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Supervisor’s Foreword

The protein folding field has undergone enormous transformation in recent years,
led mainly by the introduction of new techniques that facilitate the study of fold-
ing on the single-molecule level, based on either sensitive fluorescence methodol-
ogy or force spectroscopy. The progress in the field has also been driven by the
realization that, in addition to the more familiar globular proteins, there are novel
groups of proteins whose folding behavior requires the development of new para-
digms. Among these proteins are two important groups. The first is the group of
intrinsically unfolded proteins, many of which fold only upon interaction with
their binding partners. The second group includes the repeat proteins, a diverse set
of proteins made of short structural units that repeat themselves and form nonglob-
ular, elongated structures resembling solenoids.

The Ph.D. thesis of Dr. Sharona Cohen marries the two themes discussed
above. Dr. Cohen employed single-molecule fluorescence spectroscopy to probe
the folding and dynamics of tetratricopeptide repeat proteins, whose repeat units
consist of 34 amino acids. In particular, she studied a designed protein made of
three repeats, with fluorescent probes inserted in several positions. Fluorescence
resonance energy transfer (FRET) was used to learn how the conformation of the
protein changes in the presence of chemical denaturants.

The big surprise in Dr. Cohen’s results is that in addition to the unfolding tran-
sition of the protein, clearly observed in single-molecule FRET histograms, there
is interesting behavior related to changes in the structure of the folded state. As
it turns out, the folded protein becomes more and more loose as the concentra-
tion of denaturant is increased, like a solenoid whose spring constant is weakened
gradually. This finding immediately suggests that the source of the spring behav-
ior of this protein is to be found in the interfaces between repeat units, which
are mostly hydrophobic in nature, and can be loosened by the denaturant. This
explanation is commensurate with molecular dynamics simulations conducted by
others on similar proteins.

Multiple questions are raised by this study such as: What are the timescales
of the dynamics related to the spring behavior of these repeat proteins? What is

vii
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the functional role of this behavior? Single-molecule techniques, in combination
with computer simulations, will no doubt answer some of these questions in the
not-so-far future. The beautiful set of experiments documented in this thesis lays
the foundation for these future studies.

Rehovot, June 2014 Prof. Gilad Haran
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Chapter 1
Introduction

Repeat proteins account for more than 5 % of the proteins in multi-cellular
organisms. In contrast to globular proteins that have extensive long-range con-
tacts, the structures of repeat proteins show mainly intra- and inter-repeat local
contacts. These simple topologies facilitate modeling of the folding mechanism.
Tetratricopeptide repeat (TPR) is a 34-amino acid helix-turn-helix motif found in
tandem arrays in many natural proteins [1].

The design and characterization of a series of consensus TPR (CTPR) proteins,
built as arrays of multiple tandem copies of a consensus sequence, enable further
simplification of the folding model. In a series of experiments we used Single
Molecule Forster Resonance Energy Transfer (SM-FRET) to study the folding of a
CTPR protein with three repeats.

In our experiment, single molecules of double-labeled CTPR were allowed to
diffuse through the focus of a confocal microscope. These measurements, which
were carried out for two FRET pairs, map the folding behavior of two and three
repeats. Measured photon bursts were used to obtain FRET efficiency histograms
in different chemical denaturant concentrations. For both FRET pairs, a continu-
ous shift of FRET efficiency histograms is found at mild denaturant concentra-
tions, followed by an all-or-none transition to the unfolded state. Global fitting
of histograms showed that the continuous shift is not a result of an interchange
between two stable populations with similar FRET efficiencies. Statistical analysis
of single-molecule trajectories obtained from measurements of immobilized mol-
ecules prove the absence of a slow transition between possible FRET populations.
Correlation analysis was used to observe the dynamics of FRET efficiency. These
measurements indicate that the conformational dynamics is faster than a microsec-
ond timescale. We conclude that the initial continuous shift of FRET efficiency is
caused by a continuous expansion of the structure.

Combining the result of nuclear magnetic resonance (NMR) and SM-FRET
measurements we determine that during global expansion the secondary structure
is preserved and the tertiary structure slightly expanded. This expansion is fol-
lowed by a barrier crossing event which involves unfolding of the secondary struc-
ture. Modification of a previously proposed Ising model for the folding of CTPR
proteins is suggested.

© Springer International Publishing Switzerland 2016 1
S. Cohen, Single-Molecule Fluorescence Spectroscopy of the Folding
of a Repeat Protein, Springer Theses, DOI 10.1007/978-3-319-09558-5_1



2 1 Introduction

Our model is in agreement with previous studies of the flexibility of tertiary
structure in repeat proteins, suggesting that this flexibility plays a role in binding
to other proteins or ligands [2].

1.1 Repeat Proteins

Repeat proteins, whether as independent folds or as segments within larger pro-
teins, are composed of tandem arrays of a small structural unit. The non-globular
folds of repeat proteins are formed from stacks of repeated motifs of 20-40 amino
acids, often producing extended structures. Repeat proteins are widely distributed
in various biological species [3], and are involved in a myriad of essential biologi-
cal processes. They account for more than 5 % of the proteins in the multi-cellular
organism category of the Swiss-Prot database. Ankyrin (ANK) repeats, tetratrico-
peptide (TPR), leucine-rich repeats, Heat (Huntington, Elongation factor 3, pro-
tein phosphatase 2A, and Yeast Kinase TOR1), beta helical repeats, and armadillo
repeats are common examples of repeat proteins.

In contrast to globular proteins with complicated and irregular tertiary struc-
tures, the tertiary structures of repeat proteins are simple and modular. The degree
of the simplicity of this topology is usually determined by the contact order, which
is the average sequence distance between all pairs of contacting residues normal-
ized by the total sequence length. Typical contact order values for repeat proteins
range from 0.05 to 0.07 (equal to sequence separations of about 67 residues),
whereas the contact order values of globular proteins range from 0.1 to 0.2 (equal
to sequence separations of about 10-30 residues) [4]. Owing to the modularity
and simplicity of their structure, repeat proteins have received increasing attention
by scientists in various fields such as protein engineering, protein design, protein
folding, and molecular dynamics simulations.

The non-globular, elongated shapes of repeat proteins result in larger surfaces for
molecular recognition and interactions. Recognition of different binding proteins,
based on their sequence and structure, is the most common function of repeat proteins.

In repeat proteins, amino acid residues that are important for binding are dis-
tinct and different from those that are important for maintaining the stability of
the fold; therefore, consensus designed proteins with fixed framework positions
and variable binding positions can be designed to construct novel binding mol-
ecules. Additionally, the linearity in the structure of repeat proteins suggests that
repeat protein modules, based on the consensus sequence, may be added, allow-
ing extended structures without altering the overall topology [5]. Design of repeats
in the laboratory, based on the consensus sequences of individual repeats [6], is
therefore possible. Consensus TPR (CTPR) [7], ANK [8, 9], leucine-rich [10],
beta-propeller [11], and armadillo repeats [12] with the same structure as the natu-
ral repeat have been successfully designed.

TPRs [1, 13] are one of the common structural motifs, and are found in tandem
arrays of 2—16 motifs of 34 amino acid residues. The three-dimensional structure
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of a single TPR is a helix—turn—helix. Adjacent TPR units are stacked in parallel
and form a right-handed superhelix. More than 5,000 TPR-containing proteins
have been identified in different organisms. For more than 100 of them, their struc-
tures have been solved and deposited in the Protein Data Bank (PDB). Similar to
other repeat proteins, the large surface area presented by their super helix elon-
gated structures [1] makes them particularly well suited to mediate interactions
with other proteins [14—16].

TPRs participate in a diverse set of processes: they are involved in peroxisomal
targeting [17], in co-chaperones interacting with heat shock proteins 70 and 90
[18], and in synaptic vesicle fusion [19]. In addition, TPRs interact with transcrip-
tional repressor proteins [20] and are associated with bacterial pathogenesis [21,
22], protein sorting, and translocation to the outer membrane of chloroplasts and
mitochondria [23, 24], and more. They are also found in magnetosome-associated
proteins in magnetotactic bacteria [25] and in the outer membrane assembly of
alphaproteobacteria [26]. Mutations in TPR-containing proteins have been associ-
ated with a variety of human diseases [13].

The engineered structure of CTPRs [27, 28], with high stability and desired
binding specificity, make them unique and useful for diverse applications. Recent
studies have used CTPRs for generating anti-cancer agents [29] and functional
biofilms [30].

1.2 Folding Stability of Repeat Proteins

The effect of insertion of repeat modules on the stability and folding kinetics for
two series of repeat proteins, namely, the CTPR and ANK series [31, 32], was pre-
viously studied. In both series the insertion of repeat modules stabilizes the protein
and reduces the unfolding rate.

In general, individual repeats are intrinsically unstable; the addition of a repeat
with favorable interface interactions between repeats stabilizes the fold. Since
there is no long-range interaction in repeat proteins, assuming that nonadjacent
repeats are independent of one another, to a good approximation, the stabilities
of a construct can be described as the sum of energy terms associated with each
repeat [5]. One-dimensional Ising models have been used with great success to
explain the unfolding behavior of repeat proteins at equilibrium.

The Ising model is a statistical model, conceived in 1920, to describe the mag-
netization of a series of spins with only nearest neighbor interactions between
them. In this model each spin is an independent unit that can be either up or down.
The free energy of the system is a linear summation of energy associated with
each unit [33]. The one-dimensional Ising model has been used for more than half
a century to describe the helix-coil transition in the formation of a helices. In this
model each residue is considered to be ordered in a helical state, or be in a coil
state [34]. Local contact between adjacent residues results in cooperative folding
behavior.
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An extended version of the Ising model has been successfully applied to repeat
proteins. Assuming that each repeat module is an independent unit and can be
folded or unfolded, the one-dimensional Ising model can be used to explain the
free energy of the ANK domain of Notch [5], and consensus designed ANK and
TPR proteins [31, 35]. Consensus-designed identical interactions between dif-
ferent units reduce the parameters of the Ising model and only a few parameters,
describing the stability of each unit and the interaction between adjacent units,
were used to globally explain the thermodynamic behavior of a series with a dif-
ferent number of repeats.

Using this model, it was shown that the global stability of a CTPR protein can
be changed by modifying the stability of a unit, without affecting the coupling
interaction between units, in a predictable fashion [36]. Modulating the interac-
tions between repeats, however, reduces the population of intermediate states for
CTPR [37] and induces a two-state like folding mechanism.

In the case of ANK proteins folding was shown to be a two-state process
[38, 39]. Nevertheless stability of ANK proteins can be explained by using a
one-dimensional Ising model [5]. A molecular dynamics simulation, based on
native topology, was used to explain the difference in folding between the TPR
and ANK proteins [40, 41]. These simulations demonstrate the sensitivity of the
folding landscape to the topology and demonstrate the inter-domain interaction.
Modifying the energy strength of the interface was shown to affect the protein sta-
bility, folding rate, and the folding pathways [41]. Therefore, it was proposed that
the difference in the interaction between units is the cause of the dissimilar folding
mechanisms of TPR and ANK.

The Ising model predicts the existence of partially folded stable species with
one or more units unfolded. Owing to their coexistence with fully folded and
fully unfolded species, in ensemble experiments, these species are quite difficult
to identify. Single-molecule microscopy provides a means by which we can ana-
lyze such intermediates. Recent single-molecule measurements of ANK unfolding
under force by atomic force microscopy show that the folding of ANK proteins
is more complicated than was originally thought. Heterogeneous unfolding steps
were observed during the unfolding pathways. These steps are not necessarily
equal to one or even half of the repeat unfolding, as was suggested by the Ising
model. Folding occurs in multiple distinct pathways and with several intermedi-
ates [42]. In contrast to ANK, the folding of TPR proteins has not been studied
on the single molecule level. Here we used single-molecule fluorescence spectros-
copy to study the folding of CTPR.

1.3 Protein Folding

Historically, two main simple mechanisms were suggested to explain protein fold-
ing: (1) the diffusion-collision model, in which microdomains are folded by a ran-
dom event initiating the formation of the secondary structure, and these secondary
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structures fluctuate until they collide and pack tightly together to form the native
structure; and (2) the nucleation-condensation model, in which the secondary and
tertiary structures of the protein are formed at the same time [43]. Recent stud-
ies in the field show that there are many proteins that exhibit the characteristics
of both the diffusion-collision and nucleation-condensation models [44]. The Ising
model is one model that describes such a behavior. According to this model, fold-
ing can be initiated from any of the helices, a la the diffusion collision model, but
propagation of folding occurs simultaneously for secondary and tertiary structures,
as in the nucleation condensation model.

Modern theories and recent experimental results propose that the folding pro-
cess can be explained by a funnel-shaped energy landscape [45, 46]. According
to this view, which is opposed to a historical view, various parallel pathways are
involved in the folding process. These pathways encompass numerous structures,
although all lead to the final state, which is the most stable thermodynamic state
under native conditions. At any stage during its folding, the protein exists as an
ensemble of conformations and can be trapped transiently in many local energy
minima. Detailed structural characterization of those conformations that are sam-
pled by the protein during folding is not yet technically possible. However, new
single-molecule techniques, combined with statistical analysis [47-50], enable us
to obtain some insight about the folding pathways. Owing to the simplicity of the
fold in repeat proteins, structural characterization of intermediate states and fold-
ing pathways is feasible.

Studying the thermodynamics of folding, in particular, is a powerful method to
get insight into the mechanism involved in the process. This method allows us to
map the local minima on the energy landscape and calculate the propensity for the
protein to be trapped in these minima. The rate of transition between any two local
minima and the order of transitions during the process can also be obtained.

The thermodynamic behavior of small proteins is typically characterized by a
two-state model [51-55]. A one-dimensional free energy surface is used to explain
the folding of such proteins, and the crossing of the energy barrier between folded
and unfolded conformations is the rate-limiting step [56]. According to this model,
proteins rarely exist in the transition state region, and the transition over the barrier
is an all-or-none event.

During the folding of certain proteins, stable intermediate states have been
reported to exist under mild denaturation conditions [57-59]. Circular dichroism
and NMR measurements indicate that considerable amounts of secondary struc-
ture exist in such intermediate states. However, as indicated by near-UV circu-
lar dichroism, as well as by the NMR and fluorescent spectroscopic behavior of
aromatic residues [60—62], significant mobility seems to exist in the hydrophobic
core, which is not present in the native state of these proteins. This kind of inter-
mediate state was termed the molten globule, which was defined as a structure
with loosened tertiary structure that conserves its native secondary structure.

Single-molecule techniques provide new insights into the protein folding
field. Using these techniques, partially unfolded stable states have been found in
large proteins [48, 63, 64]. In these reports the diversity of the folding pathways
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of proteins was observed experimentally. In a few other proteins the continuous
changes in an order parameter during folding were observed, suggesting that even
for small proteins, folding may be more complicated than was previously thought
[65-69]. Clear structural characterization of such processes, however, remains a
challenge.

1.4 Single-Molecule Fluorescence Spectroscopy

Single-molecule spectroscopy provides a fundamental advantage in resolving and
quantifying the properties of individual molecules or subpopulations by direct
examination of the molecular processes. This information is usually inaccessible
in classical ensemble experiments due to the averaging. Generally, two different
single-molecule methods are used to investigate biomolecules at a single-molecule
level [49]. The first method is force spectroscopy, where either the atomic force
microscope [70, 71] or the optical trap [72] is used to obtain a detailed structural
understanding of molecules under mechanical force. The second method is fluo-
rescence spectroscopy [50, 73—76], which in combination with Forster Resonance
Energy Transfer (FRET), is widely used as an accurate technique for distance
measurements, and which was termed “a spectroscopic ruler”. FRET was dis-
covered in 1948 by Forster [77], who demonstrated that dipole-dipole interac-
tions between donor to acceptor fluorophores can lead to efficient energy transfer
between them. This energy transfer strongly depends on the distance between the
two probes. Single-Molecule FRET (SM-FRET) has been successfully and exten-
sively used to investigate a variety of processes such as protein folding [50, 63, 78]
and misfolding [79], the conformational dynamics of proteins [80], protein-protein
interactions [81, 82], intrinsically unstructured proteins [83—85], protein function
in vitro [86] and in vivo [87]. It has also been used to study structures involving
DNA [88] and RNA [89].

In particular, in the field of protein folding, the modern view proposing the
existence of a diversity of folding pathways has attracted much attention to sin-
gle-molecule spectroscopy techniques. Single-molecule fluorescence spectroscopy
was used to obtain detailed information about the folding pathways of single-mol-
ecule proteins in equilibrium for fast [64] and for slow [63] folding processes. This
was achieved by visualizing the change in FRET efficiency as a function of time
at the single-molecule level in different denaturant concentrations and by using
statistical analysis to analyze them. SM-FRET was also used to study the protein
folding transition path time [90]. In order to investigate the behavior of single
molecules under conditions far from equilibrium, time-resolved measurements of
FRET efficiency were carried out by abrupt change of the denaturant concentra-
tion in micro-fluidic devices [91-93]. SM-FRET was also used to obtain infor-
mation about unfolded states. Expansion of the unfolded state by increasing the
denaturant concentration was observed by single-molecule FRET equilibrium and
non-equilibrium measurements [94, 95]. FRET, in combination with fluorescent
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correlation spectroscopy, was used to quantify the internal conformational friction
of the unfolded states and the intrinsic denatured states [96].

Single-molecule measurements show that the protein folding process for some
proteins is very complicated. Diversity in the folding of different proteins was
experimentally observed [63, 66, 69].

1.5 The Main Findings of This Work

A CTPR protein with three repeats (CTPR3) was labeled at different positions
with two pairs of fluorophores suitable for FRET. Single-molecule measurements
were carried out on freely diffusing molecules. Histograms of FRET efficiency
were measured in different denaturant concentrations. These histograms revealed
two populations: one at a low FRET value, and another at a high FRET value. The
population with a low FRET value was found to represent the unfolded state. The
population with a high FRET value was found to represent the folded state under
denaturant-free conditions. This population was observed to shift continuously to
lower FRET values with increasing denaturant concentration.

We demonstrated that continuous loosening of the tertiary structure is responsi-
ble for this shift and that crossing the barrier to the unfolded state occurs when the
secondary structure melts. This folding model is in opposition to the nucleation
condensation model, which proposes coincident propagation of folding of second-
ary and tertiary structures. The loosening of the tertiary structure is believed to be
important in TPR functionality because of its direct relationship to its affinity for
binding to other proteins.
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Chapter 2
Methods

2.1 Protein Purification and Labeling

This protein purification and labeling was done in collaboration with Luca
Domenico D’ Andrea, Istituto di Biostrutture e Bioimmagini, CNR, Napoli, Italy.

The protein cloning, expression and purification was carried out according to
the protocol published previously [1].

The amino acid sequence of CTPR3 is as follows: GNSAEAW YNLGNAY YK
QGDYDEAIEYYQKALELDPNNAEAWYNLGNAYYKQGDY DEAIE
YYQKALELDPNNAEAWYNLGNAYYKQGDYDEAIE YYQKALELD
PNN . The crystal structure of CTPR3 with the same
color coding is shown in Fig. 2.1.

A novel strategy was developed for site specific labeling of CTPR3 [2]. This
method is based on the use of the expressed protein ligation. Schematic repre-
sentation of this process is shown in Fig. 2.2. This technique requires the split-
ting of the protein of interest into two fragments, each bearing a single cysteine.
The N-terminal fragment is expressed in a bacterial host as a fusion protein with
the Mycobacterium xenopi gyrase A intein (Mxe GyrA intein). The expressed
chimeric protein is also endowed with a C-terminal His6-tag, allowing its puri-
fication by affinity chromatography. After purification, the fusion protein is
incubated with a thiol, which induces the splicing of Mxe GyrA intein and the
release of the protein fragment as a C-terminal thioester. The thioester protein
is then isolated from the intein and selectively labeled on its single Cys residue
upon reaction with a probe containing a maleimide group as sulfhydryl-reactive
moiety. The C-terminal fragment, carrying an N-terminal Cys residue, can be
chemically synthesized or expressed in bacteria depending on the fragment size.
The native chemical ligation reaction between the mono-labeled thioester frag-
ment and the C-terminal fragment affords the full-length mono-labeled protein.

© Springer International Publishing Switzerland 2016 13
S. Cohen, Single-Molecule Fluorescence Spectroscopy of the Folding
of a Repeat Protein, Springer Theses, DOI 10.1007/978-3-319-09558-5_2
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Fig. 2.1 Crystal structure of
CTPR3, PDB ID:1NAO

The Cys residue involved in NCL reaction is then exploited to introduce the
second probe into the protein (Fig. 2.2, strategy A). A simpler approach is used
when the second probe is located at the C-terminus. In this case, the full-length
protein containing a single Cys at the required position is expressed as an intein
fusion protein. After purification and first labeling, the full-length thioester pro-
tein is reacted with L-Cys in a NCL reaction. The newly introduced Cys residue
is then labeled with the second probe (Fig. 2.2, strategy B). A final re-folding
step is required before their utilization.

The details of the labeling process was reported for CTPR with Atto dyes [2].
This method was also used for the labeling of CTPR3 with Alexa-maleimide
dyes (Life technologies Invitrogen). Amino acid sequences of the CTPR3
variants and a schematic representation of double labeled CTPR are shown in
Fig. 2.3.

CTPR31C Atto is the CTPR3 double labeled with Atto 488 on site 121, and Atto
647 N on site 36.

CTPR32C Atto is the CTPR3 double labeled with Atto 488 on site 121, and Atto
647 N on site 70.

CTPR3NC Atto is the CTPR3 double labeled with Atto 488 on site 121, and Atto
647 N on site —1.

CTPR313 Atto is the CTPR3 double labeled with Atto 488 on site 105, and Atto
647 N on site 12.

CTPR31C Alexa is the CTPR3 double labeled with Alexa 488 on site 121, and
Alexa 594 on site 36.

CTPR3NC Alexa is the CTPR3 double labeled with Alexa 488 on site 121, and
Alexa 594 on site —1.

Finally, for control measurements, CTPR3 is labeled only with Alexa 488 in
position 121(CTPR3SL-Alexa488).
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Fig. 2.2 A schematic representation of the semi-synthetic strategy adopted for the preparation
of doubly labeled proteins. The N-terminal portion of the protein was prepared as a C-terminal
thioester through expression with the Mxe GyrA intein as fusion partner. After splicing, the
N-terminal fragment of the protein, carrying a C-terminal thioester group, was labeled with the
first probe and then reacted by native chemical ligation with the C-terminal remaining portion of
the protein containing an N-terminal Cys residue (strategy A) or a L-Cys (strategy B). Finally,
the full protein is labeled with the second probe on the Cys reactive in the native chemical liga-
tion reaction
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GNSAEAWYNL GNAYYKQGDY DEAIEYYQKA LELDOPCNAEA WYNLGNAYYK QGDYDEAIEY YOKALELDPN NAEAWYNLGN AYYKQGDYDE AIEYYQKALE

LDPNCAEAKQ NLGNAKQKQG
t :

Fig. 2.3 Amino acid sequences and schematic representation of the CTPR3 variants and dou-
ble labeled proteins. Red colored amino acids represent insertion and/or mutation. When double
labeled with Atto dyes, green stars represent Atto 488 and red stars represent Atto 647 N. When
double labeled with Alexa dyes, green stars represent Alexa 488 and red stars represent Alexa 594

2.2 General Experimental Methods

All measurements were performed in 50 mM phosphate buffer, 150 mM NacCl, at
pH 6.8. Index of refraction of stock solution was determined using a Fisher Abbe
refractometer (Fisher Scientific Co.). Concentration of guanidine hydrochloride
(GuHCl) was obtained using the equation below

Concentration of GuHCI = 57.147 An + 38.68 An*—91.6 An> (2.1

where, An is the difference between index of refraction of buffer with and without
GuHCIL.

2.3 Circular Dichroism Spectroscopy

Circular Dichroism (CD) spectroscopy was performed on a AVIV Model 215 CD
spectrophotometer (AVIV Instruments, Lakewood, NJ). CD experiments were per-
formed at protein concentration of 6 WM, 25 °C, in 222 nm wavelength.
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2.4 Ensemble/Bulk Steady-State Measurements

Ensemble/bulk fluorescence studies were conducted with a Fluorolog spectrofluo-
rometer (Jobin-Yvon) equipped with Glan-Thompson polarizers. CTPR3 labeled
with Alexa 488 and the double-labeled CTPR31C were used for control experi-
ments, including evaluation of fluorescence quantum yield and anisotropy values
as a function of GuHCI concentration (see Sect. 3.12). CTPR31C was also used
for measuring the ensemble/bulk denaturation curve.

2.5 Single-Molecule Setup and Measurement Methodology

Single-molecule setup

A custom-made single-molecule microscope for automated data collection was
constructed, as described in Fig. 2.4. The beam of an argon ion laser (Spectra-
Physics model 163, 488 nm) was passed through a laser-line cleanup filter (LP,
Chroma Z488/10x) and expanded five times (BX) to fill the back aperture of
a 100x oil-immersion objective (OBJ, Zeiss FLUAR 100x/1.3NA). A sam-
ple cell (SAM) was mounted on a custom-designed sample holder on top of a
capacitance-feedback 100 x 100 x 20 wm piezo stage (PIEZO, PI P-517) con-
trolled by a dedicated DSP (PI E-710). The sample was excited by the focused

Fig. 2.4 Schematic representation of the confocal set up
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laser beam and the fluorescent emission from the sample was collected by the
objective, passed through the first dichroic mirror (DIC1, Chroma 505DCLP),
filtered from remaining excitation light (EF, Semrock LP02-488RU), and
split into two detection channels by a second dichroic mirror (DIC2, Chroma
565DCLP). The donor dye emission and the acceptor dye emission were fil-
tered by respective emission filters (DF, Semrock FF01-536/40 and AF,
Semrock FF01-624/40) and focused onto two single-photon avalanche photo-
diodes (APD, Perkin-Elmer SPCM-AQR-15). Each APD delivered outputs a
TTL pulse output for each incoming photon. The arrival times of each of these
photons was recorded by a counter/timer card (National Instruments NI6602)
with time resolution of 12.5 ns. A standalone TCSPC module (PicoHarp 300,
PicoQuant) was used instead of the counter/timer card in free diffusion experi-
ments. In order to generate an auto-focus mechanism, back-reflected laser light
from the sample surface was focused on a pinhole (PH) and measured by a
photomultiplier tube (PMT, Hamamatsu H8249). When exactly focused, the
PMT position was adjusted to register the maximum photon flux. The piezo
stage was mounted on top of a coarse motorized stage (MS) to allow larger-
scale motion of the sample. When measurements were not in progress, to pre-
vent excess illumination, a mechanical shutter (ST, Uniblitz LS6T2) blocked
the laser.

The encapsulation of proteins

Liposomes made of egg phosphatidylcholine and a fraction of 1:500 of 1,2-dio-
leoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl) (both from Avanti
Lipids) were prepared by extrusion [3] in the appropriate buffer, using a dispos-
able 0.1 pm syringe connected to Anopore filter (Whatman Anotop-10). To pre-
pare protein-loaded liposomes, we added labeled protein to a final concentration
of ~0.2 M, chosen so that one out of ~10 liposomes would contain a single mole-
cule [4]. Liposomes were separated from non-encapsulated proteins by size exclu-
sion column (GE Healthcare MicroSpin S-400 HR).

Flow cells

Sample cells were made of two glass #1.5 coverslips (Thomas Scientific), glued
together with two Teflon strips. After incubation, to prevent evaporation, the cell
was sealed with silicon grease.

2.5.1 Measurements on Freely-Diffusing Molecules

Sample preparation

Flow cells filled with a dilute solution of protein molecules (20-45 pM), and
0.01 % Tween to minimize protein adsorption, at different denaturant concentra-
tions were prepared.
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Data acquisition and analysis

The laser beam was focused 20 pum deep into the solution, and data were collected
continuously for 1 h for each sample. Several such samples were collected at each
denaturant concentration to get enough statistics.

In free diffusion experiments, a standalone TCSPC module (PicoHarp 300,
PicoQuant) with 4 ps resolution was used instead of the counter/timer card to
record the arrival time lags of photons at the detectors. Data analysis was per-
formed using similar methods to those [5] reported by Seidel and coworkers. A
running-average of 15 photons was first used to smooth the photon trajectory. A
cut-off time (50 ps) was then determined from the histogram of the time lags, and
used to effectively separate background photons from those related to fluorescent
bursts during the passage of molecules in the beam. Fluorescent bursts were iden-
tified using this cut-off time, and only bursts with a total of 35 photons or more
were selected for further analysis. In some part of analysis, higher thresholds were
used to choose the bursts as mentioned in the corresponding section. FRET effi-
ciency was then calculated for each burst as the number of photons arriving from
the acceptor channel divided by total number of photons. FRET efficiency histo-
grams were then constructed.

2.5.2 Measurements on Diffusing Encapsulated Molecules

Sample preparation

A supported lipid bilayer was formed on glass surfaces by incubating a solution
containing empty liposomes in flow cells to prevent interaction with the surface.
For preparation of protein-loaded liposomes, we added labeled proteins to a final
concentration of ~0.05 WM, so that one out of ~60 liposomes would contain a sin-
gle molecule [6]. This ensures low probability of producing liposomes containing
more than one molecule. Protein-loaded liposomes were later diluted 5—10 times
to reduce the background after they were separated from non-encapsulated pro-
teins and were then introduced into the cell.

Data analysis

A similar analytical method was used to find the bursts as previously explained in
Sect. 2.5.1. Bursts with more than 100 photons were selected to obtain FRET his-
tograms, which were calculated for bins of 100 photons. A small fraction of bursts,
whose FRET efficiency from the first to the last bin changed by more than 15 %,
were discarded.

Temperature control of the sample

A coil of cold water circulation around the objective was used to lower the tem-
perature of the objective. To monitor the temperature of the sample, readings were
taken constantly using a thermocouple (Minco). To avoid water condensation on
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the lenses of the objective, the objective and the sample were kept in an argon
filled atmosphere, and a low flow of nitrogen gas was injected continuously close
to the back aperture to avoid air entrance.

2.5.3 Measurements on Immobilized Molecules

Sample preparation

A supported lipid bilayer was formed on glass surface by incubating a cell with
a solution containing empty liposomes in flow cells. Incubation with a solution
of 1 mg/ml streptavidin (Sigma) was followed by introduction of protein-loaded
liposomes into the cell. For preparation of protein-loaded liposomes, the same pro-
tocol as Sect. 2.5.2. Was used, with the difference that a 0.2 M protein solution
was used instead of a 0.05 M solution to obtain higher concentration of protein-
loaded liposomes.

Data acquisition

Data acquisition was fully automated using dedicated software programmed in
LabWindows/CVI and MATLAB. A 5 x 5 pm region of the sample was scanned,
and the position of vesicles loaded with molecules was identified with subpixel
resolution. A piezo stage was used to position each of molecules in the focus of
the laser, in order to obtain a fluorescence time trace (trajectory). For each mol-
ecule, either donor and acceptor signals were recorded for 5 s, or until background
level was reached. After acquiring trajectories of all molecules in that field, the
piezo stage was moved to a new region, and the acquisition cycle was repeated.
The arrival time of each of these photons were recorded by a counter/timer card
(National Instruments NI6602) with time resolution of 12.5 ns. The auto-focus
device ensured that the laser beam was focused on the surface of the sample
throughout the data collection.

Data analysis

First fluorescence trajectories (accumulated as photon arrival times on the two
detectors) were binned in time bins. To ensure that only trajectories generated by
individual molecules were included in the analysis, and to prevent the occurrence
of various artifacts, we used a series of computational filters (see additional details
below). Trajectories passing the filtration stage were corrected for background and
leakage of photons from donor to acceptor channel. These trajectories amounted to
about 9 % of the total data set. Using the equation below, the FRET efficiency was
calculated for each bin:
Ia (1)

FRET efficiency = m 2.2)
D
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vy is the correction factor for differences in donor and acceptor quantum yields as
well as differences in the detection efficiencies at the respective wavelengths (see
Sect. 3.8).

To identify transitions between FRET efficiency levels in a model-independent
manner, single-molecule trajectories were subjected to change-point analysis [7].
Bootstrapped trajectories were used to estimate the statistical significance of the
identified transitions.

Additional details on the data analysis procedures

The initial treatment of the measured trajectories.

In order to ensure the quality the results, and to avoid artifacts, the following
steps were taken in the treatment of single-molecule trajectories before analysis.
These steps were implemented automatically, and resulted in selection of 7-10 %
of the trajectories (depending on the data set), for further analysis.

First, we binned the two data sets in each trajectory (donor and acceptor) in
time-windows to get Ip raw(f) and I4 4, (t). The bin windows where chosen accord-
ing to the laser power to get a total count of about 50 counts per bin.

We used change-point analysis to identify trajectories that did not show a pho-
tobleaching step, and removed them from the set.

The lowest intensity region in each single-molecule trajectory was identified as
the background level for that molecule. Trajectories with individual channel back-
ground levels (bp, bs) larger than threshold were removed. The threshold value
was chosen depending on the laser intensity, and was between 10—14 counts per
bin for each channel.

Any trajectory with a total intensity larger than the chosen threshold was
also removed, as it might have arisen from two molecules in the same or nearby
vesicles.

The intensity of the remaining trajectories was then corrected for background
and leakage of photons from donor to acceptor channel using:

Ip(t) = (Ipyaw(®) — bp) (1 + 2)

2.
IA(t) = (IA,raw(t) - bA) - /I(ID,raw(t) - bD) ( 3)

Using a solution of free Alexa-488 molecules, the leakage factor A = 0.088 was
measured.

In the trajectories, to ensure that essentially only anti-correlated intensity
changes in donor and acceptor occur (as expected for FRET transitions), we cut
the trajectories whenever the total intensity (= Ip(¢) + y 1a(¢#)) changed by more
than 25 %. In most cases, this point occurred when the donor photobleached,
although in some trajectories we identified additional intensity changes.

We also made certain that the acceptor data set of each trajectory included a
photobleaching step (which could occur either simultaneously with the donor pho-
tobleaching step or independently of it). Trajectories that did not show such a pho-
tobleaching step were discarded.
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2.6 FRET-Fluorescence Correlation Spectroscopy

In these measurements, the single molecule set up was used. The dichroic mirror
was replaced by a polarizer beam splitter. The emitted light was separated using
a polarizer beam splitter into two channels, and focused on the avalanche photo
diodes. The cross correlation between the two channels was calculated by a pho-
ton-counting digital hardware correlator (Flex02-12D). The donor and acceptor
auto-correlation functions were separately measured by locating the proper emis-
sion filter before the polarizer, and by measuring the cross correlation between the
two channels. The cross correlation function was calculated after placing emis-
sion filters for donor and acceptor fluorophores in donor and acceptor channels,
respectively.
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Chapter 3
Results

3.1 Measurements on Free Diffusing CTPR31C-Alexa

To follow the folding process of the protein, single-molecule burst experiments
[1] on CTPR31C-Alexa molecules were performed. Protein molecules were set to
diffuse through the focus of the confocal microscope. Bursts of emitting photons
from donor and acceptor fluorophores were registered by two avalanche photo
diodes (APDs). Signal detection was performed using photon counting instrumen-
tation (PicoHarp, PicoQuant). A running-average of 15 photons was first used to
smooth the photon trajectory. Photons arriving at any of the detectors with a time
difference smaller than 50 pus were considered as belonging to the same fluores-
cent burst. Bursts with more than 35 photons per burst were analyzed. The experi-
ment was repeated for a series of GuHCI concentrations, and histograms of FRET
values were constructed. The histograms suggested three populations: (1) A popu-
lation with zero FRET, representing molecules with only donor fluorophores acti-
vated. (2) A population at a low FRET value of 26 %, representing the unfolded
state. (3) A population at a high FRET value of 76 %, which shifted to a lower
FRET value of 63 % by increasing GuHCI concentration (Fig. 3.1). There are two
interpretations for this shift. (1) A continuous change of the FRET. (2) The exist-
ence of stable intermediate state.

A continuous change of the FRET efficiency

To characterize the continuous shift of the folded state, a three-Gaussian model was
used. In this model, Gaussian distribution functions (Gs) were used to model mole-
cules with only donor fluorophores, unfolded molecules and, the shifting population.

Ai FRET — FRET(, \*
Gs(A;, wi, FRET(,) = wresgn (3 ) P 2k [ —————

~

Wi k sqrt (7 wi
3.1
i=2
Hist = " Gs(A;,w;, FRET,) (.2)
i=0
© Springer International Publishing Switzerland 2016 23
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Fig. 3.1 The SM-FRET histograms of CTPR31C-Alexa at various GuHCI concentrations.
Global fit of the histogram to (a) a model with three populations; a population with a varying
FRET value (red), unfolded state (blue) and donor-only species (black), (b) to a model with four
populations; folded (red), unfolded (blue), intermediate state (olive green) and donor only spe-
cies (olive green)
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where, FRET, are the mean FRET efficiencies of each state, and A and w are the rel-
ative propensities of the states and the widths of the distributions, respectively.
Global fitting was used to fit all the histograms to the equation above with the shared
parameters Tc,, FRETc,, w;, wo, w2, and free parameters Ag, A;, A2, FRETc, for all
GuHCI concentrations. The result of the fit is shown in Fig. 3.1a. The shared parame-
ters were found from the fit to be as follows: FRETc, = 0% =+ 0.1 %, FRETc, =
26.5% £+ 0.3 %, wo =85% =+ 02% w1 =255% £ 0.7%, wp = 19.1 % +4 %,
FRETc, decreases from 76 to 64 % as the GuHCI concentration increases.

Testing for existence of a stable intermediate state

It is possible that the continuous shift of the high FRET efficiency peak hides
an exchange between two populations: the folded state and an intermediate. To
model the existence of a stable intermediate state, a four-Gaussian model was used
(Fig. 3.1b). In this model Gaussian distribution functions (Gs) were used to model
population by molecules with only donor fluorophores, folded, unfolded, and the
intermediate state species:
i=3
Hist = Z Gs(A;, wi, FRET() (3.3)
i=0

where FRETc are the mean FRET efficiency of each state, and A and w are the
relative propensities of the states and the width of its distributions, respectively.
The histograms were fitted globally to the equation above with the shared param-
eters FRETc,, FRETc,, FRETc,, FRETc,, w;, wo, w2, w3 and free parameters Ay,
Aj, A, Az for all different GuHCI concentrations. The shared parameters obtained
from the fit are as follows: FRET¢c, = 0% =+ 0.1 %, FRETc, = 26.0% £ 0.3 %,
FRETc, =622% £1.9%, FRETc, =75.7% £+ 0.3 % and wp = 8.2 % + 0.2 %,
wi=24.1% £ 0.6 %, w2 =22 % £ 2 and w3 = 14.9 % £ 0.6 %.

As demonstrated in Fig. 3.1, and as is evident from the results of the fit, both
models can explain the data at this stage. However, the two interpretations of the
results are quite different in terms of energy landscape of the folding process.
A continuous shift of the FRET efficiency implies a continuous conformational
change of the folded state, which can be conceived as a shift of the free energy
minimum due to the folded state. On the other hand, the existence of an interme-
diate state implies an additional local minimum on the free energy landscape. A
comparison between the two model energy landscapes is shown in the cartoon of
Fig. 3.2.

In the analysis on freely-diffusing molecules, a threshold of 35 photons was used
as a criterion for burst selection. As a result of the low number of photons, the dis-
tributions are quite broad, and therefore difficult to interpret. To observe two possi-
ble separate peaks resulting from folded and intermediate states before the transition
midpoint, a lower statistical noise/a higher number of photons per molecule is
required. The following experiments were carried out to reduce statistical noise.
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Unfolded folded Unfolded Intermediate folded

Fig. 3.2 The SM-FRET histograms of CTPR31C-Alexa at various GuHCI concentrations.
Global fit of the histogram to (a) a model with three populations; a population with a varying
FRET value (red), unfolded state (blue) and donor-only species (black), (b) to a model with four
populations; folded (red), unfolded (blue), intermediate state (olive green) and donor only spe-
cies (olive green)

3.2 Measurements on Diffusing Encapsulated
CTPR31c-Alexa Molecules

To increase the observation time for each molecule and, as a result, to increase the
number of photons per molecule, the diffusion of the protein was limited by encapsu-
lating the individual molecules in 100 nm vesicles. Since the vesicles are much larger

100 [

50 [

number of photons per 300 ps

1 1 1 1 1 1 1 1 J

o 1 3 6 9 12 15 18 21
Time[s]

Fig. 3.3 Number of photons per 300 ps as a function of time for a vesicle-encapsulated protein
molecule diffusing through the focus. Blue donor, red acceptor
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than the protein, their diffusion rate is much slower. However, due to the Gaussian
distributed laser intensity, the intensity of the bursts fluctuates even inside the vesi-
cles. Setting the threshold based on the total intensity of the donor and acceptor
channels results in a division of each burst into several smaller bursts (Fig. 3.3).
Nonetheless, this method results in a high number of photons per mini burst,
enabling us to set the threshold as high as 100 photons. Such a high threshold
decreases the statistical noise, making the distribution for each state narrower. The
histograms obtained in these measurements (Fig. 3.4) are similar to those obtained
from the freely-diffusing molecules, only narrower. If the broadening in the previ-
ous histograms were due to the existence of two populations and not one, then

(b)

P

0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
FRET Efficiency FRET Efficiency

Fig. 3.4 The SM-FRET histograms of CTPR31C-Alexa at various GuHCI concentrations per
100 photons. Global fit of the histogram to (a) a model with three populations; a population with
a varying FRET value, unfolded state, and donor-only species, (b) to a model with four popula-
tions; folded (FRET value of 85 %), unfolded, intermediate state (fret value of 68 %), and donor
only species
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decreasing shot noise should have resulted in two separate narrow distributions.
Histograms of FRET efficiency, with bins of 100 photons, do not indicate the
existence of two populations (Fig. 3.4b).

A continuous change of the FRET efficiency

Similarly to Sect. 3.1, Eq. 3.2, a three-Gaussian model with an unshared value for
the folded state was used to fit the histograms globally (Fig. 3.4a).

FRETc, of the folded state shifts from 85 to 68 % as a function of
increasing GuHCIl concentrations. The shared parameters from the fit are
FRETc, =24% £+ 0.1 %, FRETc, =299% £ 02%, wo = 9.1 % £ 0.3 %,
w; =21.5% £ 0.5 and wy = 12.9 % + 0.2 %.

Testing for the existence of a stable intermediate state

Similarly to Sect. 3.1, Eq. 3.3, a global fit of the histograms to a four-Gaussian
model with shared values for folded and intermediate states was performed
and is presented in Fig. 3.4b. The mean FRET values of the folded and inter-
mediate states (FRETc, and FRETc,), were fixed at 85 and 68 %, which are
the peak centers of the FRET histogram at 0 M and 3 M GuHCI, respectively.
The obtained shared parameters from the fit are: FRETc, =24% £ 0.2%,
FRETc, =298% £ 04%, wo = 92 % £ 04 %, w; = 205 % £ 0.7 %,
w2 =209 % + 1.4 % and w3 = 12.1 % £ 0.4 %. A significant deviation of the fit
from the histogram at intermediate GuHCI concentrations was found. This devia-
tion is a strong indication of the existence of only one population and rules out the
possibility of a stable intermediate state.

3.3 Ruling Out Motional Narrowing

Motional Narrowing model

A fast interchange between folded and intermediate states may result in a peak
in-between the folded and intermediate peaks in the histograms. This peak is the
outcome of averaging of folded and intermediate populations during the sampling
time. This is similar to ‘motional narrowing,” a well-known spectroscopic phenom-
enon. Figure 3.5 shows a simulation of FRET histogram for two interconverting
populations for various time bins. Two populations with FRET values of 50 and
80 % where chosen to interconvert at a rate of 10,000/s. Binning the data in longer
time bins results in averaging over the FRET populations during the bin time and
appearance of an additional FRET population.

To rule out motional narrowing, we generated histograms with 300 ps time
bins, shown in Fig. 3.6. Evidently, binning the data in 300 ps bins does not sepa-
rate the two peaks, indicating, that if there were an interchange between popula-
tions, it would be much faster than this time. To slow down the folding dynamics,
measurements were repeated at a lower temperature, 10 °C. A narrow distribution
with a single peak was observed also under these conditions, demonstrating that
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if there is motional narrowing, it involves a rate that is much faster than 1/300 ps
even at this temperature.

Gopich and Szabo analyzed the SM-FRET experiment in the presence of
motional narrowing and showed that the histograms obtained under this situation
can be represented as three Gaussians with FRET values of FRET;, FRET»,, and
FRET;; [2]. The amplitudes of the three Gaussians are related to the rate constants
of interconversion between the two conformations:

_ (x—FRET}})? _ (x—FRETy)?
) e 20121 e 247222
folded — Intermediatecomplexpeak = | c11 - + ¢ -
\/2moy \/2mos,
_ (x—FRET}5)?
e 20122
+ c12

\/ 2710122 (3.4)

FRET;; and FRET>; are the FRET efficiencies of folded and intermediate states,
with coefficients:
e = prexp(—kiz *1),c11 = prexp(—ka1 * 1), c1a = 1 —c11 — ;. (3.5)

where ¢ is the time bin for the calculated FRET, k»; and kj, are the conformational
rates from folded to intermediate, and from intermediate to folded state respec-
tively, and p; and p; are propensities of folded and intermediate states.

pr=(—ppr = —2 (3.6)
’ ki2 + ka1 '
FRET; is define by:
FRET» = FRET1f12 + FRET2:f21 3.7
pP1—cn
= 1 — s =
b3 S12.f12 o (3.8)

Assuming that shot-noise is the only source of broadening of the histogram, the
variance of each peak is given by:

» _ FRET;(1 — FRET})

o2 . i=123... (3.9)

where, n is the number of photons per binning time.

0‘122 — FRET)3 * (I- FRETIZ)/n + 00%2/;1 (3.10)

2
ociy = (FRETy| — FRETy)? (f12f21 - %QP((klz + kzl)t)) (3.11)

(t +exp(—=1) — 1)
2 2
T

O(r)=1-— (3.12)
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To find which inter-conversion rate between the folded and intermediate states
leads to complete merging of the two peaks in the FRET histogram, due to aver-
aging during the sampling time, we fit the histograms globally using the Gopich-
Szabo motional narrowing model. To fit the FRET Efficiency Histogram (FEH),
the peak representing the unfolded population, and the peak representing the mole-
cules labeled only by donor dye, should be added to the Folded-intermediate com-
plex peak.

(- FRET11)2 _ (x FRET22)2 (= FRET12)2
2(7]1 2022 2012
FEH(E)=A c11 + czz + c12
\/271011 \/27{022 \/27“712
e FRET33)2  (x—FRETy,)?
2033 20

(3.13)
A /271033 A /27'[044

where, A, D, and G are the populations of folded-intermediate complex, the
unfolded state, and the donor-only species, respectively.
Detailed balance between complex and unfolded states dictates:

Py/(Pr+Pr) =D/A =Kj3 (3.14)
Py ky
—— = = P/ + Pr=A
Pr k! F (3.15)

Py, Pr and Pr are the populations of unfolded, intermediate state and folded state
respectively.

K3 is the equilibrium constant of the folded—intermediate complex and
unfolded state.

Assuming exponential change of k1> and k»; and K3 with GuHCI (gu):

ka1 = ka1 * exp(—ma; * gu/RT)) (3.16)

k12 = kiay * exp(—mi2 * gu/RT)) (3.17)
ko1,, k12, are the conformational rate constants from folded to intermediate, and
K3 = K3, * exp(—m3 * gu/RT)) (3.18)

from intermediate state to folded state at 0 M GuHCI respectively. K3, is the equi-
librium constant between folded—intermediate complex and unfolded state at 0 M
GuHCI. my1, my, are the constants of proportionality in the linear activation free
energy relations for the kinetics of transition from folded to intermediate state and
from intermediate to folded state respectively. mj3 is the constant of proportionality
in the linear free energy of unfolding denaturation [3]. R is gas constant and T is
the absolute temperature. Global fitting of all the histograms with the shared
parameters k210, myi, k120, mi2, K30, ms, FRETU, FRETZZ, FRET33, FRET44, 044, N,
and the free parameters for components A and G in each histogram, is shown in
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Fig. 3.7 a The fit of the histograms assuming fast dynamic. b The log of the rate of interchange
of folded and possible intermediate state from the fit

Fig. 3.7a. In this case, data were binned according to constant number of photons,
when average time (t) for obtaining 100 photons was 1.3 ms. n was chosen as a
free parameter for considering the extra source of broadening in the histograms
rather than the shot noise [4]. To simplify the fit, the FRET efficiency in 0 M
GuHCI was forced to be 85 %.

Figure 3.7b shows the transition rates between folded and intermediate states
obtained from the fit. At 2 M GuHCI, the sum of the rates (k;» + k»;) is higher
than 0.23 MHz.

This result indicate that only dynamics as fast as 115 kHz or higher at 2 M can
produce a single peak shift as obtained in our measurements. Using this rate, acti-
vation energy | AG;| at the saddle point (2 M GuHCI) can be calculated from equa-
tion below.

V|
ky;=k;,=v,expizi -?) (3.19)

where R is gas constant, T is the absolute temperature and v, is characteris-
tic vibration frequency along the reaction coordinate at the saddle point, with an
empirical estimate for v, of% [3, 5]. Using the equation for the activation energy,
we obtained |AG;| < 2.16 RT. We used the Boltzman equation exp(—%) to
calculate the fraction of molecules in the transition state. The propensity of transi-
tion state at the saddle point of the energy landscape is calculated to be more than

10 %. This means that if there exist two separated folded and intermediate states,
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the barrier between them is so shallow that these two states (folded and intermedi-
ate state) can exchange easily and can be counted as one state.

3.4 Free Diffusion Measurements on CTPR3NC-Alexa

To verify and substantiate the above results, we also carried out measurements on
free diffusing molecules of the protein CTPR3NC-Alexa, which is labeled at “N”
and “C” terminus. Bursts with more than 70 photons were chosen for analysis.
Histograms of FRET efficiency per burst are shown in Fig. 3.8. Noticeably, this
construct exhibits a similar shift of the population as in CTPR31C-Alexa. A fitto a
three-Gaussian model (Eq. 3.2) is shown in Fig. 3.8.
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Fig. 3.8 The SM-FRET histograms of CTPR3NC-Alexa at various GuHCI concentrations per
diffusing molecules at focus. Global fit of the histogram to (a) a model with three populations; a
population with a varying FRET value, unfolded state and donor-only species
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FRET(, (the folded state mean FRET value) shifts from 57 to 44 % following
an increase in GuHCI concentration. The obtained shared parameters from the fit
are FRETc, = 0.7% % 0.1 %, FRETc, = 28.7% £ 0.3 %, wop = 6.9 % + 0.1 %,
w;=21.8% £ 0.6 % and wy = 13.4 % + 0.1 %.

3.5 Measurements on Immobilized Molecules

Even though measurements on diffusing molecules already demonstrated the nar-
rowness of the histograms, and ruled out the existence of two populations, we per-
formed measurements on immobilized molecule to observe each molecule for even
longer times, and detect any possible transition between states. CTPR31C-Alexa
molecules were encapsulated in individual vesicles and immobilized using bio-
tin-streptavidin chemistry on a lipid bilayer supported on glass in the presence of
2 M GuHCI. An automated single-molecule spectrometer was used for collection
of large sets of single-molecule trajectories. During the acquisition, the laser power
was set at 50 uWatt. Note that this is a very high power for such experiments, meant
to obtain a large number of photons per second so as to push the time resolution
to overlap that of the free diffusion experiment. The photon arrival times of both
donor and acceptor fluorophores were registered in the experiment. These were later
binned in 200 and 800 ps time bins, and the FRET efficiency was calculated bin by
bin. Several sample trajectories are shown in Fig. 3.9. After systematic removal of
various artifacts in the data set [6], 348 valid trajectories were selected for analysis.
The average acceptor photobleaching time in these measurements was 15 ms.

Javadi and Main [7] performed kinetic measurements on CTPRa, a variant of
the CTPR used by our laboratory, at 10 °C. The analysis of these measurements
indicated a three-state folding behavior. The transition rates between the interme-
diate and folded states were found from a fit to a the three-state model to be 20
and 182 Hz, for the forward and backward direction, respectively. Based on the
similarity between CTPR and CTPRa in structure and sequence, and considering
that our measurements were performed at 25 °C, transitions between states were
expected to be observed every few milliseconds. (Our analysis of the histograms
already suggested that no such time scale should be seen in trajectories.)

To check if transitions between states with FRET efficiency higher than 50 %
(i.e. not involving the unfolded state) occurred in our data, we analyzed each indi-
vidual trajectory with 800 ps bin size, using a cumulative sum change-point algo-
rithm [6]. Only in 9 molecules were transitions identified. An example of a FRET
change detected by the change-point analysis is shown in Fig. 3.9a. The small
changes in FRET value detected by change-point analysis in these nine molecules
are clearly not the reason for the shift in the histograms.

To confirm that transitions were not overlooked because of binning of the data
in 800 ps time bins, the correlation function (expection value of (I(t)I(t + 1)))
was calculated for each trajectory using a photon by photon algorithm developed
by Jorg Enderlein [8]. The average autocorrelation (blue: donor, red: acceptor)
and cross correlation (green) functions for all molecules are shown in Fig. 3.10.
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Fig. 3.9 Some examples of trajectories from measurements on immobilized single molecules
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FRET changes should result in a negative cross correlation between donor and
acceptor channels. Therefore, fast conformational dynamics should appear as an
increase in cross correlation function with time and a decrease in autocorrela-
tion [9]. The absence of an increase in cross correlation function means that the
FRET efficiency does not significantly fluctuate temporally in 2 M GuHCI (see
Sect. 3.6).

3.6 FRET-FCS Measurements

In Sect. 3.5 we established, by correlation analysis of FRET trajectories of immo-
bilized molecules, that fast dynamics involving the putative folded and interme-
diate states cannot be observed. However, in these measurements, the correlation
functions were calculated relying on a relatively small number of selected mol-
ecules. Moreover, the auto-correlation functions presented there suffered from
the well-known after-pulsing effect [10], as they were calculated from the data
registered by a single detector. In order to follow FCS-FRET in a more robust
approach, and to make sure the selection does not affect our results, FCS meas-
urements were carried out on CTPR31C-Alexa variant molecules freely diffusing
in the solution. The laser power was set to 30 wWatt. There are three processes
affecting the correlation functions:

(1) The molecular diffusion, which is common to all functions.

(2) Formation of a triplet state, which is fluorophore specific and appears only in
the auto-correlation function [11].

(3) Fluctuations of the FRET efficiency, which should appear in all functions.
Such fluctuations lead to negative correlation between the donor and acceptor
channels. Jumps between the two FRET values taking place in the time range
of 1 ws and about 1 ms would result in a rise in the cross correlation [9]. The
cross correlation function measured for CTPR3, however, did not indicate
such fast dynamics (Fig. 3.11).

In accordance with the global fitting of the correlation curves to the Egs. (3.20-3.22),
when applying the diffusion time (rp) as a shared parameter, molecular diffusion
alone can explain the shape of the cross correlation curve (Fig. 3.11). Other processes
contributing to the cross correlation were not observed.

-1
t
G(t) = <1 + TD) (3:20)
— 50 _App !
ACpp(n) =1+ —= (1+1_ADD *exp( fAD[,)) (3.21)
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In these equations ACpp is the donor auto-correlation, ACy4 is the acceptor auto-
correlation, CC is cross correlation between the donor and acceptor, ta,,, and ta,,
are the relaxation times for singlet-triplet transition for donor and acceptor fluoro-
phores respectively, App and As4 are the populations of the triplet state for donor
and acceptor fluorophores respectively and N is the number of molecules within
the focus.

If there is a dynamic change of FRET efficiency from 85 to 68 %, we would
expect a rise of approximately 4 % in the cross correlation. This is calculated
using the following equation [9]:

(FRET, — FRET)?
(2 — FRET) — FRET,)(FRET] + FRET,)
(3.24)
with the following assumptions: (1) the brightness for the two channels is identi-
cal and (2) the spectral leak from the donor emission to the acceptor channel is
negligible.

In the correlation analysis on immobilized molecules (Fig. 3.10) even though
the noise level is smaller than 4 %, no changes were observed in the cross correla-
tion in the range of 1 and 100 ms, which indicates even faster dynamics than was
estimated before in Sect. 3.3, Fig. 3.7b.

amplitude of change in cross correlation =
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3.7 Correction of FRET Efficiency

To convert FRET efficiencies into distances, they should be corrected by the
gamma factor in Eq. 3.2. The gamma factor is:

_04Cy
YT onep
where Op, Q4 are the quantum yields of the acceptor and the donor dyes, respec-
tively, and Cp and Cy4 are the collection efficiencies of the donor and the acceptor
channels of the microscope, respectively.
We obtained the gamma factor using a set of measurements on immobilized
molecules using the change in emission intensities before and after acceptor
photobleaching:

(3.25)

'}/ _ IAbefore 3 26
IDafter - IDbefvre ( ' )
The average gamma factor obtained in these measurements is ~1.5.
The corrected value of the FRET efficiency can be written as
FRET, d
FRET corrected = e (3.27)
v (1 — FRET measured) + FRET yeqsured
where
FRET measurea = 1a/ s + Ip). (3.28)

The calculated corrected peak FRET efficiencies from the histograms are shown in
Fig. 3.12.
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Fig. 3.12 Peak center for populations with a high FRET efficiency (black), and an unfolded
population (red) from the global fit of the histograms to three populations for (a) CTPR31C-
Alexa and (b) CTPR3NC-Alexa
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3.8 Distance Calculations

To obtain some understanding of what changes in the distances can produce the
changes in the FRET values that we obtained in the measurements, we translated
the FRET efficiency to distances using the equation:

6
RO

FRET corrected = W

(3.29)

Since the quantum yield of the dye might change when the dye is linked to the pro-
tein, the Rq value of the dye pairs can be different for different proteins and even
for different labeling positions. To calculate the R value, first the quantum yield of
the donor fluorophore linked to the protein at the C terminus was measured.

3.8.1 Determination of the Quantum Yield

The quantum yield of the fluorescence is defined as:
QY = Number of photons emitted /| Number of photons absorbed  (3.30)

Since direct measurement of the quantum yield (‘QY’) of the sample is impracti-
cal, the sample was compared with a reference with a known quantum yield, and
under identical excitation conditions.

QY = a x (Number of photons detected) /(f x (Fraction of light absorbed))
(3.31)

where « and B are constants related to the fraction of the emitted light entering the
fluorimeter, and the intensity of the excitation source at the excitation wavelength,
respectively.

In this equation, the number of detected photons is the integrated area under the
fluorescence spectrum (F).

Fraction of light absorbed(A) = 1-1079P (3.32)

where OD is the optical density at the excitation wavelength. For instance, for
sample X:

OlFX

¥y = s (3.33)

a and B are essentially identical for different samples except that the collection
efficiency is proportional to the square of the index of refraction n.
Comparative measurements on sample X and a suitable standard reference ‘R’ can

then be used to obtain the fluorescence quantum yield of X.

2
oy = [xAr ("> oYz (3.34)

T FrAx \ng
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Fig. 3.13 Comparison of the 6.00E+009 -
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Table 3.1 Distances and FRET efficiency for a protein with the last helix unfolded from lattice
simulation

Excitation at 491 nm 496 nm
Slope of the fitted curve for fluorescein 1.31 Ell 1.28 El1
Slope of the fitted curve for CTPRSL-Alexa 488 575 EI10 521 EIL0
CTPRSL-Alexa488 slope/fluorescein slope 0.43 0.47
Quantum yield CTPRSL-Alexa488 0.41 0.45

Fluorescein at 0.1 M NAOH, 496 nm excitation, and at 22 °C, with a quantum
yield of 95 % was used as a reference.

Preparation and measurements were repeated 3 times, and from each measure-
ment, four dilutions of different concentrations were prepared. The emission spec-
trum of each sample was measured with a 1 nm excitation slit and a 5 nm emission
slit in steps of 1 nm. The integrated area under a fluorescent emission spectrum as
a function of OD was used to compare the samples with the reference (Fig. 3.13).
Measurements were carried out with excitation wavelengths of 491 (blue) and 496
(red) on CTPR3SL-Alexa at 25 °C and on fluorescein at 22 °C.

A linear fit was drawn to find the slope of the fitted curve, and to compare
the samples to the reference. Results of the fit were shown in the table below
(Table 3.1).

3.8.2 Calculation of the Forster Distance

Forster Distance is R can be calculated from equation below,
6 _ 9:000(In 10)k20p
0 12875Nn*

In these equations, k% describes the orientation factor of the dyes. Qp is the quan-
tum yield of the donor fluorophore, N is the Avogadro number, and n is the index

J(2) (3.35)
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Fig. 3.14 Calculated dye-to-dye distance as a function of GuHCI for two populations in single-
molecule measurements for (a) CTPR31C-Alexa and (b) CTPR3NC-Alexa

of refraction of the media. J is the overlap between the donor emission and the
acceptor absorption spectrum.
Fp(4) is the emission spectrum of the donor fluorophore normalized by its area,

J(J) = ZfOFD(A)eA (WA*d) (3.36)

and e (1) is the absorption coefficient spectrum of the acceptor fluorophore.

k2 is usually assumed to be 2/3, which is appropriate for dynamic random averag-
ing of the donor and acceptor fluorophores [12]. Estimated error in distances due
to nonrandom dynamic averaging of fluorophore estimated based on anisotropy of
fluorophore is about 10 % [13]. The value of 0.43 was used for determining the
c;uantum yield of Alexa 488 bound to CTPR. Therefore, a Forster distance of 50.5

A was calculated for CTPR31C-Alexa and CTPR3NC-Alexa.

3.8.3 Distances Between the Dyes

The Forster distance was used to calculate the dye-to-dye distance, and the results
are shown in Fig. 3.14 for the two protein samples. In this calculation we assumed
that the variation in the distribution of distances was neglected.

3.9 Lattice Simulations of a Self-Avoiding
Freely-Jointed Polymer Model

To obtain an estimate for the expected dye-to-dye distance changes in partially
unfolded proteins predicted by the Ising model, we performed a simple computer
simulation on a 3D cubic lattice.
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Self-Avoiding Random Walk (SARW) simulation was carried out to simu-
late the unfolded portion of the partially unfolded proteins in the 3D lattice. In
this simulation, biased modeling method was used to reduce the simulation time.
Biased modeling excludes the self-intersection steps, and based on the number of
the excluded steps assigns a weight factor to each walk [14].

To estimate the upper and lower limit of lattice unit size we used the simulation
of denatured protein with 50 residues. A fit to the radius of gyration (Rg) for pro-
teins in a ‘good’ solvent measured by small angle X ray scattering (SAXS) yielded
the relation Rg ~ 2A x N% [15], where N is the number of units in the chain. For
Gaussian random chains, the following relation exists between the end-to-end dis-
tance (Ree) and the radius of gyration.

22— (Ree)?
§ 6
Therefore, (Ree) for 50 amino acid residues will be 49.3 A.

The SARW simulation was carried out for a chain of 50 residues 10,000 times.
The mean end-to-end distance obtained from simulation is 10.07 x cell units. By
comparing the value obtained from simulation and the end-to-end distance from
the model (equation above), an upper limit for the cell unit size was obtained, 4.9
A. This size can be used to simulate the denatured state in a good solvent. In poor
solvents, the denatured state of the protein collapses, [16] and smaller sized units
should be used for simulation. The lower limit for the size of the cell unit is 3.8 A,
which is the average distance between adjacent Cy, s in natural form.

The simulations were run for a series of lattice unit sizes to simulate the dena-
tured state and partially unfolded state of CTPR3. The distances between the two
points of the protein were obtained for each run, knowing that R is 50.5 A. The
FRET efficiency was calculated for each simulation. The mean FRET value and
the mean distance were calculated as the weighted average of the FRET values
and the distances were obtained for 5,000 simulations and are presented in the
tables below for various unit sizes of lattice.

The results of SARW simulation of the fully denatured CTPR are shown in
Table 3.4. The most populated partially unfolded state predicted from the Ising
model is the form with only the peripheral helix unfolded. To simulate the folded
portion of the protein, the crystal structure of CTPR3 (PDB entry: 1NAO) was
used, and C, coordinates were projected onto the 3D lattice. The unfolded periph-
eral helix was simulated using SARW with an additional restriction: the occupied
sites of C, of the folded portion were not allowed to be reoccupied during the sim-
ulation of the unfolded peripheral helix. The results of this simulation are shown
in Table 3.3. Comparing the result of the simulation with the expected FRET effi-
ciency for each calculated from the distances between dyes in the crystal structure
(Table 3.2), we concluded that unfolding of one helix changes the FRET efficiency
of CTPR31C by about 27 %. However, the FRET efficiency of CTPR3NC does
not change with the unfolding of one helix. This is due to the 3D structure of
CTPR3.

(3.37)
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Table 3.2 Mean distance values and mean FRET efficiency values measured from the crystal

structure
CTPR1C CTPRNC
Mean dye-to-dye distances (A) 36.5 50.2
Mean FRET efficiency 0.87 0.51

Table 3.3 Distances and FRET efficiency for a protein with the last helix unfolded from lattice

simulation
Uonit cell size CTPR31C mean | CTPR3NC CTPR31C mean | CTPR3NC mean
(A) dye-to-dye dis- mean dye-to-dye | FRET efficiency | FRET efficiency
tances (A) distances (A)

3.8 39.2 43.2 0.76 0.67

39 40.6 43.5 0.71 0.65

4 41.3 44.1 0.73 0.67

4.1 40 42.7 0.66 0.55

4.2 40.5 43.2 0.68 0.57

43 429 47.8 0.63 0.52

44 441 48.9 0.67 0.55

4.5 41.8 46.8 0.76 0.67

4.6 43 48.1 0.71 0.65

4.7 44.2 494 0.73 0.67

4.8 45.4 50.8 0.66 0.55

4.9 46.5 48.1 0.68 0.57

5 43.8 48.9 0.63 0.52

Table 3.4 Distances and FRET efficiency for the unfolded

state from the lattice simulation

unit cell size CTPR31C CTPR3NC CTPR31C CTPR3NC
(A) mean dye-to-dye | mean dye-to-dye | mean FRET mean FRET
distances (A) distances (A) efficiency efficiency

3.8 54.4 64 0.51 0.36

3.9 55.8 67 0.45 0.32

4 58.5 71 0.43 0.31

4.1 58.2 69.1 0.43 0.30

42 58.2 69.5 0.42 0.26

4.3 60.7 72.4 0.36 0.25

4.4 64.5 76.5 0.33 0.24

4.5 63.3 75.4 0.37 0.28

4.6 63 73.2 0.33 0.22

4.7 66.7 79.4 0.29 0.21

4.8 67.9 81.2 0.29 0.20

4.9 70.1 84.3 0.31 0.21

5 70.4 82.4 0.30 0.19
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Remembering that in single-molecule measurements we observed a shift of the
FRET population for both FRET pairs, the results of the simulation suggest that a
continuous shift of the FRET value with low GuHCI concentrations for CTPR3 is
not due to the unfolding of one helix.

3.10 Analysis of NMR Measurements on CTPR

These measurements were carried out by Dr. Aitziber Cortajarena and reanalyzed
by the author of this thesis. NMR spectra were recorded on a Varian Unity Plus
600 MHz spectrometer, with 15 N-labeled protein at 1 mM protein concentration.
15 N labeled CTPR protein samples were lyophilized in water and resuspended in
an equal volume of buffer in D,O (Cambridge Isotope laboratories, Cambridge,
UK) (150 mM NaCl, 50 mM phosphate, pH 6.8) at different Gu-HCI (Ultrapure,
Fluka, Buchs, Switzerland) concentrations (0, 0.25, 0.75, 1, 1.25 and 1.5 M).
HSQC spectra were recorded at 25 °C using 32 increments of 2,048 data points
and 16 transients. The spectral widths were 7,000 Hz in the 1H dimension and
2,000 Hz in the 15 N dimension. The total acquisition time of each spectrum was
23 min. 1H-15 N HSQC spectral assignments of CTPR2 were previously pub-
lished [17].

The 1H-15 N HSQC spectrum provides the correlations between the nitrogens
and amide protons in the backbone peptide of the protein, and each amide pro-
vides a peak in the HSQC spectra. A continuous shift of the spectrum is observed
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Fig. 3.15 Shift of HSQC spectrum of CTPR2 with GuHCI
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in HSQC measurements of CTPR2 (Fig. 3.15). The shift of the spectra is indica-
tion of changes in the local environments of the Nitrogen-Hydrogen (N-H) bonds.
As is evident in Fig. 3.15, the spectrum change is not particular to few amino
acids but is a general feature for most peaks. Due to the overlap of peaks in 1.5 M
GuHCl, it is not trivial to identify all of the amino acids in 1.5 M GuHCI for quan-
titative analysis.

To test whether there is any particular region of the protein that changes more
than others, we used the hydrogen exchange data for CTPR3 previously reported
by our collaborators [18]. In these measurements, Protection Factors (PFs) were
calculated as the ratio of the observed exchange rate for a particular amino acid in
the folded protein to the tabulated exchange rate of that amino acid in an unstruc-
tured peptide. We calculated the relative changes of PF for each residue using the
equation below.

Relative Change of PF = IM (3.38)
PFoym
The results are shown in Fig. 3.16, where they are also mapped on the crystal
structure of CTPR3 using the following color code: dramatic (with a change of
more than 90 %), high (with a change of more than 75 % and less than %90) and
low (with a change of protection value less than %75) to red, green, and yellow
color respectively (Fig. 3.16b).

As is evident, in some helices there is a dramatic change of protection factor for
the central part of helix while residues in the cap have only a small change. This
can be true only if the changes in the tertiary structure occur while the secondary
structure is still preserved.
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Fig. 3.16 a Relative changes of PF from 0 to 1.5 M GuHCI for each amino acid. b Map of the
changes on the crystal structure of CTPR3, with the following color code: red-a change of more
than 90 %, green-a change of more than 75 % and less than 90 %, and yellow-a change of protec-
tion value less than 57 %. The blue color marks residues whose rate of exchange is so fast that
protection value could not be measured for them
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3.11 Control Measurements

A set of control measurements was performed to rule out photo-physical effects
as the reason for the observed shift of FRET efficiency from 85 to 68 %. Since
FRET = (1 + (Ip/I4))"(—1), the continuous shift can be explained if the ratio of
(Ip/14) is changed from 0.18 to 0.47. Such a change may be reasonably assigned
to a photo-physical effect only if the quantum efficiency of one or both dyes
changes dramatically.

In the measurements reported below, donor and acceptor quantum yields
remained essentially unchanged as function of GuHCI concentration, ruling out
the change of the quantum yield of one of the dyes as the reason for the shift.

3.11.1 Acceptor Quantum Yield

Figure 3.17a shows the emission spectra of CTPR31C-Alexa excited at 550 nm
(direct acceptor excitation), for different GuHCI concentrations. Figure 3.17b dem-
onstrates the peak intensity of the emission spectra as a function of GuHCI. The
change of intensity with GuHCI indicates a mild quenching of the acceptor fluoro-
phores by the change in the local environment between the folded state and unfolded
states. However, in low GuHCI concentrations (0-2 M), where the shift in the FRET
histograms occurs, the quantum efficiency of the fluorophore is essentially constant.

3.11.2 Donor Quantum Yield

Figure 3.18 demonstrates the emission spectra of CTPR3SL-Alexa excited at
465 nm, for different GuHCI concentrations. Figure 3.18b shows the peak inten-
sity of the emission spectra as a function of GuHCI. Except for a quite small
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Fig. 3.17 (a) Emission spectra of CTPR31C-Alexa excited at 550 nm (direct acceptor excita-
tion). (b) Peak intensity of (a) as function of GuHCI concentration fitted to sigmoidal curve
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Fig. 3.18 (a) Emission spectra CTPR3SL-Alexa488 excited at 465. (b) Peak intensity of (a) as a
function of GuHCI concentration remains relatively unchanged

increase in the quantum yield of the donor in 0-0.5 M GuHClI, the presence of the
denaturant did not affect the donor quantum yield.

3.11.3 Fluorescence Anisotropy

The bulk fluorescence anisotropy of the dyes attached to the protein was measured
at different GuHCI concentrations (Fig. 3.19). The low values of the fluorescence
anisotropy, and the minimal changes induced by GuHC], indicate a freedom of re-
orientation of the dyes, independently of the denaturant concentration.
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3.11.4 Bulk Denaturation Curve

The denaturation curve of CTPR31c-Alexa was measured using FRET efficiency.
The emission spectra were measured using donor excitation at 465 nm for differ-
ent GuHCI concentrations.

FRET efficiency was calculated from Eq. 2.2, using the acceptor and donor
emission peak intensities.

Figure 3.20 demonstrates the emission spectra of the double labeled protein
with donor excitation. Figure 3.20b demonstrates the calculated FRET efficiency
from Eq. 2.3, fitted to a two state folding model with linear baselines.

A continuous change of FRET in the denaturant range from 0 to 2 M was also
clearly observed in the bulk measurements.
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Fig. 3.20 a Emission spectra of CTPR31C-Alexa excited at 465 nm. b The calculated FRET
efficiency from the emission spectrum (black squares) and sigmoidal curve fit (red line)
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Fig. 3.21 Denaturation curves of CTPR3 labeled with different dyes and with different denatur-
ant. All experiments confirm a significant increasing slope in the folding baseline
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3.11.5 FRET Measurements on CTPR Labeled by Different
Dyes and at Different Sites

The following bulk measurements for other labeled CTPRs were carried out by Dr.
Aitziber Cortajarena, and are shown in Fig. 3.21.

The change of FRET at low denaturant concentrations is clear for all species.
Evidently, this effect is not denaturant-specific either.

3.11.6 Circular Dichroism Measurements

Denaturation curves were measured on CTPR31C-Alexa and on unlabeled CTPR3
using circular dichroism (Fig. 3.22). The similarity between CD curves of the
labeled and unlabeled proteins confirms that the labeling did not affect the native
structure of the protein significantly. However, labeling slightly destabilized the
protein. A sigmoidal function describing a two-state folding was used to character-
ize the curves. The folding free energy is altered by 2.9 kcal/mol.
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Chapter 4
Discussion

4.1 The Relevance of the Ising Model to Unfolding of CTPR

The Ising model was successfully applied by several authors to explain the folding
of repeat proteins. For TPR proteins, each helix in the repeat is considered as an
individual unit that may be folded or unfolded. Using single-molecule microscopy,
we tested whether a partially unfolded state exists with one or more than one helix
unfolded in the folding of CTPR3. In principle, the Ising model suggests the pres-
ence of 128 (27) states in the folding of 7 helices in CTPR3. However, many of
these species may be unpopulated. The population of the folded or the unfolded
state, or partially unfolded states, can be calculated using the free energy (G) [1]:

G=kT Y (I + s, @n
L

where S; is the spin state (1 or —1), and gu is the concentration of guanidine. The
term W refers to the stability of each helix. x is the guanidine concentra-
tion at the transition midpoint for each isolated helix, and J is the interaction
between adjacent helices. The most populated intermediate state predicted by the
Ising model is a structure whose peripheral helix is unfolded. In agreement with
the Ising model, NMR hydrogen exchange measurements on CTPR show that the
internal helices are more stable than the peripheral helices [2]. Kinetic measure-
ments on a variant of CTPR show a roll-over in the Chevron plot [3], interpreted
as the existence of an intermediate state. Calorimetric measurements on CTPR
also show a deviation from the two-state models [4]. We used SM-FRET measure-
ments on two CTPR variants, each labeled at a different pair of sites, to observe
these intermediate states.

Histograms of FRET efficiency were obtained for each molecule during diffu-
sion through the focus of a confocal microscope. These measurements were car-
ried out in various concentrations of a chemical denaturant. We observed a gradual
shift in the FRET efficiency of the folded state with the increase of denaturant
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concentration for both variants at mild denaturant concentrations, followed by an
all-or-none transition to the unfolded state at higher denaturant concentrations.
FCS measurements showed that there is no interchange between two FRET effi-
ciency populations in the time scale slower than ps in mild denaturant concentra-
tions. Thus the FRET efficiency shift can be interpreted as a continuous transition
rather than a jump between two states.

To obtain the structural characteristics of the shift, we used NMR measure-
ments. The NMR HSQC measurements on CTPR2 showed a global gradual shift
of all amino-acid peaks in addition to the unfolding of the solvent helix following
the increase of GuHCI concentration at mild denaturant concentration.

To quantify the relative change of each residue, we analyzed the results of
hydrogen exchange measurements. It is known that unfolding of helices starts
from the capping residues [5, 6]. However, analysis of hydrogen exchange meas-
urements showed that the relative protection factor change of capping residues
with denaturant is smaller than that of central residues. This finding indicates that
the secondary structure is more conserved than tertiary structure in the first step of
CTPR unfolding.

On the other hand, the Ising model, which does not consider the change of
tertiary structure, predicts the existence of intermediate states which involve
unfolded peripheral helix/helices. The population of these states depends on the
parameters of the Ising model. Using the parameter set suggested previously for
the folding of CTPR, based on fitting of experimental data [1], one predicts that
less than 20 % of the population is in intermediate states. These intermediate
states predicted by the Ising model were not observed as a separate peak in the
smFRET efficiency histograms.. This might be due to the low population of the
states or due to the similarity of the FRET efficiency in these states to that of the
folded state.

The shift of FRET efficiency in low denaturant concentration was also
observed in bulk denaturation curves generated using either urea or GuHCI as
chemical denaturants (Fig. 3.21). This demonstrates that the shift of FRET effi-
ciency in low denaturant concentrations is not specific to a particular labeling
site, nor to a particular chemical denaturant. Even though the NMR spectrum
of CTPR did not collapse in low guanidine concentrations, as one might expect
for a molten globule intermediate [7, 8], we suggest that the continuous shift
of the FRET efficiency distribution is related to the loosening of the tertiary
structure, and the structure of this state is very similar to the molten globular
state. Since loosening of the tertiary structure results in a change at the inter-
face between helices, we propose modifying the Ising model to correct for this
change. In the conventional model, the parameter J, which refers to the inter-
face between helices, is a constant parameter and does not vary with denaturant
concentration. We propose that the Ising model can be amended by assuming a
continuous change of J with denaturant concentration.
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4.2 Perturbation of Local Minima on the Free Energy
Landscape

Expansion of the unfolded state has been seen in many proteins [8—10]. An
unfolded protein in the absence of denaturant is only 10-30 % more expanded
than its folded counterpart. These findings are in agreement with the expectation
from polymer theory [11, 12]. In contrast to the unfolded state, most scientists
agree that the folded state for small proteins has a unique and well-defined struc-
ture invariant with denaturants. Only in the last few years have some examples
of continuous folding been reported [13, 14]. Continuous folding sometimes was
termed “downhill folding” and is characterized by a barrier-less transition into the
folded state. A very recent publication on the SH3 domain proposes an expansion
of the folded state in the initial step of folding before the all-or-none transition to
the unfolded state [15]. This finding suggests that even for a small protein the sim-
ple assumption of two-state folding needs to be investigated and probably justified.

A sigmoidal shape of the ensemble denaturation curve is observed for many
proteins. This leads to the “two-state” model, which is used extensively to deter-
mine the stability of proteins. This model assumes a change in the populations of
two distinctly preserved structures as the denaturant increases. However, a linear
change of the baseline in the denaturation curve was detected for some observa-
bles (e.g. CD) in many different measurements. This is usually interpreted as an
observable change that is independent of any structural changes [16]. A linear fit
to that part of the curve is usually used to correct for this change. Regarding this
finding, we demonstrated that a perturbation in a system not only changes the pop-
ulation of the states and the energy barrier in between them, but it also changes
the structure of the state. This is manifested as a sloping baseline in the ensemble
denaturation measurement, which is an indication of structural changes. This new
finding advances our understanding of the complexity of protein folding.

4.3 Structural Flexibility in Repeat Proteins
and Their Function

Usually long-range interactions in proteins stabilize the tertiary structure. Lack of
long-range interactions in repeat proteins induces flexibility in the tertiary struc-
ture in comparison with globular proteins. It is suggested that repeat proteins are a
structural class that falls in between typical globular structured proteins and intrin-
sically unstructured proteins [17].

In general, repeat proteins unfold at a very low mechanical force, ~ 50 piconewton
[18-20]. Using atomic force microscopy, it was shown that the repeat protein ANK
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incurs a linear extension at low forces before a step-like unfolding of the secondary
structure [21, 22]. The flexibility of ANK is related to its function in mechanotrans-
duction [23-25]. Molecular dynamics simulations were used to show the change in
the mechanical properties of the ANK repeats after binding their partner [26].

Another example of an elastic helical repeat protein is PR65, the HEAT-repeat
scaffold of phosphatase PP2A. Molecular dynamics simulation shows that smooth
global flexural and torsional changes occur at low forces that mediate substrate
binding and catalysis [27].

Flexibility in the tertiary structure of the importin-beta repeat, another helical
repeat protein, was revealed by mutagenesis, small angle X-ray scattering, and
molecular dynamics [17]. It is suggested that solenoid proteins, in general, use
their structural properties to allow the specific binding of a single protein to a
number of binding partners at different stages of a pathway.

The correlation between flexibility in the structure and the function of pro-
teins is not specific to the repeat proteins. In opposition to the common belief that
unfolding reduces the activity, the molten globular state in some helical proteins
has been shown to have high activity [28, 29]. The link between folding and bind-
ing is also found in intrinsically disordered proteins [30, 31]. In practice, a correla-
tion between the molten globular state and the binding activity has been observed
for some helical proteins [32, 33].

In comparing the crystal structures of different TPRs, significant structural
variations, due to their binding to the C-terminal peptides of Hsp90 and Hsp70,
were not observed [34]. However, this study is based on the crystal structure, and
sometimes the crystal can lock the protein to one specific structure. We show that
the structure of CTPR with 3 repeats gradually expands under mild denaturant
conditions. This finding is in agreement with the measurements and simulation
regarding the flexibility of tertiary structures in repeat proteins [27]. We propose
that this expansion is relevant for the function of the protein in binding target pro-
teins. Future research needs to be carried out to investigate how loosening in ter-
tiary structures of TPR repeats affects their binding capabilities, possibly leading
to conformational selection for multiple partners.
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Chapter 5
Summary and Future Plans

We used the SM-FRET experiment to study the folding of CTPR proteins.
Continuous changes in FRET efficiency at mild chemical denaturant concentra-
tions, followed by a barrier crossing event that leads to a second peak at high
denaturant concentrations, were observed for two different CTPR3 constructs. We
showed that the observed shift at mild denaturant concentration is not the result of
interchanging two stable populations. To support our findings, analysis of NMR
measurements indicated perturbation on the environment of most residues at mild
denaturant concentrations. From analysis of hydrogen exchange experiments, we
obtained the protection factor for each residue as a function of the denaturant con-
centration. Residues in the interface between helices show dramatic changes in the
relative protection factor, whereas the capping residues in the helix show smaller
changes. This indicates a change in the tertiary structure with a preserved second-
ary structure.

A barrier crossing event was found in our SM-FRET experiments at higher
concentrations of denaturant, and matched the CD curve which shows an inflec-
tion, indicating unfolding of the secondary structure. A schematic presentation
of our model is shown in (Fig. 5.1). Both labeled variants used for single meas-
urements on CTPR3 span the peripheral helix/helices. To confirm that a global
opening of the tertiary structure occurs in low denaturant concentrations using
single-molecule measurements, we should perform similar measurements on a
FRET pair that does not span the peripheral helices. CTPR313 is a good candidate
for this. Our collaborators in the group of Prof. Luca D’Andrea will prepare the
CTPR313-Alexa variant. We expect to observe a linear shift of FRET efficiency at
low denaturant concentrations also for this variant.

The flexibility of the tertiary structure in helical repeats was shown before
[1, 2]. Here we suggest that the chemical environment of the protein can change
the structure of CTPR proteins. The change in the chemical environment might
also be induced by the ligand binding. We propose that this flexibility in the
tertiary structure of TPR proteins is important for their selectivity and bind-
ing to different ligands. Probable structural changes induced by ligand binding
to TPR proteins will be investigated in future measurements using SM-FRET.
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Fig. 5.1 Schematic representation of the folding model for CTPR3. A continuous loosening in
the tertiary structure using mild denaturants, following by unfolding of the secondary structure in
higher denaturant concentrations is shown. Sizes of the species show indicate their relative popu-
lations. The intermediate state with the peripheral helix unfolded is the most populated interme-
diate state according to the Ising model

SM-FRET will be used for other solenoid repeat proteins to study possible struc-
tural loosening in the presence of various perturbations (Temperature, pH, chemi-
cal denaturation).
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