
TFA (Note 3).

*****

2.7 Microtubule

Purification

1. Depolymerization buffer (DB): 50 mM MES-KOH, pH 6.6,
1 mM CaCl2.

2. High-molarity PIPES buffer (HMPB): 1 M PIPES-KOH,
pH 6.9, 10 mM MgCl2, 20 mM EGTA.

3. Brinkley BR buffer 1980 (BRB80): 80 mM PIPES-KOH,
pH 6.8, 1 mM MgCl2, 1 mM EGTA.
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4. PMSF (Sigma).

5. Leupeptin (Sigma).

6. Nucleotide solution: 100 mM ATP, 200 mM GTP.

7. Ultracentrifuge, Optima Max (Beckman).

8. Angle rotor, TLA100.2 or TLA100.3 (Beckman).

2.8 In-Tube

Digestion

1. Purified tubulin (from Section 2.7).

2. Endoproteinase Asp-N solution: 40 μg/mL endoproteinase
Asp-N in ultrapure water.

2.9 Mass

Spectrometry (MS)

1. Mass spectrometer, Ultraflex II (Bruker).

2. Matrix solution: 20 mg/mL DHB in 70 % methanol/0.1 %
TFA (Note 3).

3. Peptide calibration standard (Bruker).

4. ITO-coated glass slides (Bruker).

5. MTP Slide Adapter II (Bruker).

6. Airbrush.

3 Methods

3.1 Tissue

Homogenization

1. Decapitate mouse head under anesthesia.

2. Dissect the brain immediately, and measure the weight.

3. Homogenize the brain in the 20-fold volume (v/w) of the
extraction buffer with the glass Teflon homogenizer by ten
strokes at 3000 rpm on ice.

4. Centrifuge the brain homogenate at 20,000 � g at 4 �C for
10 min.

5. Collect the supernatant.

6. The supernatant is ready for being subjected to the two-
dimensional electrophoresis (Note 4).

3.2 Two-

Dimensional

Electrophoresis

1. Rehydrate Immobiline DryStrip with the extraction buffer
overnight in a 15 mL conical tube or sealed 25 mL disposable
pipet (Note 5).

2. Place the rehydrated DryStrip on Multiphor II, and cover it by
silicone oil.

3. Apply 100 μL of the sample into the sample cup.

4. Run the electrophoresis, i.e., the isoelectric focusing, in a gra-
dient mode: fixed 500 V for 1 min; gradient increase of the
voltage from 500 to 3500 V for 1.5 h; fixed 3500 V for 2–24 h
(Note 6).

5. Equilibrate the DryStrip in the equilibration buffer for 30 min
with gentle agitation.
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6. Place the equilibrated DryStrip on the polyacrylamide gel, and
pour a few hundred microliter of equilibration buffer between
the DryStrip and the polyacrylamide gel.

7. Run the second electrophoresis, i.e., SDS-PAGE, according to
general procedures (Note 7).

8. Fix the gel in 50 % methanol/10 % acetic acid for 20 min
(Note 8).

9. Stain the fixed gel with the CBB solution.

3.3 In-Gel Digestion 1. Cut out tubulin spots from the gel with a disposable scalpel.

2. Mince the gel to 0.5–1 mm pieces (Note 9).

3. Wash the minced gel pieces three times with 0.2 mL of extra
pure water briefly.

4. Destain the gel pieces by incubating them in 0.3 mL of 50 mM
NH4HCO3/50 mM methanol at 40 �C for 3 min.

5. Repeat step 4 at least three times (Note 10).

6. Immerse the gel pieces in 100 % acetonitrile with the volume
enough to cover the gel (about 100 μL).

7. Dehydrate the gel pieces via vigorous mixing in 100 % acetoni-
trile with the ultrasonic cleaner.

8. Discard acetonitrile completely when the color of gel pieces
gets white.

9. Completely dry up the rehydrated gel pieces in the centrifu-
gal concentrator until the gel pieces become solid and white
(Note 11).

10. Rehydrate the dried gel pieces in DTT solution at 50 �C for 1 h
(Note 12).

11. Discard DTT solution, and dehydrate and dry up the gel pieces
by repeating steps 6 through 9 (Note 11).

12. Rehydrate the dried gel pieces in the alkylating solution at
room temperature under the dark—wrapped by aluminum
foil—for 30 min.

13. Add ultrapure water to cover the gel pieces, mix them by
vortexing for a few seconds, and then discard the supernatant.

14. Incubate the gel pieces in 50 mM NH4HCO3/50 % methanol
at 40 �C for 15 min, and then discard the supernatant.

15. Repeat step 14 once.

16. Dehydrate and dry up the gel pieces by repeating steps 6
through 9 (Note 11).

17. Immerse the dried gel pieces in 200 μL of the digestive enzyme
solution (Note 13), and rehydrate them on ice for 10 min.
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18. Vortex the gel pieces in the digestive enzyme solution briefly
(Note 14), and then discard the solution (Note 15).

19. Incubate the gel pieces at 37 �C for more than 10 h.

3.4 Peptide

Extraction

1. Soak the gel pieces in 100 μL of 0.1 % TFA/50 % acetonitrile,
and mix them in the ultrasonic cleaner for 10 min to extract
digested peptides.

2. Collect the supernatant into a new collecting plastic tube after a
brief centrifugation (Note 16).

3. Add 50 μL of 0.1 % TFA/50 % acetonitrile onto the gel pieces,
and mix them in ultrasonic cleaner for 10 min to extract the
digested peptides.

4. Gather the supernatant into the collecting tube after a brief
centrifugation (Note 16).

5. Repeat steps 3 and 4 once.

6. Soak again the gel pieces in 50 μL of 0.1 % TFA/80 % acetoni-
trile, and mix them in ultrasonic cleaner for 10 min to further
extract the digested peptides.

7. Gather the supernatant into the collecting tube after a brief
centrifugation (Note 16).

8. Evaporate ~250 μL of the extracted peptides solution until
the volume becomes 5–20 μL in the centrifugal concentrator
(Note 17).

3.5 Desalting 1. Load a tip of Nutip (1–10 μL, SAX) to P10 pipette, and then
wash the embedded media with 10 μL of the washing solution
by three-time pipetting up and down (Note 18).

2. Repeat nine times step 1.

3. Adsorb the extracted peptides to the embedded media through
the repeated pipetting up and down.

4. Wash the embedded media (and bound peptides) with 10 μL of
the washing solution by three-time pipetting up and down.

5. Repeat nine times step 4.

6. Extract bound peptides with a small volume (several to 10 μL)
of the elution solution.

7. The extracted peptides (enriched by acidic tubulin C-terminal
peptides) are ready for mass spectrometry.

3.6 Mass

Spectrometry (MS)

1. Mix the extracted peptides with an equal volume of the matrix
solution.

2. Drop 0.5–1 μL of the mixture onto the sample plate, and then
dry up the droplet (Note 19).
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3. Analyze the dried sample in negative ion mode with a mass
spectrometer, AXIMA-QIT, equipped with a 377 nm N2 laser
(Notes 20 and 21).

*****

3.7 Microtubule

Purification

1. Decapitate mouse head under anesthesia.

2. Dissect the brain immediately, and measure the weight.

3. Homogenize the brain in the twofold volume (v/w) of ice-cold
DB containing 1 mM PMSF and 2 μg/mL leupeptin with the
glass Teflon homogenizer by ten strokes at 3000 rpm on ice
(Note 22).

4. Centrifuge the homogenate at 5000 � g at 4 �C for 20 min.

5. Centrifuge the supernatant at 52,000 � g at 4 �C for 30 min by
means of TLA100.2 or TLA100.3 rotor (Note 23).

6. Take the supernatant, and then add equal volumes of pre-warmed
HMPB containing 1.5 mM ATP and 0.5 mM GTP, and pre-
warmed pure glycerol (supernatant:HMPB:glycerol ¼ 1:1:1).

7. Incubate the mixture at 37 �C for 45 min.

8. Centrifuge the mixture at 200,000 � g at 37 �C for 60 min
(Note 24).

9. Discard the supernatant and rinse thepelletwith pre-warmedDB.

10. Add 250 μL of ice-cold DB per 1 g of brain sample, and mix it
gently by mildly pipetting up and down until the pellet is
completely dissolved (Note 25).

11. Incubate the solution on ice for 20 min.

12. Centrifuge the solution at 80,000 � g at 4 �C for 30 min
(Note 23).

13. Take the supernatant and then add pre-warmed HMPB con-
taining 1.5 mM ATP and 0.5 mM GTP, and pre-warmed pure
glycerol (supernatant:HMPB:glycerol ¼ 1:1:1).

14. Incubate the mixture at 37 �C for 45 min.

15. Centrifuge the mixture at 160,000 � g at 37 �C for 35 min
(Note 24).

16. Discard the supernatant and rinse the pellet with pre-warmed
BRB80.

17. Add 50–100 μL of ice-cold BRB80 per the number of used
brains, and mix it gently by mildly pipetting up and down until
the pellet is completely dissolved (Note 25).

18. Incubate the solution on ice for 10 min.

19. Centrifuge the solution at 100,000 � g at 4 �C for 10 min
(Note 23).
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20. Take the supernatant and quantify the tubulin concentration by
means of spectrometer (Note 26), and check the purity of
tubulin by general SDS-PAGE.

21. The supernatant is ready for enzyme digestion (Note 27).

3.8 In-Tube

Digestion

1. Add 10 μg of tubulin (0.2 μL of 50 mg/mL solution) and
10 ng of Asp-N (2.5 μL of 40 μg/mL solution) into 8 μL of
50 mM NH4HCO3.

2. Incubate the mixture at 37 �C for overnight.

3.9 Mass

Spectrometry (MS)

1. Drop 1 μL of the enzyme-digested tubulin solution onto an
ITO-coated glass slide, and dry up the droplet (Note 19).

2. Spray 1 mL of the matrix solution over the ITO-coated glass
slide with an airbrush in a fume hood (Note 28).

3. Hold the glass slide on the slide adapter, and analyze the spot
with a mass spectrometer, Ultraflex II, with the following
parameters:

l Detection mode: negative ion and reflector mode

l Laser: Nd:YAG laser, 100 Hz, 200 shots

l Laser energy and detector gain: optimal values are varied in
each experiment (Notes 20 and 21)

4 Notes

1. Add DTT, IPG buffer, and protease inhibitors just before using
the buffer.

2. Use the low-purity SDS to separate α- and β-tubulin vertically
in the second electrophoresis, i.e., SDS-PAGE.

3. Prepare the solution freshly just before use.

4. The sample can be stored at �80 �C for future analyses.

5. The 15 mL conical tube is for DryStrip less than 11 cm in
length, and the sealed 25 mL disposable pipet is for DryStrip
more than 13 cm in length.

6. The duration of the last step depends on the length of
DryStrip. Two-hour electrophoresis is enough for 7 cm
DryStrip, while 24 cm DryStrip requires more than 20-h
electrophoresis.

7. Make sure that the running buffer contains the low-purity SDS.
This is essential for separating α- and β-tubulin.

8. Handle the gel with great care to prevent keratin from contam-
inating samples. All instruments (e.g., glass plates and buffer
tanks) and reagents used after this step should be for exclusive
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use to mass spectrometry. Wash instruments thoroughly with a
detergent before every use to remove any protein deposits. In
addition, wear fresh disposable gloves, and sleevelets, a mask,
and a cap if available, after this step.

9. Handle the minced gel pieces with care to avoid losing them.

10. Repeat the step more, if the gel pieces still look blue.

11. Make sure that the gel has completely dried out. The condition
of drying crucially affects the result of mass spectrometry.

12. Cover the dried gel pieces by DTT solution. The volume
depends on the amount of gel pieces. A recommendation is
~100 μL.

13. Choose lysyl endopeptidase or endoproteinase Asp-N based on
research interests. The former is suitable for α-tubulin, and the
latter for β-tubulin.

14. Add more the digestive enzyme solution, if needed, to effec-
tively vortex the sample.

15. It is very important to remove the extra enzyme solution. The
remaining enzyme solution makes samples contaminated by
peptides derived from the autolysis of enzymes.

16. Avoid taking small debris of gel into next step. It strongly
interferes with the result of mass spectrometry.

17. The required time depends on the concentration of extracted
peptide solution. It usually takes more time if the concentration
of peptides is high.

18. Avoid drying the embedded media throughout the desalting
after this step. Peptides are deposited tightly in the embedded
media once the media is dried. It results in a severe loss of
peptide yield.

19. Spot the calibration standard near the samples to achieve more
accurate measurements.

20. Shoot laser at the edge of sample droplets. Droplets usually do
not dry homogeneously and peptides tend to accumulate in the
edge of the droplets.

21. Seek out the optimal parameters every time, because the optimal
laser energy and detector gain are varied in each experiment.

22. Add PMSF and leupeptin just before use.

23. Cool the rotor well at 4 �C prior to use.

24. Warm the rotor well at 37 �C prior to use.

25. Avoid making air bubbles. Tubulin is easily degraded by air
bubbles.

26. Extinction coefficient of tubulins at 280 nm is
1.15 (mg/mL)�1cm�1.
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27. The purified tubulin can be stored at �80 �C as small aliquots
after freezing them by liquid nitrogen for future analyses
including in vitro analyses of enzyme activities.

28. Put some markers behind the ITO-coated glass slide to locate
sample droplets. The sample droplets are sometimes almost
transparent and difficult to be found under the camera of a
mass spectrometer.
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Abstract

Posttranslational modifications (PTMs) of proteins are important determinants of their biological functions.
Proteins undergo various PTMs throughout their life span. Some of these modifications are of a temporary
nature and may control rapid on/off rates for activation or inactivation of particular proteins. Other types of
PTMs are of a permanent nature. Those attachments take place upon protein synthesis and may substantially
alter protein structures and function, and are removed only upon protein hydrolysis. In these modifications,
the moieties of the modifier molecule are most likely bound covalently. Here we discuss such a type of PTM
with a polyester, poly-(R)-3-hydroxybutyrate (PHB). PHB is a ubiquitous homopolymer that is present
in all living organisms. In animals PHB was specifically found in the liver, kidney, heart, and brain.
However, what role PHB plays in these tissues is not well understood. As a polymer-electrolyte, PHB has
been recognized in mediating ion transport across the membrane, and thus it may be implicated in
various signaling pathways carried in the central and peripheral nervous systems. In this chapter, we
present a protocol for determination of PHB modification of the mammalian ion channel, TRPM8. The
TRPM8 channel is the cold and menthol receptor in the peripheral nervous system, and an important
mediator of pain stimuli. The procedures to determine the PHB moieties on the specific amino acids of
TRPM8, including protein isolation, purification, digestion, mass spectrometry analysis, and database
search, will be outlined here. Herein we also discuss the challenges to resolving PHBylated peptides that
may arise due to the fragile chemical structure of the polyester and its disintegration during the experi-
mental procedures and mass spectrometry.

Keywords: Protein purification, Poly-(R)-3-hydroxybutyrate (PHB), Transient receptor potential
ion channel of melastatin subfamily member 8 (TRPM8), Posttranslational modification (PTM),
Mass spectrometry (MS)

1 Introduction

PTMs of proteins are very important for modulating their activities
and regulating cellular processes. The study of various PTMs will
help biologists understand the mechanisms of cellular regulation.
Mass spectrometry (MS) has become one of the cornerstone meth-
odologies to identify PTMs. It can localize the PTM sites and
provide their quantification information. However, using MS to
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analyze PTMs can prove very challenging due to the overall low
stoichiometry of modified peptides, poor stability, and ionization
efficiency of some PTMs in MS [1].

Poly-(R)-3-hydroxybutyrate (PHB) is a ubiquitous biological
polymer present in all organisms. For a long period, PHB was
thought to be present only in bacteria, where it plays the role of a
carbon storage source. Later, this polyester was found widely
distributed throughout higher eukaryotes [2]. However, its role
in mammalian cells remained questionable, and it was not clear
whether PHB is a “molecular rudiment” evolutionarily derived to
more evolved organisms or has some important biological func-
tions. A recent study localized PHB to the endoplasmic reticulum
and plasma membranes of neurons, particularly those of the dorsal
root ganglion [3], where the polymer may be involved in ion
transport. The main obstacles in defining the role of PHB relate
to the technical limitations of the current methodology for detect-
ing this polymer. LC-MS/MS methods, as they improve, offer
many advantages in the delineation of the localization and potential
function of this PTM.

PHB synthesis is well studied in bacteria, where specific
enzymes, PHB synthases, assemble the polymer from CoA esters
of R-3-hydroxybutyrate. The synthesis occurs in three steps: (1)
condensationoftwomoleculesofacetyl-CoAtoformacetoacetyl-CoA,
(2) reduction of acetoacetyl-CoA by NADPH to form (R)-3-hydro-
xybutyryl-CoA, and (3) polymerization of (R)-3-hydroxybutyryl-
CoA that results in the formation of PHB [4]. The enzymes and
metabolic pathways for PHB synthesis in eukaryotes are yet
unknown. It might be similar to that of cholesterol, as both PHB
and cholesterol share a common intermediate, acetoacetyl-CoA,
and both their syntheses are regulated by changes in intracellular
concentrations of acetyl-CoA [5].

The PHBmolecule is comprised of hydrophobic methyl groups
alternating with hydrophilic ester groups and has a CoA-ester
binding group at its C-terminal end (Fig. 1). PHB interacts with
proteins by forming supramolecular complexes via covalent bonds
and multiple hydrophobic interaction sites [2, 6, 7]. The molecular
structure of the PHB polymer creates a highly flexible carbon
backbone with a lipophilic outer surface [7]. Upon association
with proteins, the high hydrophobicity of the polyester may sub-
stantially alter the physical properties and thus affect the function of
their hosts. For instance, PHB modifications have significant
impact on the temperature sensitivity of impacted proteins due to

Fig. 1 Structure of poly-(R)-3-hydroxybutyrate (PHB) with the CoA ester binding group
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the rapid conformational rearrangement of the polymer with tem-
perature changes [3]. PHB is also important for protein folding and
localization [8] as well as for ion permeation of some ion channels
[9]. The high-energy C-terminal CoA-ester group, derived from
PHB metabolic precursors, presumably acts as a cofactor for the
enzymatic reaction in which a covalent bond to the protein is
formed [10].

Analysis of PHB using mass spectrometry is very challenging
due to the following reasons: (1) Rapid disintegration of the labile
ester bonds of PHB during MS and MS/MS analysis makes it
difficult to capture intact PHB-modified peptides and to assign
the fragment ions for the localization of PHB modification sites;
(2) PHB modification is not one single mass shift of an amino acid.
It has multiple repeated units covalently linked to one amino acid.
This adds great complexity during the database search, because it
requires consideration of various number of PHB modification
repeats in the precursor, as well as corresponding fragment ions;
(3) Some of the masses of PHB-modified peptides are too large that
it may affect the detection and peptide fragmentation in MS/MS
analysis; (4) Some of the PHB-modified peptides are very hydro-
phobic, making them difficult to elute from RPLC during LC-MS/
MS analysis.

In our recent study, we achieved elucidation of PHB as PTM of
a mammalian ion channel protein from the transient receptor
potential melastatin subfamily, member 8, TRPM8 [3]. Using
MS/MS approaches, we have shown that PHB modifies various
amino acids of the TRPM8 protein. The majority of these peptides
reside on the intracellular N-terminus of the protein, and one
modification localized on the extracellular side of the channel [3].
Furthermore, the extracellular PHB modification (Fig. 2) plays an

Fig. 2 Mass spectrometric analysis of the chloroform-extracted peptide SSLYSGR 823–829 of the TRPM8
protein derived from matrix-assisted laser desorption/ionization (MALDI) MS experiments: Molecular compo-
sition of PHBylated serine residue on the SSLYSGR (823–829) peptide with a number of PHB units attached via
an ester bond; numbers indicate the PHB modification with a shift in the monoisotopic masses. Number of PHB
units (n) varied in length from 1 to 26 units supposedly due to the breakage of the labile ester bonds of PHB
under the MS beam
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essential role in TRPM8 channel function: PHB-deficient mutants
exhibit reduced temperature sensitivity of TRPM8 upon cold-
induced activation and also show inhibited menthol- or icilin-
evoked responses, suggesting that PHB mediates induced by the
ligands conformational changes that result in channel openings [3].
This finding indicates that PHB is an important structural and
functional component of this receptor protein, and therefore may
be implicated in the networking of the peripheral nervous system.

The purpose of this chapter is to introduce the methods and
detailed experimental procedures targeted for identifying PHB
modifications using LC-MS/MS and also to describe technical
difficulties and the possible solutions. This protocol is comprised
of (1) TRPM8 protein extraction and purification frommammalian
expression system, (2) protein digestion with trypsin, (3) chloro-
form isolation of PHBylated peptides, (4) LC-MS/MS experi-
ments, and (5) bioinformatics analysis of PHBylated peptides.

2 Materials

2.1 Cell Culturing/

Handling

Human embryonic kidney (HEK) 293 cells were cultured in
Eagle’s Minimum Essential Medium (EMEM) (ATCC, Manassas,
VA) containing 10 % fetal bovine serum (FBS) in a 5 % CO2

atmosphere.

1. Phosphate buffer saline (PBS): 1.058 mM potassium phos-
phate monobasic (KH2PO4), 155.17 mM sodium chloride
(NaCl), 2.97mM sodium phosphate dibasic (Na2HPO4·7H2O),
pH 7.4, Mg2+-free, Ca2+-free (Invitrogen, Grand Island,
NY).

2. Microcentrifuge 5402 R (Eppendorf, Hauppauge, NY).

3. Preferable centrifuge tubes are orange-cap tubes obtained from
Corning Inc. (Corning, NY).

2.2 Protein

Purification

1. The buffer used for protein extraction/purification is sodium
chloride-based purification buffer (NCB) containing: 500 mM
NaCl, 50 mM NaH2PO4, 20 mM Hepes, 2 mM Na-
orthovanadate, 10 % Glycerol, pH 7.5 with addition of 1 mM
of protease inhibitor PMSF, 5 mM β-Mercaptoethanol (Sigma-
Aldrich, St. Louis, MO) before homogenizing the cells.

2. The membrane resuspension buffer: NCB with addition of a
protease inhibitor cocktail (Roche, Indianapolis, IN), 20 μg/
mLDNase, 20 μg/mLRNase (Fisher Scientific, Pittsburg, PA),
0.1 % Nonidet P40 (Roche, Germany), and 0.5 % dodecyl-
maltoside (DDM) (CalBiochem, Darmstadt, Germany).

3. For protein purification/visualization: A/G protein magnetic
beads (Pierce, Thermo Scientific, Rockford, IL); Myc-antibody
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(Sigma-Aldrich, St. Louis, MO); 10 % TGX-ready gel, Preci-
sion Plus Protein Standards (All blue), Coomassie Brilliant
Blue G-250 (Bio-Rad Labs. Inc., Hercules, CA).

2.3 Protein

Estimation

1. BCA protein assay kit (Pierce, Thermo Scientific, Rockford, IL)

2. Protein standard (2.0 mg/mL bovine serum albumin)

3. Spectra-Max 190 microplate reader (Molecular Devices, Sun-
nyvale, CA).

2.4 Protein In-Gel

Digestion

1. Wash solution: 50 mM ammonium bicarbonate in 30 % aceto-
nitrile (ACN)

2. Reduction reagent: 10 mM DTT

3. Alkylation reagent: 100 mM iodoacetamide

4. 50 mM ammonium bicarbonate

5. Extraction buffer: 50 % (v/v) ACN and 0.1 % trifluoroacetic
acid (TFA)

6. 0.1 % TFA solution

7. Trypsin solution: 20 ng/μL trypsin (Promega)

8. Eppendorf tubes, 0.5 and 1.5 mL

2.5 Partition of PHB-

Modified Peptides

1. CHCl3

2. 10 mL glass bottles

2.6 Mass

Spectrometry

1. For matrix-assisted laser desorption ionization-time-of-flight
MS (MALDI TOF MS): plates (AB Sciex), 4000 Series
Explorer (AB Sciex), mass calibration standards kits (AB
Sciex), MALDI matrix (7 mg α-cyano-4-hydroxycinnamic
acid dissolved in 1 mL solvent containing 60 % ACN,
0.1 % TFA, 5 mM ammonium monobasicphosphate,
50 fmol/μL ach of glu-fibrinogen peptide (m/z 1570.677),
and adrenocorticotropic hormone fragment 18–39 (m/z
2465.199))

2. For LC-MS/MS: C4 reversed-phase column (50 μm � 250
mm, 5 μm, 300 Å, C4, Dionex, Sunnyvale, CA, USA), Solvent
A (2 % ACN, 0.1 % formic acid, FA), Solvent B (85 % ACN,
0.1 % FA), Xcalibur Software (Thermo Scientific), LTQ Velos
ESI positive Ion Calibration Solution (Thermo Scientific).

2.7 Data Analysis

Software

1. Mascot (Matrix Science Inc., Boston, MA, http://www.matrix-
science.com)

2. Proteome Discoverer (Thermo Scientific)

3. Data Explorer (AB Sciex)

4. GPS Explorer (AB Sciex)

5. ExPASy FindMod Tool (Swiss Proteomics Bioinformatics
Resources, http://web.expasy.org/findmod/)
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2.8 Equipment and

Materials

1. OptimaTM L-90K ultracentrifuge; used with Ti70 rotor
(Beckman Coulter, Indianapolis, IN)

2. Microcentrifuge Z216MK (Hermle, Labnet, Woodbridge, NJ)

3. 4800 Plus MALDI TOF/TOF Analyzer (AB Sciex, Foster
City, CA)

4. LTQ-Orbitrap Velos Mass Spectrometer (Thermo Scientific)

5. Ultimate™ 3000 nano HPLC (Thermo Scientific)

3 Methods

3.1 TRPM8 Protein

Purification

1. For each purification, culture 18–20 dishes (10 cm) of HEK-
293 cells stably expressing the TRPM8 protein with a Myc-tag
(located on the N-terminus) to reach 70–80 % confluence.

2. Wash and remove the cells from dishes with PBS by pipetting
the suspension up and down (see Note 1). Collect the cells in a
15 mL centrifuge tube.

3. Centrifuge the cells at 4000 � g for 5 min at 4 �C to obtain
dense pellets, remove PBS completely, and store the pellet at
�20 �C until use (see Note 2).

4. Resuspend the cell pellet in 10 mL of NCB-lysis buffer supple-
mented with 1 mM of protease inhibitor PMSF and 5 mM β-
Mercaptoethanol.

5. Lyse the cells by the freeze-thawing method, repeat two times.
For quick freezing purposes liquid nitrogen may be used, or
alternatively, a mixture of ethanol and dry ice can be used (see
Note 3).

6. Transfer the cell lysate into the ultracentrifuge tube. Spin the
content at 40,000 � g for 2.5 h at 4 �C to pellet the mem-
branes. Remove the supernatant thoroughly.

7. Resuspend the membranes in 3 mL NCB-resuspension buffer
with addition of a protease inhibitor cocktail, 20 μg/mL
DNase, 20 μg/mL RNase, 0.1 % Nonidet P40, and 0.5 %
dodecyl-maltoside (DDM) (see Note 4), and place in three
(1.5 mL) tubes. Close the cap tightly and cover tubes with
Parafilm. Incubate the suspension overnight on the shaker
with gentle rotation, at 4 �C.

8. On the same day, prepare the A/G protein magnetic beads. For
each mL (about 15–20 mg/mL of protein) of the membrane
prep, use 120 μL of the beads; total 45–60 mg of membrane
protein could be extracted from 18–20 dishes (10 cm). Mix the
beads intensely to achieve a homogenously distributed mixture,
add 120 μL in new tubes for three samples, and place the tubes
onto the magnetic stand. Incubate for about 3 min or until the
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solution is clear. Remove the beads storage solution (20 %
ethanol), and wash the beads twice with 500 μL of plain NCB
buffer (see Note 5). After removing the last wash buffer, resus-
pend the magnetic beads in 500 μL NCB buffer and add 4 μL
of anti-Myc-IgG (1/125 dilution). Close the cap tightly and
cover tubes with Parafilm. Incubate the beads with the anti-
bodies overnight on the rotating shaker with gentle rotation,
at 4 �C.

9. On the next day, the protein suspension should look slightly
opaque, which would indicate that the membranes are well
solubilized in the detergent contained in NCB buffer, and
that the TRPM8 protein is extracted from the membranes
into the detergent micelles. No membrane clots should remain.
Centrifuge the protein/membrane extracts for 1 h at
30,000 � g. After centrifugation, the TRPM8 protein/deter-
gent complex will be in the aqueous supernatant.

10. Place the tubes with the beads onto the magnetic stand; allow
about 3–5 min for the beads to settle; remove the NCB buffer
containing anti-Myc-IgG. Resuspend the beads with fresh
NCB buffer (500 μL). Wash the beads at least four to five
times with 500 μLNCB to remove unbound antibody. Remove
the last wash right before the membrane extracts are ready to
add to the beads.

11. After centrifugation, add the supernatant with the TRPM8
protein/detergent complex onto the washed magnetic beads
with conjugated α-Myc-antibodies. Mix gently but thoroughly,
and incubate overnight on the shaker with gentle rotation,
at 4 �C.

12. Next day, place the protein and beads containing tubes onto
the magnetic stand. Allow them to stand for about 5–10 min
(see Note 6).

13. Wash the beads four times with NCB buffer to remove impu-
rities. Add 150 μL of 2� SDS-loading buffer into each sample
(three tubes), mix the beads thoroughly, and place into the
preheated 100 �C water bath on the magnetic stir to incubate
for 10 min. Make sure to turn the magnetic stirring plate on to
ensure rotation of the beads in the mixture. Note that mag-
netic beads are not visible in the SDS-loading buffer, and
without rotation the beads will adhere to the magnet on the
plate, which may interfere with protein release and result in a
lesser yield.

14. Load the TRPM8 protein samples onto a 10 % TGX-ready gel
by adding 50 μL from each sample (total of three samples will
occupy nine wells), and 3 μL of the Protein Standards into the
first well. Run the gel at 180 V for ~40 min, wash the resulting
gel three times with milli-Q water, and stain with Coomassie
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Brilliant Blue dye for 1 h by gentle agitation on shaker. Destain
with milli-Q water (Fig. 3).

3.2 Protein In-Gel

Digestion and Peptides

Partition

1. Excise the protein bands with the molecular weight
corresponding to TRPM8. Use a sharp scalpel to cut the gel
into smaller pieces (~1 mm3)

2. Place the gel pieces into a 1.5 mL Eppendorf tube.

3. Add 200 μL of the Wash Solution (WS) and rinse the gel pieces
for at least 30 min at RT.

4. Remove WS from the sample with a pipette. Repeat steps 3
and 4 until Coomassie blue stain is washed off.

5. Add 200 μL of ACN and dehydrate the gel pieces for ~5 min at
RT (see Note 7).

6. Remove the ACN from the sample with a pipette.

7. Add 30 μL of DTT solution into the gel pieces to reduce the
proteins for 30 min at 37 �C.

8. Remove the excess DTT solution, and add 30 μL of iodoace-
tamide (IAA) solution for protein alkylation for another 30 min
at 37 �C.

9. Remove excess IAA from the sample with a pipette.

10. Add 200 μL of ACN to dehydrate the gel pieces at RT.

11. Remove the ACN from the sample, and add 200 μL of 50 mM
ammonium bicarbonate (AB) to rehydrate the gel pieces at RT
for 10 min.

Fig. 3 The TRPM8 protein purified from HEK-293 cells. 10 % SDS-PAGE of
TRPM8 stained with Coomassie stain. For mass spectrometry analysis, the
TRPM8 protein was expressed in HEK-293 cells and purified by
immunoprecipitation, using protein A/G magnetic beads conjugated with anti-
Myc IgG. TRPM8 was eluted in SDS-loading buffer, and samples were boiled at
100 �C for 10 min. The lanes on the gel show the protein eluted from the beads.
The TRPM8 bands were further excised and combined for the MS experiments
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12. Remove AB from the sample and dehydrate the gel pieces with
200 μL of ACN.

13. Remove the ACN from the sample and air-dry the gel pieces
at RT.

14. Add 30 μL of trypsin solution to the gel pieces and wait for
~10 min until the gel pieces are rehydrated by the trypsin
solution. Remove the excess trypsin solution and then add an
additional 5 μL of 50 mMAB. Incubate the sample at 37 �C for
trypsin digestion overnight.

15. Extract the digested peptides by adding 30 μL of 0.1 % TFA
with gentle vortex, and collect the supernatant into a 0.5 mL
Eppendorf tube. Then add 30 μL of the extraction buffer.

16. Repeat step 15 once and pool the peptides together.

17. The resulting peptides are partitioned between organic and
aqueous phases against CHCl3 in a 1:1 ratio at RT with slow
rotation. The CHCl3 fraction should be carefully separated
from the hydrophilic substances. Avoid the contamination
from interphase region. The CHCl3 fraction is concentrated
in a centrifugal evaporator (SpeedVac®, Savant, Asheville, NC)
and subjected to analysis on either a 4800 MALDI TOF/TOF
instrument (AB Sciex) or an Orbitrap Velos tandem mass spec-
trometry instrument (Thermo Scientific) coupled with an Ulti-
mate® 3000 Nano HPLC (Dionex, Thermo Fisher,
Bannockburn, IL) (see Note 8).

3.3 Analyze PHB-

ModifiedPeptidesUsing

MALDI TOF/TOF MS

1. The sensitivity and resolution of MALDI TOF/TOF MS is
tuned and optimized using the mass standard mixture kit
prior to the sample analysis.

2. Calibrate the mass accuracy of the mass spectrometer in MS
reflector mode using six peptide masses in the mass standard
mixture. Select “plate mode & default calibration” in the “cal
type” to update theDetector offset, TOF offset, and B-factor in
reflector mode. Update the MS/MS default calibration using
the fragments from GluFib (m/z 1570.677) (seeNote 9).

3. Peptides from the CHCl3 fraction are dissolved in 60 % ACN
containing 0.1 % TFA and mixed with MALDI matrix in a 1:1
ratio and spotted on a MALDI plate.

4. Create a new spot set in 4000 series Explorer software. Set up
the acquisition and processing method. For MS analysis, m/z
700–5000 is set for mass range; 750 laser shots are accumu-
lated for MS spectra at a laser intensity of 3500 using positive
ion reflector mode. GFP (m/z 1570.677) and ACTH 18–39
(m/z 2465.199) are used for internal calibration. For MS/MS
analysis, the precursor mass corresponding to the theoretical
m/z of PHB-modified peptides is selected for CID
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fragmentation with 1 kV collision energy. Fifteen hundred laser
shots are accumulated for each MS/MS spectra at a laser inten-
sity of 4200. The precursor mass window is set at a relative 200
resolution (FWHM) (see Note 10).

3.4 Analyze PHB-

Modified Peptides

Using LC-MS/MS

1. LTQ-Orbitrap Velos MS instrument was used for LC-MS/MS
analysis. Tune and calibrate the sensitivity, resolution, and mass
accuracy of the instrument using the LTQ Velos ESI positive
Ion Calibration Solution (Pierce).

2. The peptides from CHCl3 partition are first concentrated by a
SpeedVac, and subjected to nano-C4 reversed-phase liquid
chromatography separation with a 180-min binary gradient of
Solvent A (2 % ACN, 0.1 % FA) and Solvent B (85 % ACN,
0.1 % FA) (see Note 11).

Time (min) Solvent A (%) Solvent B (%)

0 98 2

6 98 2

6.5 95 5

120 50 50

165 5 95

180 5 95

3. The eluted peptides are directly introduced into a nanoelectros-
pray ionization source on the LTQ-Orbitrap Velos MS system
with a spray voltage of 2.15 kV and a capillary temperature of
275 �C. MS spectra are acquired in the positive ion mode with a
mass scanning range of m/z 350–2000; 10 most abundant ions
are selected for collision-induced dissociation (CID) fragmenta-
tion. The precursor isolation width is set to 3 m/z, and a mini-
mum ion threshold count is set to 3000. The lock mass feature
was used for accurate mass measurements.

3.5 Database

Search, Peptide, and

Their PHB Modification

Site Identification

1. The MS/MS spectra are searched against a Swissprot rat data-
base (7631 sequences) using MASCOT (V. 2.3) search engine.
Since there is no predefined PHB modification available in
Mascot search engine, we manually added a new modification
with 1–20 units of PHB (C4H6O2) on serine residues into
Mascot Configuration. For example, 86.0368 Da,
172.0736 Da, or 258.1103 Da were added for 1, 2, or 3
units of PHB modification, respectively.

2. The following parameters are used for peptide identification:
MS error window is set as 10 ppm and an MS/MS error
window is 0.5 Da. Methionine oxidation, cysteine
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carbamidomethyl (IAM) modification, and up to 20 units of
PHB modification of serine were set as variable modifications.
Trypsin digestion allowing up to two missed cleavages is speci-
fied and peptide charge states are selected as 2+, 3+, and 4+.

3. Only peptides identified with confidence interval (C. I.) values
of 95 % and better are considered confidently identified. The
PHB modification site is also manually evaluated based on the
presence of continuous b- and/or y-series of ions (Fig. 4).

4 Notes

1. We prefer to collect the cells expressing TRPM8 with PBS at
RT. HEK cells are easy to remove from dishes by applying large
volumes (~7 mL) of PBS and pipetting the cells suspension up
and down until all the cells are detached. Add more PBS to
rinse the dish and combine the suspensions.

2. Store the cell pellet at �20 �C. In cases when the pellets are
used immediately, we still recommend placing the cells into the

Fig. 4 An example of MS/MS spectrum from LC-MS/MS analysis. A quadruply charged ion (m/z 775.354)
corresponding to peptide 63AMESICKCGYAQSQHIEGTQINQNEK88 with a Met64 oxidation and 2 units of PHB
modification on the Ser66 residue (with a Mascot score of 34) is presented here as an example. The observed
y- and b-ion series confirmed the peptide sequence. Mass differences between b3 and b4 suggested the
localization of the addition of two PHB units on Ser66 residue
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�20 �C freezer for ~30 min prior to protein extraction. Frozen
cells are more easily lysed, and it helps to obtain more homog-
enous cell lysis suspension.

3. The choice of the tubes is important for the freezing step.
Check the cryo-resistance of the tubes to prevent crack forma-
tion. We prefer the polypropylene tubes, purchased from Corn-
ing (see Section 2).

4. DDM should be weighed and always freshly added to the NCB-
resuspension buffer. Use sterile spatula to remove the mem-
brane pellets from the centrifuge tube as they are usually very
sticky and require mechanical force to break the dense pellet
apart. Make sure not to leave large clots of the pellet, as this will
prevent freeing and extracting the protein from the membranes
into the detergent micelles. This step is very important to
maximize the yield of the purified proteins.

5. Make sure to allow enough time for beads to precipitate on the
magnet by keeping the beads on the magnetic platform for at
least 3–5 min. Never centrifuge the beads at high speed as it
may damage the resin.

6. After incubating the beads with protein samples, the suspension
may be dense and viscous, thus allow the beads to precipitate
for a longer time than during the regular washing steps without
the protein sample. Usually, beads in the presence of protein
supernatant adhere to the magnetic base in about 5–10 min.
Check the solution’s clarity before removing the buffer. Allow
for a longer time if needed.

7. After adding ACN, the gel pieces will change to a white color,
and the size of the gel will become much smaller.

8. The chloroform partition is used for separating the peptides
into a hydrophilic group and a hydrophobic group. Based on
the previous publications [11–13], the association with PHB
may render amphiphilic or even hydrophilic peptides soluble in
chloroform. In our study, we found that the majority of the
peptides that had been identified as PHB-modified before par-
tition were extracted into the chloroform layer.

9. To ensure optimized mass accuracy, the high voltage for
MALDI source needs to be turned on for at least 30 min before
updating the default calibration. This step would minimize the
fluctuation in accelerating voltages to provide more accurate
calibration.

10. The composition of each PHB unit is C4H6O2. The modifica-
tion is at serine residue with the addition mass of 86.0368 Da.
We added 1–20 units of PHBmodification in the configuration
of local Mascot search engine and set the PHB modification as
variable modification during the data search.
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11. Some of the peptides in CHCl3 fraction are very hydrophobic,
so we choose to use C4 trap column and nano column for
peptides separation.
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