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CHAPTER 1

Single molecule investigations of chaperones
and chaperone assisted protein folding, a review

Most newly synthesized proteins require the action of molecular chaperones
to avoid aberrant folding and aggregation in the crowded cellular environment. Our
current understanding of chaperones and their finction is largely based on insights
obtained from bulk biochemical techniques. We still have limited insight into the
conformational dynamics and transient intermedjate states that are thought to be
central to the folding process. Recently developed single-molecule technigues are now
starting to address these issues. Here we review key studies in this upcoming field,
explore the possibilities and limitations of the single-molecule approach, and discuss
the many open questions for this new and upcoming research direction.
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1.1 Protein folding and chaperones

Newly synthesized polypeptides interact with a multitude of cellular
components before they gain their native fold. Folding occurs in a highly crowded
environment that strongly facilitates undesired interactions that can irreversibly
harm the folding process. There are ample opportunities for such undesired
interactions: while secondary structures form on the order of microseconds or faster,
tertiary folding may take up to minutes [1, 2] with proteins diffusing through the
cellular environment on sub second timescales [3]. Unfolded protein chains can self
assemble into aggregates with rates that are sensitive to concentrations, which are
high at the translation sites [4, 5]. Once properly folded, proteins are at a reduced risk
of pathological interactions. Proteins generally have significant number of
hydrophobic residues and assume folded conformations that bring the hydrophobic
residues close to one another within the protein core [6]. A misfolding error [7]
typically leads to exposure of hydrophobic residues that increases the probability of
unwanted inter-molecular interactions in a crowded surrounding.

To avoid non-productive interactions of proteins, all cells are equipped with a
wide spectrum of molecular chaperones that are believed to help mitigating the risk of
pathological interactions during folding. Many newly translated proteins interact with
chaperones beginning at the ribosome exit tunnel and/or after release from the
ribosome. Simultaneous deletion of these chaperones often leads to protein
aggregation with lethal consequences [8]. Chaperones possibly influence the
conformational dynamics of proteins at critical points along the folding pathways.
Considerable knowledge on the biology of chaperones has been amassed over the past
decades, yet many fundamental questions remain unanswered. Key questions concern
disentangling the roles of chaperones as suppressors of aggregation and folding
catalysts and deciphering the underlying physical principles that govern the
functioning of chaperones: How do they affect the conformation of a folding protein
chain? What is the role of energy input in the chaperone-assisted folding process?
What intermediate states are visited along the folding pathway? How can chaperones
act in a generic manner on many different proteins?

Such processes are difficult to study with bulk techniques because the
underlying molecular mechanisms involve interactions that are often transient and
heterogeneous. Single-molecule approaches have allowed the study of isolated
proteins in real time, thereby revealing the rich conformational dynamics of proteins
during the folding process. These techniques have in recent years begun to being
applied to study chaperone assisted protein folding. While many excellent reviews on
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CHAPTER 1

unassisted protein folding and on bulk studies of chaperones have been written, the
emerging single-molecule studies of chaperones and assisted protein folding have so
far received little attention. Here we review a number of studies that address the
folding of proteins aided by chaperones at the single molecule level. This will be
preceded by a discussion of the nature of single molecuie assays as compared to bulk
measurement techniques. We highlight how single-molecule methods can be used to
answer the key questions related to assisted-protein folding reactions.

1.2 Single molecule versus bulk studies

Conventional biochemical assays involve millions of billions of molecules
often reacting within an aqueous environment. The measured molecular properties
are then summed or averaged over an ensemble of molecules as described in
statistical thermodynamics (Fig 1.1a). This leads in some cases to an improved signal
to noise ratio in bulk studies, and in other cases to information loss (Fig 1.1b). To
illustrate this point, consider the following example. Proteins in solution carry kinetic
energy and often have significant electric dipole moments that govern their
interactions. Measurement of the kinetic energy -i.e. the temperature of the protein
solution - can be done precisely in bulk, while fluctuations appear and signal-to-noise
ratio reduces when the measurements are performed on a small subsystem (Fig 1.1b).
Fluctuations may however carry hidden information and might be themselves of
interest to the observer. When the net dipole moment of the system is measured in
bulk, the dipoles will sum to zero for a solution of proteins with negligible inter-
molecular coupling. In this case, measurement at smaller scale will help the observer
to distinguish between the protein solution and a solution containing non-polar
molecules. In exceptional cases some bulk measurements allow one to partly
circumvent the loss of information due to ensemble averaging and lack of synchrony.
For example, when molecules are embedded in anisotropic environments, their
residual inter-nuclear magnetic dipolar coupling (which is averaged to zero in
solution NMR studies) will be detectable in bulk due to partial alignment of molecules.
The use of this approach to recover structural information from dipolar coupling has
provided new insights into the folding of the spliceosome, an RNA-protein complex
responsible for mRNA splicing in cells [9].
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Figure 1.1: Limitations of single molecule techniques. (a) In thermodynamics, extensive
intensive properties of a large system are the result of sum and averaging performed on individual
molecular properties. For a system composed of gas molecules, extensive properties such as free energy (G),
entropy (S) and volume (V) scale with the size of the system. Intensive properties such as temperature (T)
do not scale with the system size and remain invariant upon scaling. (b) illustrates the key differences when
an intensive property is measured at bulk and single-molecule scales. Average kinetic energy measurement
at large scale provides a signal with negligible noise. The noise varies inversely with the square root of the
number of molecule under study. The noise however might carry useful information. Electric dipole
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moment (per molecule) measurements in bulk for example cannot distinguish between a solution of polar
molecules and a solution of non-polar molecules, as the dipoles will cancel out due to random orientation of
molecules. When measurements are performed on a mesoscopic sample, the electric dipole of the polar
molecule appears as the measurement noise. Single-molecule measurement provides the magnitude of the
dipole moment precisely. (¢,d) An example conformation of a protein along a folding trajectory. In single-
molecule experiments, the state of a molecule with many degrees of freedom is identified by one or a few
detected properties, for example FRET signal or end-to-end distance measured by optical tweezers. (c)
Trajectory with a single folding transition. In this case a long-range interaction is formed early in the folding
process. The end-to-end distance and FRET signal are both degenerate properties after the transition. (d)
Trajectory with multi-folding transitions. For a protein that folds by nucleation and growth from one initial
nucleation site, the End-to-end distance is a one-to-one function while the FRET signal is degenerate over
many states.

Measurements on a single molecule when performed over a long time period
can in principle provide the same information as bulk measurements. This property is
common to molecular systems (with some exceptions like systems with symmetry
breaking [10]) and is referred to as the ergodic property. The advantage of single
molecule assays is in cases where ensemble averaging hides reaction intermediates
[11]. In particular, single molecule studies are assumed to be beneficial in measuring
non-equilibrium transient processes, while bulk studies are often done on quasi-static
processes and equilibrium systems (with a few exceptions such as time-resolved X-
ray crystallography and two-dimensional infrared spectroscopy that can be used to
follow transient molecular events at fast time scales [12, 13]). From that perspective,
bulk studies provide a simple picture of large systems described by a large number of
degrees of freedom at the cost of information on transient intermediates. Interestingly,
the information gathered from the study of out-of-equilibrium processes at the single
molecule level can be used to estimate equilibrium properties in certain cases [14, 15].

Transient intermediate molecular states are typically hidden from the
observer in bulk measurements on protein folding because individual molecules are in
different folded states i.e. they are not in synchrony. In chaperone-assisted protein
folding processes, the system under study is even more heterogeneous. Individual
copies of a protein may not only be in different folded states but they also may be at
different stages of interaction with the chaperone during the chaperone cycle.
Different single molecule techniques vary in their ability to detect intermediates and
may provide complementary information (Fig 1.1c, 1.1d). To detect intermediate
conformations, one might need to design an individualized single molecule
experiment. In Figs 1.1c¢ and 1.1d, two folding processes are displayed schematically:
one in which folding commences by local interactions and another in which a long
range interaction is first established and followed by local ones. Detectability of the
folding intermediates depends on the single molecule approaches used, the design of
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the experiment and the protein under study. For example, when folding occurs via
nucleation and growth by forming local interactions, the end-to-end distance of the
molecule reduces along the folding pathway and can be monitored by optical tweezers
(Fig 1.1d). For the protein shown in Fig 1.1c that folds by a long-range interaction
followed by short range ones, folding steps that involve short-range interactions are
not resolved when the end-to-end distance is measured by optical tweezers. FRET
based assays with dye molecules bound to appropriate locations within the protein
structure can in principle help in resolving the hidden conformations.

Single-molecule kinetic studies may also provide information about the
hidden intermediates [16]. In Fig 1.2a, three scenarios are compared: in the first
scenario (type I) a single protein with two-state folding pathway is studied: the
observer follows the state of the protein as a function of time. This allows one to
measure the transition time (dwell time) between the two states and compile the
transition probability (dwell time) histogram, which is indicated in Fig 1.2a. A
chaperone could reduce the transition energy barrier between the two states and
simply increase the folding rate. Alternatively, a chaperone may change the folding
pathway of the protein, e.g. by stabilizing a transition intermediate. Two experimental
single-molecule schemes are presented in Fig 1.2a to study such changes. In one assay
(type II), the intermediate is not detected directly while in another one (type III) the
intermediate and the individual reaction rates are independently measured. The
shape of the compiled transition time histogram in type Il experiment does indicate
the existence of the intermediates and even in special cases the reaction rates and the
number of intermediates can be inferred [11, 16]. However, when multiple on-
pathway intermediates with varying transition energy barriers are visited, and when
off-pathway intermediates are populated, direct detection of the intermediates (as in
type III) are required to measure the kinetics and the nature of the intermediates.

Single-molecule assays further allow one to simplify complex reactions by
controlling the number of possible intermolecular interactions (Fig 1.2b). In complex
molecular systems with multiple components and several competing reaction
pathways, it is often impossible to disentangle the roles of individual parts as
intermolecular interactions can lead to emergent properties. For instance in bulk
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Figure 1.2: Benefits of single-molecule approaches. (a) Single-molecule techniques allow for
indirect and direct detection of chaperone induced folding intermediates. Three scenarios are presented. 1.
Single step (two-state) protein folding: the state of the protein is monitored in time as the protein transits
from unfoled state to folded state. The constructed distribution of measured transition (dwell) times
follows a single exponential decay. When chaperones are present, they may change the folding rate without
changing the number of conformational states visited during folding. In this case, the constructed
distribution of dwell times follows a single exponential decay with a different rate constant. Alternatively
the folding pathway of a two-state folder might change in the presence of chaperones by emergence of
intermediate states as indicated in schemes 2 and 3. The emergence of intermediates renders the
probability distribution of the transition time non exponential. In scenario 2 the intermediate molecule is
not directly observed (striped red square). However from the shape of the probability distribution, it might
be possible to decipher the number of intermediate steps. In scenario 3 all molecular species are directly
detectable and reaction rates can be measured directly. (b) Single-molecule techniques allow for controlling
the number of possible intermolecular interactions and taking a reductionist approach. Inter-molecular
interactions may lead to nonlinearity of the kinetics and emergence of competing reaction pathways. Two
examples are jllustrated: FKBP prolyl isomerase, a protein that self interacts and catalyzes its own folding
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and MBP, a protein that self interacts and form aggregate. The schematics show how with different
experimental designs one can allow some selected interactions to happen while preventing others.

protein refolding assays, the emergence of protein function can be suppressed by
folding delays of individual proteins as well as by interactions between multiple off-
pathway intermediates leading to aggregation. Moreover, interactions between the
reaction intermediates can introduce nonlinearity into the reaction kinetics. The
single molecule approach can be very informative by simplifying the system. Fig 1.2b
shows how one can control the number of possible interactions by designing
appropriate single molecule assays. FK Binding Protein (FKBP) and Maltose Binding
Protein (MBP) are proteins that self interact with opposite impact on their folding
yields. FKBP catalyzes its own folding while MBP is prone to aggregation and is client
to several chaperones [17, 18]. Experiments can be designed to study the folding of a
single FKBP or MBP in the absence of any interacting partner. Interacting partners can
then be added one by one and the influence of each partner can be investigated.

In the scenarios presented in Fig 1.2, we have a single client protein which
acts as the reporter molecule while the chaperones (and co-chaperones) are many
and not detectable directly. Similar experiments can be designed in which one
chaperone molecule is directly detected and surrounded by many interacting client

proteins.
1.3. Single-molecule experiments on chaperones and assisted protein folding

Protein folding at the single molecule level has predominantly been studied
using force spectroscopy and fluorescence methods. Fluorescence methods can be
readily applied to proteins that are naturally fluorescent. The introduction of artificial
fluorescent labels into the structure of a protein or chaperone, allows one to employ
Forster Resonance Energy Transfer (FRET). FRET is a fluorescence method based on
radiationless energy transfer between a donor and an acceptor with a transfer
efficiency that depends on the local environment, the spatial distance (~r-6) between
the donor and the acceptor and their relative orientation [19]. FRET-based assays thus
probe the proximity of two regions on a single molecule or a pair of interacting
molecules. When an acceptor approaches the donor, the emission and lifetime of the
donor, as well as the polarization of the emission (with respect to excitation), changes
[20]. In the next section, we explain how these properties can be used to study
assisted protein folding.

In force spectroscopy, the system under study can be perturbed mechanically,
for example by pulling the end of linear molecules. Optical tweezers and atomic force

16
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microscope (AFM) have been used to perturb a folded protein and force it to fully
unfolded or to partially folded states. Relaxation allows one to study refolding of the
protein. Forces and distances can be monitored in real time with high resolution (sub
nanometer, sub pN and sub msec). The first reported single-molecule unfolding-
refolding measurements were carried out using optical tweezers and AFM on the
muscle protein titin in 1997 [21-23]. Shortly after, in 2000, single molecule FRET was
used to study the folding and unfolding pathway of proteins [24, 25]. These early
studies offered proof of principles for single molecule investigation of protein folding.
The results were in agreement with previous ensemble measurements [26], while
adding novel insights into the stepwise unfolding and refolding dynamics.

In single-molecule study of assisted protein folding, the molecular system
under investigation is complex, as it involves substrates, chaperones and often other
additional co-chaperones. Diverse protein and chaperone states are visited during this
process and limited types of probes exist to identify them. The events in assisted
protein folding happen on a wide range of timescales from ps to minutes. One has to
keep in mind that the assay itself may alter the folding pathway. For example, in
pulling assays we often keep holding the protein termini during the folding process.
This by itself may interfere with the folding. Fortunately protein termini are typically
surface exposed and configurations in which the termini are embedded within the
core are misfolds [27]. In fluorescence assays, the fluorophores can also interfere with
folding process due to physical interactions. It is thus possible that the landscapes
measured by these assays are not exactly the same and may differ to some extent from
the landscape of the unlabelled protein free in solution. In the following we will
discuss how the fluorescence and force spectroscopic methods have been applied to
investigate chaperone-assisted folding processes.

1.3.1 Fluorescence experiments

Single-molecule FRET has been used to follow chaperone assisted folding and
unfolding of proteins in real time with high temporal (millisecond) resolution at the
single molecule level. Sharma et al. [28] engineered three donor-acceptor pairs within
a slow folding mutant of Maltose Binding Protein (DM-MBP) while ensuring the
modifications did not affect the folding rate of the protein. Stopped-flow ensemble
FRET measurements showed that in the absence of the barrel-shaped chaperonin
GroEL, the protein collapses to a compact state within milliseconds. In the presence of
GroEL, after the initial collapse the protein expands rapidly with t1/z of 100 ms. Single
molecule FRET (smFRET) was used to study structural heterogeneity in the ensemble
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of client proteins upon GroEL binding (Fig 1.3). In the absence of chaperone the
protein adopts a uniformly compact conformation within the first 200 s of

spontaneous refolding.
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Figure 1.3: Single-Molecule FRET Analysis of DM-MBP in Spontaneous and Chaperonin-Assisted
Folding (a) Ribbon diagram of the structure of MBP (pdb 10MP) with the N-terminal domain shown in
yellow and the C-terminal domain in blue. The positions of engineered cysteines are indicated in red (N
domain) and blue (C domain). (b-e) Single-molecule FRET measurements of double-labeled DM-MBP (175-
298). GdnHCl-denatured double-labeled DM-MBP (3 nM) was diluted 50-fold (60 pM final concentration)
either into buffer alone (b) or into buffer containing 3 pM GroEL/6 uM GroES/2 mM ATP (c) or 3 M GdnHCl
(d) or 3 uM GroEL alone (e). Peak values of a Gaussian fit to the FRET efficiency distributions (fg) are
indicated. Representative histograms of at least two independent measurements are shown. (Figure is
adapted from [28] with permission).

GroEL binding produces fast unfolding and the emergence of a heterogeneous
conformational distribution of the client protein with molecules populating both
compact and locally expanded states. Finally steady-state anisotropy measurements
have been used to study modulation of local protein mobility by chaperones and to
show that segmental mobility of the MBP mutant is affected upon GroEL binding.

Chakraborty et al. [29] presented smFRET data that supports GroEl-GroES
can rescue a protein from a kinetically trapped state. This is consistent with the idea
that GroEL unfolds a misfolded protein, and gives it new opportunity to refold
properly.

Hofmann et al. [30] reported sm FRET results that show differential effects of
this chaperonin system on folding rates of different domains of a substrate protein.
The results showed that confinement in the chaperonin decelerates the folding of the
C-terminal domain of the substrate protein rhodanese, but leaves the folding rate of
the N-terminal domain unaffected. The observed variable effects of chaperonin [30, 31]
pose a challenge on how to encompass the effects of chaperonin into a universal

mechanism.
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An example of non-equilibrium measurements, is probing the binding of the
proteins Albumin and Casein to stretched hydrophobic polypeptides [32]. Using a
stretch assay along with FRET, a correlation was found between bindings of these
proteins with the force-induced unfolding of Fibronectin.

SmFRET studies have also revealed the structural heterogeneity of the
chaperones, as encoded in the width of the distribution of FRET efficiencies. Mapa et
al. [33] used smFRET to study the structural heterogeneity of mitochondrial Sscl, a
member of the Hsp70/DnaK family. Surprisingly while the ATP state shows structural
uniformity, the ADP state was found to be heterogeneous in conformation. Similar
results were obtained in smFRET mesurements for the endoplasmic eticulum Hsp70
homolog [34] and in bulk electron paramagnetic resonance measurements for £ colf
Hsp70 [35]. In another study Ratzke et al. [36] used smFRET with Hsp90 dimers caged
in lipid vesicles, and studied the dimerization of the chaperone at its C- and N-terminal
interfaces. They surprisingly found that, the C-terminal dimer opens and closes with
fast kinetics and that the C- and N-terminal dimerizations are anti-correlated. The
dimerization of C-terminal open state is shown to be modulated by nucleotide binding.

To understand how chaperones modulate protein folding, it is important to be
able to count the number of chaperones bound to a single client protein. Fluorescence
correlation spectroscopy has been used to assess the stoichiometry of chaperone-
protein complexes. In late 1990s, fluorescence correlation spectroscopy was first
applied to single molecule experiments [37, 38]. A decade later, Sharma et al. [28]
used pulsed interleaved excitation (PIE) in conjunction with fluorescence cross-
correlation spectroscopy (FCCS) to indentify the stoichiometry of GroEL-MBP
complexes and screen for complexes with 1:1 ratio for conformational analysis with
FRET. FCS can also be combined with FRET to increase the temporal resolution to sub
microseconds. Neuweiler et al. [39] used single-molecule fluorescence quenching by
photo-induced electron transfer, detecting short-range events (~2 nm), in conjunction
with fluorescence correlation spectroscopy (PET-FCS) to explore folding dynamics of
the small binding domain BBL with nanosecond time resolution. The experimental
scheme can potentially be extended to study the impact of chaperones on the folding
dynamics.
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Figure 1.4: (a) Schematic representation of the single-particle uncoating assay. The fluorescence
intensities from labeled clathrin and Hsc70 were monitored by TIRF microscopy for clathrin/AP-2 coats
captured on the surface of a PEG-modified glass cover slip. (b) Representative time series of a single-
particle uncoating assay. Left and right panels, first and last frames, respectively, of the fluorescence
channel used to monitor the signal from coats tagged with clathrin LCa-AF488. Middle, kymograph
generated from the vertical axis indicated by the arrows in the left panel, showing the unsynchronized
disappearance of clathrin fluorescence. Hsc70-ATP (1.2 pM) arrived in the flow chamber at t = 0. (c)
Uncoating profile from a single coat. The selected snapshots from the time series (top) show the
fluorescence from clathrin and Hsc70 in the selected coat, at various time points during the uncoating
reaction carried out with 0.9 pM Hsc70. The snapshots are background-corrected averages of three
successive frames. The plot shows intensity traces of the clathrin (blue) and Hsc70 (orange) signals. The t =
0 time point is the moment at which a rapid increase in Hsc70 background signal is recorded; this event
corresponds to the arrival of Hsc70 within the evanescent field at the cover slip. (d) Histogram of the
number of trimers (triskelions) per coat at the beginning (top) and the end (bottom) of the single-particle
uncoating assay carried out with 1.2 pM Hsc70. The number of trimers in intact coats foliows a normai
distribution with a mean of 34 triskelions per coat (top). In most cases, only one or two trimers remained at
the site of a coat at the end of the reaction (bottom). Objects with overlapping point-spread functions were
excluded from this analysis. A.u,, arbitrary units. (Figure is adapted from (40] with permission.)
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Single-particle fluorescence imaging combined with micro fluidics and TIRF
illumination has been used to study chaperone-assisted disassembly processes (Fig
1.4). Bocking et al. [40] studied how Hsc70, a member of Hsp70 family, catalyzes a
large-scale disassembly reaction in real time. Single clathrin coats were fluorescently
labeled and immobilized on the surface of particles attached to a cover slip within a
micro fluidic channel. Fluorescently labeled chaperone was infused and uncoating was
tracked by TIRF and photobleaching.

1.3.2 Force spectroscopy and pulling experiments

In mechanical manipulation approaches, proteins are held via their termini
between a flat surface and a cantilever (in the case of AFM) or between two micron
size beads (in the case of an optical tweezers). By applying mechanical force to the
molecular ends, the proteins are stretched and forced to unfold. The end-to-end
distance of the protein can be monitored during the experiment. The methods can also
be used to study protein folding, by relaxing the unfolded protein and then monitoring
both force and the effective protein end-to-end distance by consecutive pulls with
different waiting times.

Bechtluft et al. [18] used this approach to demonstrate how SecB, the ATP-
independent £. coli chaperone involved in protein translocation across the plasma
membrane, modulates the folding pathway of MBP (Fig 1.5). MBP unfolding was found
to occur in two steps: first a C-terminal part (~ 28 nm) was unfolded resulting in an
MBP core intermediate. The core intermediate then unfolded in one step. During MBP
folding the extended peptide is compacted to a molten globule state followed by
folding of MBP core. The effect of SecB was found to be specific: tertiary contacts were
effectively blocked in the transition to the core state, while the transition from the
core to the native state was unaffected by SecB (Fig 1.5¢,f). Similar effects had been
also observed for GroEL [41, 42]. By analyzing a tandem 4MBP construct that during
refolding is highly prone for misfolding (Fig 1.2b), SecB was found to prevent the
stable aggregation interactions between MBP molecules and thus to significantly alter
the folding pathway of MBP.

In two other studies, Aubin-Tam et al. and Maillard et al. demonstrated how
ClpXP and ClpX unfold individual protein domains in a highly
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Figure 1.5: Experimental setup and SecB dependence of MBP force-extension curves. (a) MBP is
tethered between two beads: One is held on a position-controlled micropipette; the other is held by an
optical trap allowing force detection. At the C terminus, MBP is attached via an antibody-myc-tag connection,
whereas at the N-terminus it is attached via streptavidin-biotin linkages to a DNA tether, which in turn is
attached to the bead surface via an antibody-digoxigenin connection. (b) Force-induced MBP folding and
unfolding transitions observed in the experiments and their dependence on SecB. (c) Force-extension
curves in the absence of SecB showing unfolding at high force (blue), refolding at low forces (green), and
again unfolding at high force (red). (d) Force-extension curves in the presence of SecB (0.1 uM). The second
stretching curve (red) lacks the typical unfolding features, showing that stable tertiary interactions are
absent. (e) Force-extension curves of the C-terminal regions of 4MBP in absence of SecB. The construct was
first stretched, resulting in the predicted gradual unfolding of the external a helices (red helices in panel a),
and then relaxed before the core structures would unfold. During relaxation the near-equilibrium refolding
of the same o helices was observed directly as a shortening of the tether. The dotted lines indicate the WLC
behavior: The first denotes the DNA alone, whereas in the second a 4x91 residue-compliant polypeptide
was added, representing the unfolded external a helices. (f) Force-extension curves of the C-terminal
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regions of 4MBP in presence of SecB (0.1 uM). The SecB interactions do not alter this refolding transition.
(Figure is adapted from [18] with permission.)

cooperative manner prior to their degradation [43, 44]. Their finding supports a
power-stroke model of denaturation in which enzyme-mediated unfolding of stable
protein domains involves concurrence of mechanical pulling of the template through
the enzyme pore and a transient stochastic reduction in protein stability.

AFM has been used to image chaperones to gain structural insight or to assay
their binding and localization: Structural analysis of GroEL, GroES and oligomeric
GroES have been performed using liquid AFM [45-48]. It has also been used to confirm
the presence of Hsp60 on the membrane of stressed cells at a high lateral resolution
by detecting specific single molecule binding events [49]. In another study Zhu et al.
[50] found that the small heat shock protein aB-crystallin interacts and protects
cardiac titin from damage. This is achieved by lowering the persistence length of the
titin N2B-Us element and by reducing the unfolding rate of the Ig domain flanking the
N2B-Us.

AFM has been used to probe binding of chaperones to client proteins as well
as stabilization of the clients. Here, one of the interaction partners is attached on the
surface, while the other is connected to the AFM tip. An AFM study showed that
interaction forces between substrates (destabilized mutant of citrate synthase and
RTEM beta-lactamase) and GroEL decrease in the presence of ATP (but not
ATPgammaS) and that the force is smaller for native-like proteins than for the fully
denatured ones [48]. AFM has also been used to analyze interactions of alpha-
synuclein with microbial esterases. The interaction of alpha-synuclein with esterase
appears to be highly specific and can protect the native conformation of esterase [51].

1.3.3 Inssilico single-molecule methods

Although molecular simulations have yielded important insights into
mechanistic aspects of folding of individual proteins in isolation, they have rarely been
used to study chaperone-assisted protein folding problem [52], either co- or post
translationally. Such simulations have not been tractable due to the large system size
and the enormous computational cost involved. Some in silico studies exist on the
structure and dynamics of chaperones without client and on chaperone assisted
protein folding. Unbiased all atom molecular dynamics simulations of the GroEL
subunit protein have been performed with and without ATP. The study revealed inter-
ring cooperativity and nucleotide-dependent conformational transitions in GroEL [53-
55].
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Fan et al. [56] studied the facilitation of folding of a partially folded protein
using a coarse grained model of GroEL/ES. The chaperone was simulated as a
hydrophobic box that allows repeated binding and release of substrate. Folding then
proceeds under spatial confinement. The study led to the conclusion that folding of
encapsulated proteins is facilitated under spatial confinement.

The average structure of DnaK-Dna] complex was obtained by MD simulation
[57]. Liwo et al simulated the full transition of an Hsp70 from the SBD-closed to the
SBD-open conformation by conducting canonical and multiplexed replica exchange
simulations of the conformational dynamics of Hsp70s using a coarse-grained
molecular dynamics approach with the UNRES force field [58]. The results confirmed
the experimentally observed influence of ATP-binding on the transition of Hsp70s
from the SBD-closed to the SBD-open form .

The nucleotide dependence of the dynamics and structural heterogeneity of
Hsp90 have been studied recently using novel simulation methods. In one study, the
authors performed multi scale comparison of the dynamics of Hsp90 from different
sources. They considered the fluctuations of the distances of all pairs of amino acids
(based on several hundred ns atomistic MD simulations) and thereby found the
regions subject to the largest deformation of their structural neighborhood upon
change of the ligand [59]. To gain insight to motions at the scale of domains, a
minimalistic quasi-rigid domain description was used. The results pointed towards
two functional sites important in nucleotide mediated structural changes, one being at
the interface of middle-domain and N-terminal domain and a second one within the
middle domain.

In another study, using molecular dynamics simulations combined with
principal component analysis and the energy landscape model, the authors identified
a network of conserved regions with possible functional role in coordinating
functional dynamics, principal collective motions and allosteric signaling of Hsp90 and
its homologs [60]. With new developments in coarse graining protocols and efficient
atomistic modeling approaches, we expect a surge in single-molecule in silico studies
of chaperones and chaperone-assisted protein folding.

1.4 Challenges, proposals and outlook

Understanding how protein chains fold into their functional state has been
referred to as one of the grand challenges of modern science. Understanding the
decisive events of this elementary process would open the door to predicting complex
protein structures and functions from DNA sequence data, and to engineering non-
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natural proteins with novel functions. Moreover, mechanistic insights into the folding
errors and protein aggregation that underlie many medical and ageing conditions are
essential for eventually developing rational approaches to therapeutic intervention.

Chaperone-assisted protein folding poses considerable challenges.
Biochemical approaches have been highly successful in unraveling the life-cycle of
chaperones, their structures, binding partners, and their effects on the yield of
natively folded protein. However, they are not well-suited to study the protein
conformational dynamics and multiple transitions between folded states that
determine folding pathways and outcomes. Simulations of protein-chaperone
dynamics remain scarce as they are limited by the corresponding large reaction
volumes and timescales. As a result, basic questions on the effect of chaperones on
folding dynamics remain unanswered.

Single molecule studies have already contributed to a deeper understanding
of assisted protein folding. In particular, they revealed the structure and dynamics of
the intermediate states in the folding pathways of a few model proteins and the direct
interaction of the folding intermediates and chaperones. A future important advance
would be to investigate protein folding mechanisms in more complex environments in
the presence of a network of chaperones and co-chaperones. The chaperones can be
added in a controlled manner or by performing folding experiment within the
cytosolic extract. Such studies would help to gain insights into the consequences of a
failure of the proteastasis system caused by imbalance or even absence of sufficient
chaperone capacity, e.g. the development of protein misfolding diseases [61].

In addition to probing processes with direct relevance to biology, single-
molecule methods will also increasingly target the underlying physical principles that
chaperones exploit to assist folding. Single-molecule methods can be used to measure
chaperone-induced changes in a folding landscape. Folding landscape could be altered
in a number of ways. By binding and unbinding substrate proteins, chaperones can
protect protein chain regions from unwanted interactions within and between
proteins, and hence improves the folding yield. In the folding landscape, this would
correspond to increasing the barrier to the aggregated state. It has often been
speculated that chaperones have more elaborate mechanisms with a more direct role
in protein folding. Chaperones, which present a folding cavity like GroEL may aid
protein folding by confinement thereby lowering the entropy and consequently
raising the energy of the unfolded state and lowering the barrier to the native state.
One may also speculate that chaperone interactions lower the barrier to the native
state by stabilizing the folding transition state, in a manner that resembles a classical
catalyst. Alternatively chaperones may produce additional intermediates in between
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the unfolded and native folds, which would be detectable for example as a state with
an intermediate length in the optical tweezers experiment.

With the development of assays with single-molecule detection capabilities,
there is a growing interest in their application in protein folding studies. Available
techniques can be adapted to address chaperone-assisted protein folding. For example,
optical tweezers and Atomic force microscopes with imaging capabilities and thermal
control would be valuable tools to study thermo sensitive chaperones and heat and
cold stress response. An important step would be to use the intrinsic fluorescence of
tryptophan and tyrosine to gain complementary information on the conformation of
proteins and their interaction with chaperones. Recently tryptophan has been
successfully used as FRET donor in bulk RNA-Protein binding studies [62].
Unfortunately photoliability and low quantum yield of these aminoacids have
hindered their usage particularly in single molecule FRET studies [19]. An important
advance came from photoinduced electron transfer (PET) studies of folding of a single
protein encapsulated in a polymeric vesicle [63]. In this approach, electron is
transferred from a dye molecule to a tryptophan with an efficiency that depends on
the distance.

An ultimate single molecule assay on chaperone-assisted protein folding will
be to follow protein folding inside cells. This would facilitate to study chaperone
assisted protein folding in the complex surrounding of the highly crowded cytoplasm
or even within organelles that provide specialized microenvironments [64]. To study
de novo folding of proteins and (un)folding of proteins under cellular stresses within
cells, sensitive fluorescence and spectroscopic methods would be needed.
Furthermore, in such experiments one deals with mesoscopic number of molecular
species and therefore fluctuations cannot be detected. In recent years, availability of
sensitive molecular detection techniques, such as single-molecule fluorescence
counting and Bayesian localization microscopy, allows to study low copy number
molecules within single cells [65-67]. Recent developments in NMR spectroscopy have
facilitated the measurement of 3D protein structure using high-resolution
heteronuclear multi-dimensional NMR spectra of macromolecules in living cells [68,
69]. The development of such new technologies for detection of single and mesoscopic
number of protein molecules, and the input of fresh ideas, have opened up new
perspectives on our understanding of the mechanisms of chaperone-assisted protein
folding, some of which could be applicable to protein misfolding diseases.
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Noise reduction by signal combination in
Fourier space applied to drift correction in
optical tweezers

A general method is proposed to reduce noise by combining signals. Different
measurements of the same physical quantity often exhibit different noise levels in
different frequency ranges. Hence, a single high-fidelity signal can be constructed by
combining the low-noise parts of the signals in Fourier space. We demonstrate this
method by reducing noise in the measured bead-to-bead distance in an optical
tweezers setup.
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2.1 Optical tweezers setup

The optical tweezers (Fig 2.1.) was set up based on [18] with some
improvements. Briefly the setup contained a single trapping laser (ND:YVO4 laser
(Spectra Physics, A = 1064 nm, 5,4 W) pumped by a laser diode through an optical
fiber. The objective lens (60x water-immersion, Nikon CFI Plan-Apochromat, NA = 1,2)
is used both for focusing the trapping laser and for imaging. The flow system was
driven by a piezostage (E-710.P4L, Physik Instrumente). Finally the light is focused
onto a quadrant photodiode (QPD, SPOT-9DMI, OSI Optoelectronics).

Improvements included: (1) Addition of an optical isolator (Thorlabs 10-3-
1064-HP) to ensure that no light is reflected back into the laser. Back reflections need
to be avoided as they lead to instabilities in the laser system such as mode hopping. (2)
For expansion of the trapping beam, we used a beam expander with variable focus and

a e b
Expander -pll.l:‘ng mc;lr Laser
cco2 cube
#—
Hakt
e waveplate
ceD 1 block
LED
X
s
Condenser
(. 60x cbjective ‘ aro
i
NS s— ) e 4 ¢
1 - G
50/50 VIS-IR Vis-IR
besmaplitter beamaplitter Ssmple on u beamapiitter

piezo stage:

Figure 2.1; (a) Schematic drawing of the optical setup. (b) Photograph of our flow cell. (¢)
Schematic of a molecule tether grabbed from its two ends by two polystyrene beads one trapped by the
focused laser and the other one is immobilized on the tip of a piezo-driven glass micropipette.

magnification (Thorlabs BE05-10-C). Variable magnification is very helpful for
matching the beam waist diameter with the back aperture of the objective [70]. (3)
Labview implementation to track bead positions with live visualization capabilities
(with supports from software engineer S. Wouda). (4) Addition of a sound canceling
box, to minimize acoustic noise in the room and thus minimize signal noise in the
setup.

This optical tweezers setup was used for all the measurements presented in
this thesis. While working with this tweezers new ideas emerged as to how to improve
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the setup for chaperone studies. A noise reduction method was developed to correct
for reducing noise in the measured bead-to-bead distance in the optical tweezers
setup. A new dual beam setup with fluorescence imaging and control on the
temperature of the flow cell was then designed.

2.2 Noise reduction by signal combination in Fourier space

Experimental setups may record the same physical quantity by two different
methods. We will call these two signals s; and sz. It is always possible to write such

signals as
$1() = Sgue(t) + ny (V). D
S2(1) = Sgue(®) + N (). )

Here, s e are the true values of the physical quantity that is being recorded
over time. n; and n; are the noise corruptions of the signals s; and sz. As s; and s; are
measured using two different methods, n; and n; may have different average
frequency spectra. The goal is to minimize the noise in a combined signal (S combined )-
To this end, we combine the Fourier transforms of the signals, defined as

—1
§() = IN_ s(m)e 270D apg k=N A3)

Here, N is the length of the signal in the time domain and f; is the sampling
frequency. We then construct # combined as follows:

Scombined() = W) x 8,(f) + (1 - W(D) x 8,(6) . “)

W is a real-valued function, with values between 0 and 1. By substituting for &
1and &, in Eq. (4), we get
g‘comblnecl(f) = g\t:rue(f) + W(f) X I’i1(f) + (1 T W(f)) X ﬁ2 (f) . (5)

The combined signal in the time domain is then the inverse Fourier transform
of & compined. Importantly, & .appears as a term that is separate from the corruption
terms, which are weighted by W. Thus, noise in the combined signal can be
suppressed by choosing the function W such that the terms after # «.in Eq. (5) are
minimized. W must then be close to 0 in frequency regions where n; is dominant and
close to 1 where n; is dominant. We quantify n; and nz by defining

pi(®) = X E@ () x K (6)"). ©6)
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Here, E[.] denotes the average of many measurements (expected value) and *
denotes complex conjugation. p;ican be seen as the average frequency spectrum
amplitude of n. We define p;in such a way that its mean is proportional to the
variance of the noise corruption, if the noise has zero mean

p®= gﬁi‘,f—‘@ = E(Var[n,(t)]) if E(n, (D) = 0. %)

With E(Var[n;(t)]) = Var[n;(t)] and E(n,(t)) = n,(t) for sufficiently long
signals. Overbar denotes the mean value. We then propose the following expression
for W:

& 1+et : _ p1(D-p2() +
wo=(25)(25-1)  with x= potl and acR*. (9

W is scale invariant (W({p1,pz) = W(Ap1,Apz), A # 0) and has no bias towards
either signal W(pypz2) = 1-W(pzp1)). Wapproaches 0 aspibecomes larger
than p; and approaches 1 as p; becomes larger than p;. The factor a determines how
strongly a difference inpsand p;affects the values of W. If the noise
distribution p1 (or p2) is zero, then W is exactly one (or zero). In the special case that
the noise corruptions n; and nz do not overlap in Fourier space, the signal can be
reconstructed perfectly.

2.3 Drift correction in optical tweezers

The proposed method for signal combination can be used to correct for drift
in an optical tweezers setup. In the optical tweezers setup considered here [18], one
bead is held by a micropipette whose position is controlled by a piezo stage. A second
bead is trapped in a focused laser beam. Forces acting on the trapped bead lead to
deflections of the laser beam, which are recorded with a quadrant photodiode (QPD).
The QPD voltage is proportional to the force acting on the trapped bead and the
displacement of the trapped bead [71, 72]. The bead-to-bead distance is measured in
two ways. One method uses the piezo position and the QPD voltage (s QP —piezo), This
signal has nm spatial resolution and can be sampled at up to 1 kHz. However, on long
time scales mechanical drift in the apparatus leads to corrupting changes in the bead-
to-bead distance that remain undetected in s QPD - piezo,

The second measure of the bead-to-bead distance is based on videotracking of
the beads: the beads are imaged with a CCD camera, a particle tracking algorithm
(LabVIEW) determines the bead positions, the difference of which is the bead-to-bead
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distance (s¢P). This method is limited in temporal and spatial resolution (30
frames/s and 5 nm, respectively), but is comparatively insensitive to drift, since the
distance between the beads is determined directly from the CCD image. To apply the
method to these two signals, we need to measure the average spectra of their noise
corruptions p €¢P and p &P —rieze, [mportantly, we mainly need to determine which of
these two corruptions dominates at a certain frequency. This can be achieved with
estimates for p €0 and p D —plezo,
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Figure 2.2: (a) Characterization of noise in the optical tweezers setup. pg? is the noise distribution
of position B measured by method A. The subscript “trap” refers to the bead trapped in the laser focus,
“stage” refers to the bead on the micropipette (which is connected to the stage). Bead positions can be
measured by the QPD or the CCD camera and can be set by the piezo. Measured noise distributions and the
resulting W function are plotted against frequency. W is close to one (or zero) at frequencies where p¢Pjs
much bigger (or smaller) than p®P - piwe, (b) Characterization of the QPD method. Piezo-induced
displacements of the bead on the micropipette (s sugePi*z° ) are measured with the laser beam focused on the
bead, whose deflection is measured with the QPD (Ssuge®P).?3The linear relationship indicates
that s swge %P can accurately measure bead positions. Also displayed is ssage@Pas a function of time in the
absence of piezo steering to the scale of the y axis. It shows that drift in this signal stays in the linear regime
within the timescale of our experiments.

The noise in sP - riezajs composed of QPD and stage noise. Laser beam
pointing instability, electronic noise, and mechanical drift in the optical components
are the main sources of noise in the QPD signal. This noise (p @) can be estimated by
measuring the QPD signal with no bead in the trap. As can be seen in Fig 2.2.a, pQPis
orders of magnitude smaller than all other noise sources considered here. Thus, the
noise in sQPD - pieze gppears to be dominated by the stage noise (Nswge). We can
measure N . in the absence of piezo steering by pointing the laser beam onto the
bead on the pipette (which is connected to the stage) and measure the beam
deflections with the QPD (s sage @ ). This signal properly reports the stage movements,
as shown by the linear dependence between the QPD signal and stage movements
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induced by piezo steering (Fig2.2.b). Care was taken to ensure that stage drift
remained within the linear regime (Fig2.2.b). In the absence of piezo steering
(S stage Piez0 = 0), we can thus write

RO el GRS R RO B (O] ©)
In Fig 2.2.ait can be seen that pP - piezo, which is the noise distribution
corresponding to N stage, is dominated by low-frequency stage drift.

The second measurement of the bead-to-bead position, s¢P, represents the
difference between the position of the bead in the trap (swap¢P) and of the bead on
the pipette (5 swge ?) as determined by videotracking. We can estimate the noise in
both these signals, by comparing these videotracking signals with the low-noise QPD
measurements of the bead positions s qap 9P and s stage &P . S wrap P denotes the position
of the trapped bead as recorded by the QPD,

NSl (1) = 582, (1) — sdug. (©). (10)
S () = 5D (1) — san (1), (11)

The corresponding p stage €°P and p trap P are displayed in Fig 2.2.a. p wrap P has
a slightly higher overall noise level than psuwg¢®, which is likely caused by the
Brownian motion of the trapped bead. The small noise increases towards lower
frequencies in both may be due to slight movements of the camera or changes in focus.
We determine p¢®by adding p swge P and peap €. Note that this is a slight over-
estimate at low frequencies, because n stge P and n wap 0 are not fully uncorrelated as
camera movements affect both in the same way. Furthermore, at high frequencies our
estimate for pcPis a lower bound, because it was measured for stationary beads,
while the movements that occur during molecular transitions lead to loss of sharpness
in the CCD images and hence increased noise. However, these limitations of our
estimate for p¢Pare not critical, as p¢Pis already larger than pQFP - piezoat high
frequencies. As depicted in Fig 2.2.a, p ¢“®intersects with p 9D —Ppiezoat about 0.6 Hz.
Thus, below 0.6 Hz the CCD method for determining the bead-to-bead distance
exhibits the lowest noise, while above 0.6 Hz the noise in the QPD-piezo method is the
lowest. This is expressed quantitatively by the W function, which can be determined
from p ¢ and p OFD - piezoysing Eq. (8).

To demonstrate our method, we recorded consecutive stretching and
relaxation curves for a 2500 bp-long double stranded DNA with the optical tweezers
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setup (Fig2.3). DNA undergoes a characteristic overstretching transition when
stretched with about 65 pN, during which the DNA length increases by about 70% [73,
74]. During relaxation, the DNA displays multiple discrete jumps in rapid
succession® (Figs. 2.3.a,c), back to its normal (B-DNA) state. In between these
stretching-relaxation cycles, the beads were held at close distance for a waiting time of
about 1 min.
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Figure 2.3: Force-extension data on a single DNA molecule held between the beads as measured
by optical tweezers. (a} Force applied on the DNA molecule is plotted against s PP —pleze, The multiple
stretching curves do not overlap due to stage drift at long time scales (orange box in the inset). The blue
arrows indicate the timeline of one stretching-relaxation cycle. (b} The force is plotted againsts<cP, The
stretching curves do overlap (orange box in the inset), but the fast movements of the bead in the trap
during the hysteretic transitions are not well resolved. (c) The force is plotted against scmbined  the
stretching curves overlap and fast movements during the hysteretic transitions are retained.

The three measures for the bead-to-bead distance (sCcP,sQPD — piezo,
and s combined’) gre plotted against force in Fig 2.3. The s QPD —piezo data show a significant
spread along the distance axis for the stretching curves (Fig 2.3) that is not observed
in s (Fig 2.3.b), in accordance with the observed higher noise at low frequencies in
the QPD-piezo method (Fig 2.2.a). In contrast, the fast bead movements during the
relaxation transitions are resolved by s P —viezo (Fig 2.3.a), but not by s ¢ (Fig 2.3.b).
Next, these two signals were combined [75]using Eq.(4)from Sec.1and
the W function determined in Sec. 2. The choice of a is not crucial because even ata =
0, the lower noise signal is preferred by linear weighting. In principle, the noise in the
combined signal will be minimal for a—, as then the lower noise signal is exclusively
used at every frequency. In practice, we are limited by the quality of our estimate for
the noise distributions and how precise the crossing point in Fig 2.2.a can be located.
Thus, we recommend an intermediate value for awhich reduces the effect of errors in
noise distribution estimation. Here, we chose a = 5. The resulting s combined displays low
long-term drift in the stretching curves (comparable to s ) and also resolves the fast

34




CHAPTER 2

transitions during relaxation (comparable to sQFD —rpiezo), The combined data show
that discrete jumps in different relaxation curves now overlap (orange arrows in
Fig 2.3.c), indicating that the same DNA state is revisited in different stretching-
relaxation experiments. This observation follows from the combined data and cannot
be concluded with confidence from any of the two separate measurements
individually (Figs. 2.3.a or 2.3.b).

2.4 Discussion and conclusion

The method for signal combination that we propose here does not rely on
specific properties of the measured signal, which can be periodic or aperiodic. It does
not suffer from the loss of information that occurs in other noise-suppression
approaches such as filtering or smoothing. Our approach does rely on estimates for
the noise distributions. Obtaining such estimates may not always be straightforward
and care must be taken that they properly identify the lowest-noise signal during the
actual measurement. Nevertheless we find that our method is relatively robust to
inaccuracies in the noise estimates. For example, we approximated the
function W displayed in Fig 2.2.a with different step-functions that step from 0 to 1
anywhere in between 0.25 Hz and 2 Hz. The resulting combined signals of the DNA
stretching and relaxation experiments were then similar to the result displayed in
Fig 2.2.c.

Noise distributions were calculated based on Fourier analysis. One may
alternatively consider using the so-called Allan variance [75], which can quantify
noise with higher resolution than Fourier analysis for noise with characteristic
frequencies lower than about 1 Hz. Our method can be used with noise distributions
based on Allan variance, though for the application discussed here the resolution of
the noise distributions was not the limiting factor.

The proposed method assumes that the noise distributions do not change
over time. When a source of noise is switched on and off during the experiment, this
assumption does not hold. One could then consider combining signals in the time
domain. Similar cases have been studied extensively in signal transmission, where this
is called diversity combining. Diversity combining in Fourier space has recently been
considered for in-car microphone systems [76]. There noise reduction is achieved by
magnitude combining without phase estimation. If the noise distributions do not
change over time, our method could be used for real-time signal combination in
Fourier space. When combining the N most recent sample points of the respective
signals, N should be large enough for the calculated Fourier transform to have
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sufficient frequency resolution. In practice, the time needed for computing Fourier
transforms of length N may significantly limit the sampling frequency of the combined
signal.

The method described here is general and can be applied to any two signals
that measure the same physical quantity. It might, for instance, be applied to AFM (or
generally SPM) systems, when stage and tip positions are not only inferred from
capacitive sensors in the piezo, but also from imaging [77, 78] or laser scattering
[78]. Other areas where our method might be useful are chemometrics [79, 80}, where
drift correction for chemical sensors has been researched, and signal transmission,
where diversity combining schemes similar to the method proposed here could be
considered.



CHAPTER 2
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A polypeptide-DNA hybrid with selective
linking capability applied to single molecule
measurements using optical tweezers

Many applications in biosensing, biomaterial engineering and single molecule
biophysics require multiple non-covalent linkages between DNA, protein molecules,
and surfaces that are specific yet strong. Here, we present a novel method to join
proteins and dsDNA molecule at their ends, in an efficient rapid and specific manner,
based on the recently developed linkage between the protein StrepTactin (STN) and
the peptide StrepTag Il (ST). We introduce a two-step approach, in which we first
construct a hybrid between DNA and a tandem of two STs peptides (tST). In a second
step, this hybrid is linked to polystyrene bead surfaces and Maltose Binding Protein
(MBP) using STN. Furthermore, we show the STN-tST linkage is more stable against
forces applied by optical tweezers than the commonly used biotin-STV linkage. It can
be used in conjunction with Neutravidin (NTV)-biotin linkages to tether individual
DNA molecules that can sustain applied forces above 65 pN for tens of minutes. The
method Is general and can be applied to construct other surface-DNA and protein-
DNA hybrids, The reversibility, high mechanical stability and specificity provided by
this linking procedure make it highly suitable for single molecule mechanical studies,
as well as biosensing and lab on chip applications.




CHAPTER 3

3.1 Introduction

Many experiments involving the manipulation of nucleic acids and proteins
require multiple strong linkages that can be established in-situ, and can be used
together and thus must be specific. For certain applications the molecules involved are
immobilized on surfaces, either because the experimental setup requires fixing and
controlling the position of the molecular ends or because the molecular phenomenon
is measured using surface sensitive techniques [81, 82]. An example of an experiment
demanding such supramolecular structures at surfaces includes the binding of
liposome-ssDNA hybrids to surface immobilized-DNA in order to detect single
nucleotide polymorphism using total internal refection [83]. Another example is the
large-scale positioning of self-assembled functional DNA nanoarrays on surfaces [84],
which have been used to construct arrays of quantum dots, proteins, and DNA targets.
Supramolecular constructs that link micron-sized beads have been used to engineer
molecular wires and to guide the assembly of nano and microstructures [85-88]. Metal
wires have been fabricated by depositing metals on multi-protein and DNA constructs
connecting the surfaces of two electrodes [89, 90].

Single molecule techniques such as optical tweezers have enabled the kinetic
and thermodynamic characterization of DNA and protein molecules, as well as their
interaction [18, 91-93]. In these methods, two ends of the molecule of interest
typically are manipulated by linking them to surfaces, either directly or via molecular
handles. Here molecular linkages are preferably established /r-situ while still being
able to sustain large forces over long timescales. Different classes of linkages have
been used: Antibody-antigen linkages [18], the Streptavidin (STV)-biotin linkage [18,
93], covalent disulfide linkages [93] and covalent binding proteins (HaloTag or SNAP-
tag) [94]. Each has its own strength and drawbacks. Antibody-antigen interactions are
specific and diverse but affinities are affected by buffer condition, pH and temperature,
and most are comparatively weak and thus limit the measurement time, Examples are
Myc/AntiMyc and Dig/AntiDig. Moreover, many commercially available antibodies are
polyclonal, causing variability in the force that the linkage can sustain. The
Dig/AntiDig connection can be stable mechanically, and has therefore been used
extensively to link DNA to surfaces. However, this system is less suitable for
interfacing to proteins, while digoxigenin is also prone to oxidation and thus can
deteriorate over time. Disulfide bonds are very strong but involve long preparation
times and the molecules of interest must be resistant to redox reactions, which limits
its applicability.
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The biotin-STV interaction is one of the most broadly used, as it is strong and
efficiently established. STV is one of the most stable proteins showing high resistance
to temperature, urea, guanidine, and proteases [95]. This is in contrast to linkages
such as HaloTag or SNAP-tag that unfold, aggregate and encourage nonspecific
binding under these harsh conditions [94]. In the presence of SDS, Streptavidin begins
to break up into monomers only at temperatures above 60 °C [96]. Because of the
usefulness of biotin-STV interactions, efforts have been made to engineer variants and
further optimize this system. Avidin is a glycosylated and positively charged protein
(at neutral pH) which usually appears as a tetrameric biotin-binding molecule.
Neutravidin (NTV) is a deglycosylated form of Avidin which is developed to decrease
non-specific interactions [97]. It has recently been reported that Traptavidin, a
mutant of STV, dissociates biotin more than tenfold slower, has increased mechanical
strength and improved thermostability[94].

StrepTactin (STN) is another, recently engineered version of STV which has
high affinity to biotin and in particular to its peptide ligand (Ka~1pM), named
StrepTag II (ST), which is 8 amino acids long (WSHPQFEK)[98]. STN has a tetrameric
structure that provides four binding sites for ST. Additionally the binding can be
reversed by adding Desthiobiotin which can in turn be removed by washing or
dialysis. This feature has made the system popular for the purification and detection
of proteins by affinity chromatography [98]. Interestingly, ST cannot bind Avidin, nor
probably NTV, while STN does have affinity for biotin and ST can bind to STV (Kd =
72uM) [99]. It has been reported that the binding affinity of ST to STV can be further
increased to nanomolar levels when using multiple tandem STs [100]. It is also shown
that in protein purification, having multiple tandem STs improves the binding affinity
[98]. ST can be cleaved enzymatically, and the interaction is resistant to reducing
agents (DTT and mercaptoethanol), denaturing agents (urea 1M), chelating agents
(EDTA 50 mM) and detergents (SDS 0.1% and Triton X100 2%). ST is proteolytically
stable, biologically inert and does not interfere with membrane translocation or
protein folding [98]. The strength of the STN-ST linkage has been recently studied by
Atomic Force Microscopy [101, 102], in which one single ST was fused to a protein
and STN was anchored to a surface via PEG-based [102] or long protein-based [101]
handles. The linkage showed an average dissociation force of 40 and 60 pN at pulling
rates of 337 and 200 nms-%, respectively [101, 102]. It is unclear what the dissociation
force is for STN that is immobilized directly on the surface, and for multiple ST binding
to a single STN.

The properties of the ST-STN linkage show promise for use in optical
tweezers experiments and biomaterial engineering. These applications typically
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CHAPTER 3

require multiple linkages that are specific and strong, which ST-STN can potentially
deliver. One challenge is to construct polypeptide-DNA hybrids, which would be
required for such an approach. Oligonucleotides (6-16mers) conjugated to a
tripeptide have been used for PCR amplification to successfully construct hybrids of
DNA with short polypeptides [103]. The feasibility of synthesizing oligonucleotides
conjugated to long polypeptides, and using them to amplify DNA segments, remains
unclear.

We present a straightforward method to efficiently construct end-joined
molecular hybrids in a manner that is mechanically stable and specific. Our method
uses a tandem two STs (tST)-STN linkage to couple two arbitrary molecules A and B,
where both A and B can be either DNA or protein of arbitrary size. In our method the
assembly is carried out in a stepwise manner which leads to promotion of the
heterodimer and suppression of other multimeres. We find that DNA molecules can be
coupled well to the surface via tST-STN linkage. The linkage is more stable against
applied force than the biotin-STV linkage and can be used in conjunction with biotin-
NTV to stably tether DNA and to construct protein-DNA hybrids.

3.2 Results and discussions

To construct DNA molecules linked to polypeptide (tST-DNA), we used a
primer covalently linked to the polypeptide. The PCR conditions were optimized to
efficiently amplify the DNA from the template plasmid. By using gradient PCR, and
testing several polymerases (Taq Polymerase and Phusion) and different PCR
conditions, we found that comparatively long annealing and extension time (1 and 3
min per cycle respectively) allowed efficient amplification, resulting in a final yield of
about 500 ng. The resulting construct was then characterized by agarose gel
electrophoresis (Fig 3.1b) and later tested with an optical tweezers assay (Fig 3.2a).

To synthesize a protein-polypeptide hybrid, we chose Maltose Binding
Protein (MBP) as our model protein. MBP is a protein with a variety of applications in
biotechnology and biological research, widely used to prototype a variety of
biosensing platforms [104]. It is also a model protein for folding and export studies
and is commonly used as fusion partner in protein biochemistry [18, 105].

Escherichia coli strain BL21.1 was used to overproduce the MBP construct.
Two repeats of the sequence encoding the ST (tST) were introduced at the C-terminus
of MBP using plasmid pNN226 as a template. The tST-MBP hybrid was expressed at
372 C and purified from the crude cell extract using amylose resin affinity
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Figure 3.1: Hierarchical synthesis of protein-DNA hybrids. (a) Schematic drawing of the building
blocks (b) 1% agarose gel demonstrating construction of tST-DNA-biotin hybrid at 2553 bps (c) SDS-PAGE
analysis illustrating over production of tST-MBP in £co/fBL21.1 (d) SDS-PAGE characterization of STN-tST-
MBP hybrid after amylose column purification. STN decomposes into monomers upon boillng (e) 1%
agarose gel confirming the formation of multi protein-DNA hybrid (f) 1% agarose gel showing the presence
and absence of DNA strand in the supernatant of incubated NTV beads by tST-DNA and biotin-DNA
respectively. Biotinylated DNA easily binds to NTV, tST labelled DNA does not and remains in the
supernatant.

chromatography (New England BioLabs). The hybrid was then tested with SDS-PAGE
(Fig 3.1c), which showed a molecular size between 37-50 kDa that corresponded well
with the expectations for tST-MBP (~42.5 kDa).

Here we aimed to optimize the specific formation of a hybrid between MBP
and DNA using ST-STN linkages (MBP-tST-STN-tST-DNA). To make this construct we
first mixed STN and tST-MBP in 10:1 ratio. Unbound STN was removed by amylose
column purification. tST-MBP bound to amylose column was then eluted with maltose.
SDS-PAGE (Fig 3.1d) showed two bands for eluted sample, with one corresponding to
tST-MBP and one to STN only, thus showing that STN had successfully been bound to
MBP. The previously constructed tST-DNA was then mixed with a large excess of the
MBP-tST-STN hybrid (> 30 molar excess) in order to favour binding of a single DNA
molecule to each MBP. Agarose gel analysis showed a band distinctly above from tST-
DNA, consistent with the formation of a MBP-tST-STN-tST-DNA hybrid (Fig 3.1e). As
expected, MBP-tST-STN-tST-DNA hybrid shows a significantly reduced mobility as
compared to tST-DNA due to its larger size and higher molecular weight. The
successful formation of the complex hybrid, also confirms the chemical structure of
the constituting hybrids synthesized in the previous steps.

To study the specificity of NTV binding, NTV-coated beads were incubated
either with tST-DNA or with biotin-DNA. After 30 min, beads were removed by
centrifuging and supernatants were loaded onto an agarose gel (Fig 3.1f). The results
showed that biotinylated DNA bound the beads efficiently, as no DNA could be
detected in the supernatant. In contrast, all of the input tST-DNA remained in
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Figure 3.2: Mechanical stability analysis. (a) Optical tweezers setup (b) Force-extension curve of
dsDNA showing overstretching at 65 pN, as well as the characteristic step-wise relaxation. The measured
DNA stretching curves did not display additional steps that might have arisen from STN unfolding or its
detachment from the surface. (c) Fraction of tethers that resisted 60 pN in first and second pull, compared
between several commonly used linkage strategies and our proposed linkage strategies based on STN. For
the AntiDig/Dig-DNA-biotin/STN system, almost all tethers broke at the first pull, and hence the subsequent
pulls are not indicated.

supernatant, showing no affinity to the beads. These results indicate that NTV binds
selectively to biotin and not to tST, which is a central requirement for instance for
efficiently tethering tST-DNA-biotin constructs between STN- and NTV-coated beads.
Without high selectivity, incubation of the tST-DNA-biotin construct with NTV beads
would have resulted in the attachment of both DNA ends to the same (NTV) bead.

To measure the mechanical stability of the linkage between tST and surface-
bound STN, we pulled on a single synthesized DNA-tST-STN hybrid using optical
tweezers. First, we immobilized tST-DNA-biotin constructs on NTV-coated beads
using the biotin-NTV linkage while keeping the tST-end free (Fig 3.2a). The NTV beads
were titrated with varying amount of tST-DNA-biotin so that only few DNA constructs
were linked to one bead. Next, the tST-STN linkage was established /z-situ to beads
coated with STN. Pulling curves showed overstretching at 65 pN, which indicated the
presence of a single tether, and showed the tST-STN linkage was able to sustain such
forces without breaking (Fig 3.2b). The measured DNA stretching curves did not
display additional steps that might have arisen from STN unfolding or its detachment
from surface.

Next, we performed a quantitative comparison of the mechanical stability of
the tST-DNA-biotin and the Dig-DNA-biotin handles. The latter is often used in optical
tweezers studies in conjunction with STV- and AntiDig-coated beads (14,30). Note
that in general, NTV-coated beads have advantages compared to STV-coated beads,
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Figure 3.3: Mechanical stability analysis at constant force. (a) An example of stretched tether kept
under a constant force of 60 pN by means of a force feedback for more than one hour. A stretching and
relaxation cycle at the end of the experiment displays a typical behaviour of dsDNA. (b) Fraction of the
tethers resisting more than 10 min at 60 pN.

given the higher affinity of NTV for biotin (18). Pulling experiments were thus
performed on Dig-DNA-biotin constructs tethered between AntiDig- and NTV-coated
beads, and on tST-DNA-biotin tethered between STN- and NTV-coated beads. We
considered a tether was established when the connections could sustain 20pN.
Connections that broke below 20pN were disregarded. The constructs were then
stretched and relaxed multiple times with a displacement speed of 50 nm/sec to just
beyond the DNA overstretching regime at about 65pN, until the connection broke
(N=111 for the tST construct, N=230 for the Dig construct). We monitored the
fraction of tethers able to sustain DNA overstretching, and distinguished first and
subsequent pulls. Overall, we found quite similar results for the two constructs, with
about 80% of the tethers able to sustain overstretching (Fig 3.2c). These data suggest
that the in-situ tST-STN linkage has similar stability against applied force as Dig-
AntiDig in the first pull.

The stretching experiments indicated a number of additional points. For
instance, for the tST-STN construct, subsequent pulls show a slight increase in the
fraction of times the tether survives overstretching (Fig 3.2c, from 77% to 87%). A
possible explanation for this increase could be the proposed bimodality of the ST-STN
interaction [102]. The origin of this bimodality is believed to lie in the interaction of a
single ST with a single or multiple sites on STN, where the latter is supposed to be
somewhat less stable. Next, additional experiments indicated that the biotin-STV
linkage was significantly less stable than the biotin-NTV linkage: Dig-DNA-biotin
tethered between AntiDig and STV beads were able to sustain overstretching only in
40% of the cases, about half of what was found when using AntiDig and NTV beads. An
increased stability of biotin-NTV compared to biotin-STV is consistent with bulk
values for the equilibrium binding constant, which are significantly lower for biotin-
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NTV [97]. Nonetheless, these data indicate that the tST-STN linkage is significantly
more stable against applied force than the often used biotin-STV linkage.

Finally, the same DNA construct tethered between AntiDig and STN beads was
able to sustain overstretching also in about 40% of the cases, suggesting the biotin-
STN linkage is significantly stable against applied force. This finding is not unexpected,
as STN is an engineered variant of STV. It does also illustrate the limitations of the
specificity in this system: ST shows stable binding specifically to STN and not to NTV,
but biotin binds stably both to STN and NTV, though more so to the latter. However,
our protocol shows that these limitations can typically be overcome in practice, by
first establishing the connection to biotin, which is less specific, and only then form
the connection to tST which is specific.

In order to probe the difference in stability between Dig-AntiDig and tST-STN
more exhaustively, we tested these linkages for their ability to sustain high forces for
long periods of time. Fig 3.3a illustrates a case of STN/tST-DNA-biotin/NTV handle
that could survive this load for an hour. The handle was stretched to 60pN (in under 1
min) and kept under force feedback for 60 min without breaking, Next, it was relaxed
(Fig 3.3a, in between 60:00 and 60:30 min:sec) and showed a characteristic cycle of
DNA overstretching (Fig 3.3a, in between 60:30 and 61:30 min:sec). The tether broke
after additional 22 pulling cycles. Importantly, the fraction of strong tethers resisting
more than 10 min at 60 pN was found to be significantly higher with tST-STN as
compared to Dig-AntiDig (Fig 3.3b). Thus, the tST-STN linkage is able to withstand
high forces for longer than the Dig-AntiDig linkage.

3.3 Conclusions

We have presented a simple procedure to specifically attach a protein to a
DNA molecule, using STN-tST linkages. The method is rapid and straightforward, and
can be established in-situ within biologically relevant buffers. Binding of the DNA-tST
construct to surface immobilized STN shows high mechanical stability, and can readily
tolerate forces as high as 65 pN for tens of minutes. The engineered linkage can be
used as a reliable linker for optical tweezers studies of proteins and nucleic acids, both
in constant pulling rate and force modes (32-34).

The motivation to use STN to end-join two molecules was based on the fact
that the linkage is among the strongest noncovalent intermolecular bonds known. The
specificity, stability, and rapid in-situ formation of the STN-tST complex allows it to be
used in combination with other well-used linkages that can also be stably formed in-
situ, such as NTV-biotin. Dig-AntiDig linkages of similar stability can be formed, but
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they require bulk incubation. Thus, choice of linkage depends on the precise
application and formation possibilities. We find that tST-STN is more stable against
applied force than the commonly used biotin-STV linkage. Moreover, we show that
tST-STN can be used for surface attachments as well as for linkage between DNA and
protein molecules, which has not been achieved for Dig-AntiDig linkages. Because of
the high stability of STN, this complex could potentially also be used in a broad
thermal range and harsh conditions.

We have shown that constructing tST-DNA hybrids is straightforward using
PCR amplification, making our method suitable for broad applications. For single
molecule studies, the presented approach could be applied in combination with other
peptide-DNA hybrids. For example, halo tags-DNA hybrid could be constructed as a
handle and be linked covalently to halogenase-coated beads. Similarly, a peptide
substrate to ubiquitin ligase could be used to generate peptide-DNA hybrid and then
be linked to the protein ligase-coated bead. The reversibility of the ST-STN reaction,
using Desthiobiotin [99], will make the ST-STN linkage also highly suitable for
biologically inspired soft matter systems, where reversibility could open up new
possibilities.

3.4 Materials and methods

Design and synthesis of the oligo-peptides

A tandem arrangement of two STs (tST: WSHPQFEKWSHPQFEK) was
chemically synthesized and was linked to the primer (5'GTC TCG CGC GTT TCG GTG
ATG ACG GTG 3’) from its 5’ end via a linker (-Cys-SMCC-C6) (BioSynthesis Inc.). The
product was purified by HPLC and characterized by mass spectrometry (Applied
Biosystems Voyager System 2051).

Synthesis of dsDNA-tST

The 2553 bps DNA handles were generated by PCR using Taq DNA
polymerase and pUC19 plasmid DNA (New England BioLabs) as template. 500 ng of
handles were generated at a time using 50 pl of PCR reaction. The two types of
handles (with and without biotin) were generated using the above oligo-peptide as a
forward primer together with the primer 5 TA6GTA6CCGCTCATGAGAC 3’ as a
reverse (6 is biotin-dT for biotinylated DNA). Polymerase chain reaction reagents for
each 50 microliter reaction volume included: 1 unit of Taq polymerase (New England
BioLabs), 5 pl of 10x PCR buffer (New England BioLabs), 10 pmol of the forward
primer and 10 pmol of reverse primer, 5 pl of 2mM dNTPs (Fermentas), and 50 ng of
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the plasmid DNA. The PCR profile was as follows: 1 min at 94°C, 30 cycles of 30 s at
94°C, 60 s at 52°C and 3 min at 72°C, finally followed by 10 min at 72°C and a 4°C soak.

Gel analysis

DNA samples were analyzed by gel electrophoresis (Fig 3.1b, 3.1e and 3.1f) in
non-denaturing 1% agarose gels in 0.5xTBE buffer at 80 V/cm. Agarose gels were
stained with ethidium bromide (EtBr). Protein samples were applied on an 8% SDS-
PAGE gel in 1x running buffer (190 mM Glycine, 25 mM Tris-base and 0.1% SDS) at
180 V/cm. SDS-PAGE gels were stained with Coomassie [nstantBlue (Expedeon Ltd.)

Functionalization of polystyrene colloids with STN and NTV

Carboxylated polystyrene beads (Polysciences Inc.) were covalently linked to
STN (and NTV) via Carbodiimide reaction (PolyLink Protein Coupling Kit,
Polysciences Inc.). Briefly, the beads were washed and then mixed with freshly
prepared EDCA and STN (NTV) and mixture was incubated for 3 hours. STN-coated
beads were stored at 4°C until use. DNA-coated microspheres were made by mixing
~70 ng of tST-dsDNA and 1 pl NTV-coated beads in 10 pl HMK (50 mM Hepes, pH 7.6,
100 mM KCl, 5 mM MgCl) buffer. After 30 minutes incubation on a rotary mixer (4°C),
the beads were dissolved in 400 pl HMK buffer for use in optical tweezers
experiments.
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Topological determinants of protein folding and
unfolding

Contact topology is introduced to simplify and explain structure, complex
folding and unfolding pathways of large proteins. The topology of a protein, a nucleic
acid or a structured polymer puts fundamental constraints on its unfolding transitions
and can be used to find general selection rules irrespective of the chemical nature of
molecules. Protein topology together with contact energies mapped on the topology
can be used to predict the exact length states and the most probable unfolding path in
pulling experiments. Contact topology can also be used in the context of assisted
protein folding. Motivated by recent finding on Trigger factor-protein contacts, we
show how these chaperones can be seen and modeled as topological modulators.



Topological determinants of protein folding and unfolding

4.1 Introduction

4.1.1 Topology

Topology is a mathematical notion that has been used to describe properties
of objects that remain unchanged under a certain kind of continuous, invertible and
one-to-one transformation (so called homeomorphism). Examples of such trans-
formations include bending, stretching and shrinking. Objects like square, circle and
triangle on a sheet of paper are inter-convertible by such transformations and
therefore belong to the same topological class. “Figure 8” instead is not inter-
convertible to any of these three objects unless a connection is ripped apart (Fig 4.1a).
Connectivity is a qualitative property that is invariant under homeomorphism.
Topology can therefore be seen as the study of connectivity and continuity. The field
has been instrumental in the developments of the general theory of relativity,
quantum field theory, cosmology, fluid mechanics and information science among
others.

4.1.2 Knot topology

One interesting area of topology is the knot theory that studies the topological
features of knots. We know intuitively that upon stretching a rope knot, certain
aspects of the knot remains identical and this is referred to as the topology of the knot.
In contrast the end-to-end distance of the rope changes upon stretching and thus this
property is not a topological one.

For a mathematician, a knot is created by starting with a linear chain,
wrapping it around itself arbitrarily, and then fusing its two free ends together to form
a closed loop. A knot can then be represented with its projection on a plane, the so
called knot diagram. How can one characterize the topology of a knot? For a given
knot, there is a projection which minimizes the number of chain crossing (Fig 4.1b).
By characterizing these crossings, one can explain the topology of the knot, because
these crossings cannot be changed without tearing or gluing the chain. For example,
two topologically equivalent knots must have equal number of crossings. The reverse
statement does not necessarily hold true. Further characterization of the topology (e.g.
analyzing the mirror image and braids) is needed for unique identification.

4.1.3 Molecular topology

Knot theory has been applied to elucidate topological features in molecules
and in particular macromolecules. Here the connectivity is defined based on covalent
bonds. Several topological classes have been distinguished: branched topologies and
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Figure 4.1: Topological polymer chemistry (a) Continuous deformation (CD) changes a shape to
another topologically equivalent shape. Gluing/cutting (GC) operation changes a topology to another
topology. Circle and rectangle have identical topology which differs from the topology of the “figure 8”. (b)
The Trefoil knot is a knot topology seen in RNA methyltransferase. The Trefoil knot has three crossings in
its minimal representation [106]. (c) Hydrocarbons can be classified by their topologies: Examples of linear,
branched and cyclic topologies are presented. Multiple topological invariants can be identified such as the
total number of chain ends and of branch points{107].

cyclic topologies [107]. In this topological classification (Fig 4.1c), the following
properties are invariants under continuous deformations: the total number of chain
ends (termini); the total number of branch points (junctions); the number of branches
at each junction and the connectivity of the junction. As such linear polymers will all
fall into one topological class.

Topological features of linear polymer chains are not limited to the topology
discussed above. Polymers in solution are dynamic entities and thus span a
conformational space. These conformations can also be classified based on their
topological features. At room temperature, sufficiently long equilibrated
polyelectrolyte chains such as DNA molecules show self-entanglement and can form
knots [108]. The incidence of knots increases with the chain contour length with an
exponential dependence [109]. This topological feature of the linear chains is
important for processes such as translocation of the chain through a nano pore [108].
These processes can in turn be used to characterize the topology of a chain.

4.1.4 Protein topology: Topologies based on covalent connectivity

Proteins are examples of linear polymers and thus can be classified into
topological classes described above (Fig 4.1b,c). A protein chain has two termini and
no branch points and thus falls into the same topological class as n-alkanes. Proteins
can also be seen as poly-electrolytes and in appropriate buffers with denaturants, they
can also self entangle and form knots.
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Topological determinants of protein folding and unfolding

Folding can generate knots, however most proteins have unknotted topology
in their native state. Only 300 proteins in the Protein Data Bank, including rRNA
methyltransferases, carbonic anhydrases and ubiquitin hydrolase, are identified as
knotted [110]. Knot topology has serious implications for the folding process: knot
formation is believed to occur via the formation of intermediate folds with attractive
non native interactions [111].

4.1.5 Protein topology: Topologies based on covalent and non-covalent
connectivity

Protein folding involves formations of non-covalent contacts between
aminoacids. As discussed above, connectivity is a qualitative property that is invariant
under homeomorphism. For a linear polymer with a number of intra-molecular
contacts, a topology can therefore be defined based on these contacts and their
relations. Any continuous deformation (e.g. stretching) which is devoid of tearing or
gluing, renders the contacts and the inter contact relations unchanged.

In structural biology contacts between two aminoacids are defined based on a
distance threshold. From the network of aminoacid contacts, some topological
features of proteins have been inferred such as node degree, clustering coefficients,
betweenness and closeness centrality. How do these network topological ingredients
affect protein folding? It is commonly believed that the topology of the native
structure determines the sequence of folding events (David Baker, Nature 2000). This
is largely rooted in the success of the coarse grained protein models and the
insensitivity of the folding transition states to single point mutations [112, 113]. The
average graph connectivity is shown to be highly correlated with folding probability of
the transition state [114]. Other macroscopic measures of protein structural and
energetic properties such as radius of gyration, rms distance, solvent-accessible
surface area, and potential energy fail to serve as predictors of the probability of a
given conformation to fold. For small proteins, however, range of interaction and
number of contacts correlate with the folding rates (Fig 4.2.). For larger proteins,
these considerations alone cannot explain the folding rate differences between
proteins. These network topological considerations are statistical and global
properties and therefore provide insight on the kinetics of the folding process and not
much on the details of (un)folding pathways. When interaction strengths are
considered, more detailed information about the intermediate conformations visited
during folding and unfolding path are found [115].
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Experimental foldmg rate (logtky))

Figure 4.2: Folding rate determinants of small proteins. PDB of 59 proteins with a range of
secondary structures (all alpha, all beta, mixed) were analyzed and compared to their experimental folding
rates reported in the literature [116]. For energy estimation and hydrophobicity, Thomas Dill energy scale
and Kyte-Doolittle scale were used respectively. Large proteins reported by Gromiha et al. [116] appear as
outlier in these piots and are not shown.

4.2 Contact topology

Here we introduce another type of topological features of linear polymers
with intra-molecular interactions. We aim to go beyond the statistical description of
the contacts as provided by the network topology and characterize the inter-contact
relations. We show that this notion can be used to probe the structure, folding and
unfolding pathways of proteins. To show how, let's consider secondary structural
motifs that are commonly present in proteins and let’s stick to the commonly used
definition of aminoacid-aminoacid contact based on distance threshold of ~ 7A. Our
approach is however general and can be applied to other molecules and with other
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52

a
20— b 10 e ¢ 02
<4
g ki i 00] J
c ©
~180] © o ° Bt % % ] - 4
% o L. 1 Eo‘o. I b+ ++‘:+ S ji £
; o 00 o + * - R
i X ool L WY L 1Bae] |, ez d
(o] (o] o <10 ++ + j € ‘<c' : ¥ e
50 o éﬁ 00 i 08 Py > | <,
° 48 A0 =) bl b7 4 449
<
T ; B e T B A S Bl P
4 20 2 4 6 8 1012 14 4 - 1
Expenmentat ' | folding rate (log(k
d Experimental foiding rate (log(k)) o folding refe (log(k¢)) £ Expenmental folding rate (log(k )}
500 250
0.25 &
ok . 400 & & 200 4
0.204 " '- - a =]
L] [ ] DRI 6 O =}
gms. H L T gm L Edl a -
Yo sl Ty " ® % & s B350 7
0.10 e Ty i gm 280, 0 3100 o 800 E;
Ll . # A
- i . s 100 oo& é) ° 50 s o) E’nE:n a
. w & =
: & & g
(oSSt S oo i i Lt il i in
4 20 2 4 8 8 10124 4 2 0 2 4 8 8 10124 A 52+ Ol 42 <448 118 1012 14
Experitmental folding rate (log(k¢)) Experiments folding rete (log(kf)) Experimental fokiing rate (log(kr))
g h
vv
20 v % 8 i 5
v b E‘ 1 [ &
% v "'v Vv ‘A 3 s A
v v v B e
| 5 " 2 A“‘: % QA‘
10‘1 57 'a” v 40 ‘: s tA
Vv v E 1 2 AAA& Fy
v 7 A, 2
v v 20 a Bl
Ve A,
S e e e 0 ] p—
3 20 2 4 6 B 10 12 14 4 20 2 468 1012H

as as



AL

Lo (o L T

e

Topological determinants of protein folding and unfolding

definitions for intra-molecular contact such as inter-aminoacid H-bond contacts and
B-B contact in proteins (Fig S4.1).

For a feature to be topological, it has to be preserved under deformations that
do not involve emergence or disappearance of contacts. A process that involves
disruption of a contact or emergence of a contact will change the total number of
contacts and therefore changes the topology. Instead when contacts emerge and
disappear with preservation of the total number of contacts, topology of the system
will only change, if the “arrangement” of the new contact set differs from the original
arrangement.

Fig 4.3 provides a few examples of the secondary structural motifs that are
common in proteins. Let's consider the example of a B-hairpin and choose two
aminoacid pair contacts within the structure as shown in Fig 4.3a and disregard the
rest. To understand the arrangement of these contacts, two representations are
provided in Fig 4.3a, namely contact matrix (map) and bubble graph. It can be seen
that the two contacts are arranged parallel to each other with one being contained in
the second one. There are a few interesting features in this arrangement: (1) the
relation between the two contacts is not symmetric. (2) the relation between the two
contacts would not change if we replace the “turn” in the B-hairpin with any arbitrary
structure. The second structure presented in Fig 4.3a has a similar bubble graph and
contact map to those of the B-hairpin: the bubble graph of the former will only have a
larger lower loop and can be converted to the bubble graph of the B-hairpin with
continuous deformation (shrinking of the lower loop). (3) the arrangement of
contacts will impose an order on the disruption of the contacts when we pull on the
bubble graph from its termini (thought experiment): always the upper contact will
break before the lower one is ripped apart.

For the chosen pairs of binary contacts in the structural motifs shown in Fig
4.3, several arrangements are distinguished: parallel (P), series (S) and cross (X). The
displayed contact arrangement is a topological property because transition from a
topology to another one (for example from P to S) would involve breaking the
contacts between strands while transition between two conformations with identical
topologies can happen smoothly with continuous deformation. Furthermore, the three
topological relations introduced above form a complete set of relations. Note that, at
this stage we only allow for mono-valent interactions: more complex cases will be
discussed later. Inter-contact relations are formally defined in Box I based on the
frameworks of the set theory and discrete mathematics.
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Figure 4.3: Arrangement of inter-residue H-bond contacts in basic structural motifs of proteins.
Structures, contacts maps and loop diagrams are displayed for each motif. Three arrrangements are
distinguished: Parallel (P), Seris (S) and Cross (X). (a) A f-hairpin and and generated by replacing the loop
in the B-hairpin with a second f-hairpin. The motifs with the selected paralell contacts are topologically
equivalent. (b) An a-helix with two selected contacts in series arrangement. (¢) Two motifs with selected
crossing contacts.

The inter-contact relation introduced above is a binary relation between
contacts. How can we use this binary relation to describe the topology of a protein
with many contacts? Consider a protein with multiple contacts (Fig 4.4a /). Any two
contacts can be assigned to one of the following topological classes: parallel (P), series
(S) and cross (X). To do the assignment, we keep the two contacts and remove the
rest, the contact pair can be readily allocated to one the topological classes. This inter-
contact relation has interesting mathematical properties that simplify the assignment.
For example if we know the contact relation between contact A and B as well as B and
C, we might already know the relation between A and C. P relation is for example
transitive while S and X are not (Box I, Table I and Fig 4.4a).
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Contact topology can be used to classify proteins to topological classes. For
two proteins to be in one topological class there will have to contain the same number
of contacts. Any two such proteins that have the same topology can be inter-converted

BOX I: Protein topology
Consider a linear chain (interval of [ =[1:n]c N) made of

monomers i € I (for example aminoacids or secondary structures) with some
forming contacts: C < {(i,/)|i,j € I A1 < (j —i)}. We only allow for binary
interactions and define a contact as a binary interaction. Multivalent
interactions will be considered later. Numbering is done from N- to C-
terminal. Every contact will be associated with a length L((i, /) = |j — il. We
define an adjacency matrix A as:

AGP=1 ifli-jl=1v@NeC

A(,j)) = 0 otherwise

V(& C, € C with C; = (i,j) and C, = (r,5), we define the following
relations:

Parallel relation: C,PC, < [i,j] < [r, s]

Series relation: C,SC; < [i,j]1n [r,s] =@

Crossrelation: C:XC, & [i,j1n [r,s] & {@,[i./],[r,s]}

by continuous deformation. Some operations leave the topology of the protein
unchanged (Fig 4.4b). An interesting operation is permutation of different parts of the
protein that are in series (Fig 4.4b 7to Ji). Such operation has been recently performed
on T4 Lysozyme, and it turned out that the topology critically determines the folding
cooperativity in this case [117].

Topological relations between contacts can be listed in the form of a topology
matrix (Box II). The matrix is not unique and its form depends on the labeling of the
contacts. However all matrices belonging to one topology make a space which has a
particular structure. The matrices can be inter converted by concerted row-column
operations and will have identical spectral properties (Fig 4.4b). There are alternative
ways to construct topology matrix other than the one introduced in Box II. From
adjacency matrix A that contains both topological and length information, one can
readily construct a reduced matrix lacking the length information and only carrying
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the topological information. Removal of zero rows and columns of the adjacency
matrix will result in a “topology matrix”.

a b Topology matrix
Model construct ® ® 00 !
5 < L c o HE )
i U P
" ’ @) -H HE""
g |
-EEm |
i
.—N
o oo s

Shortest end-to-end path

N N i
]
() (n) O - .
{itt) s II e
o@e AN e @e # o@e - L
o@e A e@e — ofe

(v iy N e ecse
Relation | Transitive | Refiexive | Symmetric - HE
Parallel(P) Yes Yes No : . .=
Serles (5) No No Yes | l'

Cross (X) No Yes Yes L4 .

Figure 4.4: (a) Bubble graph of a hypothetical protein is illustrated in (i) and the corresponding
shortest path is shown in (ii). (iii) shows that while P is a transitive relation, S is not. (b) Proteins within a
topological class can be converted to each other by continuous deformation (i, ii, iii). One interesting case is
permutation of subparts of a protein that are in series (j, ii). In this case the constructed topology matrices
can be inter-converted by row/column operations described in the panel. Consequently the two topology
matrices have the same spectral properties.

As mentioned before, the topological properties discussed above are general
and can be generalized to various definitions for intra-molecular contacts. One choice
of contacts are inter-aminoacid contacts that are energetically strong or highly
conserved in evolution. One can for example ignore the contacts between restudies
that repel each other as well as weakly attractive ones.

4.3 Contact topology and topological selection rules

In knot theory, pulling the termini of two knot and unknot proteins, allows us
to distinguish them, as the later is disentangled while the former progressively
tightens [118]. Similarly, pulling on a protein and breaking the contacts show the
signature of the contact topology of the protein.
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Topological determinants of protein folding and unfolding

Topological constraints forbid certain orders of tearing contacts and therefore
certain transitions between conformations cannot be visited in a pulling experiment
(Fig 4.5). We call these constraints on transitions, topological selection rules in
analogy with spectroscopy. In Fig 4.5 the transition from a state with end-to-end
length of zero to length L, is forbidden when the contacts are parallel (in contrast to S
and X relations). For a system with two contact sites in parallel, the inner contact can
be removed only after the outer one is dissociated while, in series topology, both have
a chance to open up.

a L L L
f ¢ e s}
b
O & ©
Para Series Corss
c

3L y L
ZL * // 2L
L|s—r L
0 0

NSNS 1 0 INLEN2 e URIRIER 2 b 1S

Lo Lz L 2t 31 lirsal Bl
0 0 0 Bl Allowed
L L L B Forbidden
M Not defined
2L 21 2L

Figure 4.5: Topological selection rules. (a) Primary structure of the model polymer. (b) Three
folded conformations of the polymer with three distinct contact topologies: Parallel, Series and Cross. (c)
Corresponding contact maps of the three conformations in (b). (d) Topological selection rules for each
topologies. (x,y) means a transition from x to y. Red denotes a forbidden transition and green illustrates
allowed ones. Transitions in black are not meaningful because a transition has to lead to a length increase.

For a protein with contacts that are in parallel (P), series (S) or cross (X)
relations with each other, the number of possible unfolding paths can be calculated
easily. A parallel relation only allows one route while series and cross relations allow
for two routes each. The number of possible pathways will therefore be 2 (numberofSandX
relations) (see Fig 4.6).

The situation will be more complicated if we allow for bivalent contacts in
which a contact site can form contact with two different contact sites. Such contacts
may show cooperativity and dissociation of one may influence the stability of another
(concerted “C” topologies). For proteins containing contacts that are in concerted
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topological relations (Concerted parallel CP and concerted series CS), the number of
possible paths can not be calculated simply by multiplying the number of possible
routes for each contacts (Fig 4.6).

(i) () (w) () (v)

P X 5 (el PR

Ne N N Ne N
e Bt l\
Transitions ° e © © © PY oo
[ e
Numer of U U U U (V]
Pathways
for basic motifs 1 2 2 2 3

in PXS proteins = 1Np 9 (Nx +Ns) paths
in PXSC proteins = < NP 2 tNx+ Ns+ Nep) 3 NS pathg

Figure 4.6: Protein topology sets a constraint on unfolding of proteins. When a protein is unfolded
by mechanical force applied to its ends, the protein visits lengths defined by its contact position, contact
energy and topological relation between them. For a system with two contact sites in parallel (J), the inner
contact can be removed only after the outer one is dissociated. In series topology (i), both have a chance to
open up with a probability that depends on the contact energies. Contacts may also show cooperativity and
dissociation of one may influence the stability of another (concerted “C” topologies: concerted parallel (/%)

concerted series (V) topologies).
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-------------------- BOX II: topological constraints -----------------
Topology matrix: Definition

We construct Cy, by putting contacts in order of the magnitude of
their first element:

Co={(t@. GN)|te mIcn A t®) < (i) @ i< (]
|C| denotes cardinality of C. We then define the topology matrix T as,

T(.q)=1 if C(®)PCy(q)V Co(q)PCy(p)
T.q) =2 if Co(®)SCo(q)
T(.q) =3 if C,®)XCo(q)

T defines a topology and for any two chains with equal topology
matrix, there is homeomorphism that map them together (Fig 4.4a).

Topology matrix: Properties

Chain rule I (Transitivity):
VC,,C,,C; € C: [C,PC, A C,PC3] = C,PC,

Similarly,
[CIPCONCIPCN N CIPE, ] SSEIRE 1

For S and X relations, a chain relation will not put any constraint on
the relation between the contacts at the chain ends.

ChainruleIl: VC,,C,,C; € C: [C,PC, AC,SC;] = C;SC,
Chain rule III: VC,,C,, C; € C: [C,PC, A C,XC;] = C,SC; V C,XC,
Chain rule IV: VC,,C,,C3 € C: [C1SC, A C,XC3] # C3PC,

All other relations (except C3PC,) are possible.
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4.4 Contact topology and pulling experiments

In the previous sections, we discussed how pulling experiment can reveal the
signature of the underlying topology of the system. As far as the topology is concerned
the chemical nature of the protein and the contact free energies can be ignored.
However in a real pulling experiment, energies will show up as the probability of the
topologically allowed transitions. For simplicity we assume that the largest
contribution to the free energy of a transition comes from the interaction energy of
the contact that breaks during the transition. This is referred to as “contact energy” in
the following discussion. How do topology and contact energy guide the unfolding of a
protein whose inter-contacts relations can be described by the three relations: P, S
and X (the PXS proteins)?

Pulling molecules from their termini is often performed using optical
tweezers or AFM where the conformation of the protein is described by one measured
property, its end-to-end length. In pulling experiments, two chains with identical

contact length vectorLc(p) = L(Co(p)),p = 1:|¢|, and topology matrix will have a
similar unfolding length sets (Fig 4.4b). Chains with identical topology matrix (T) that
differ in their L, will have similar selection rules for transitions but the final measured
unfolding intermediate length sets will differ in general (Fig 4.4b i, iii).

For a chain with n contacts, assuming one-by-one dissociation of the contacts,
we will have n unfolding steps. At each unfolding step (e.g. step i ), a shortest path can
be defined for the system and the contacts belonging to the shortest path will form the
unfolding contact set U(i): VC,C' € U(i),CSC’' v CXC'. Contact topology matrix can be
used alternatively to find U(i). At unfolding step i, the contact energy and loading rate
will define the probability of a contact to open up. For any contact that does not
belong to U (), this probability is zero.

Two chains with similar topology, contact length vector and energy will
provide a similar unfolding length histogram when we perform pulling experiment.
Two chains with similar total length, and similar unfolding intermediate length set
and transition rules, will have to have the same topology.

4.5 Contact topology defines the unfolding of a complex protein

To test the applicability of the topological analysis presented above, we
performed mechanical unfolding of a single protein. Firefly luciferase (550 aa), is a
relatively large protein that is regarded as a model for complex proteins (> 100
residues). Such complex proteins may populate intermediates while folding or
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Topological determinants of protein folding and unfolding

unfolding. Here we perform mechanical unfolding and refolding experiment on
luciferase for the first time and compared our experimental observation with the
predictions of the topological analysis of the protein’s crystal structure (Fig 4.7a).
From the crystal structure, we can construct a contact map based on inter-
residue distance. A common choice is the distance between C= of the residues. The
contact map of luciferase is shown for inter residue distance less than 7A. The
residues that are in contact might be attracting or repelling each other. Interestingly
the distribution of the contact energies shows bimodality for luciferase and many
other proteins (Fig 4.7b,c). A subset of contacts can thus be distinguished with
significantly high contact energies (the red color peak in Fig 4.7c). Expectedly many of
these strong contacts are in close proximity of each other in the 2D contact map, as
they for instance belong to two interacting f-strands. This allows one to further
simplify the system by grouping the residue contacts into several contact sites (Fig
4.7¢). We call these clusters of inter residue contacts simply as “contacts” in the rest of
our discussion and perform the topological analysis on these contacts. The topology
matrix and the most probable unfolding path are presented in Fig 4.8b. The latter is
estimated using the topological relations between contacts and the contact energies.
When we pulled on a single luciferase with optical tweezers, we observe
different sequences of protein lengths. During the experiment we always start with
fully compact protein having a nearly zero end-to-end distance. After stretching, the
protein unfolds and end-to-end distance increases and finally it reaches ~ 198 nm
which is the contour length of the protein. In a simplest unfolding path, we observe a
single transition from 0 to 198 nm. In other cases one or more unfolding intermediate
lengths were visited. Putting all different paths together, we find that luciferase visited
eight unfolding intermediate lengths (Fig 4.8.a) each with a certain probability (Fig
4.8b black vertical drop lines). We also studied the length-length transitions and
found that some transitions are rare (or possibly forbidden) while others occur with
significant frequencies. When we compared the most probable path as predicted
theoretically with the observed lengths during experiment, we find a very good match
(Fig 4.8b red dashed lines). This agreement was robust when slightly different
distance cutoff or different clustering of the contacts was employed. We also do not
expect that different choices for aminoacid-aminoacid interaction energy affect the
outcome if the energy order of the contacts remains the same with different choices.
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Figure 4.7: Coarse-graining protocol for contact analysis. Crystal structure of the protein @) is
used to construct the contact map (b) based on a distance threshold. An interaction energy matrix {e.g.
Thomas Dill matrix) (c) is then used to filter out weak and repulsive contacts. Panel (d) shows that strong
contacts can be readily identified due to a natural clustering of the contact energies in luciferase and many
other proteins. The inset is the Thomas-Dill energy histogram of all the contacts within the protein. Two
populations of attractive contacts (negative energies) can be recognized from the shape of the histogram.
The peak an the left was used to construct the contact site map (e).

We note that the experimental data presented above is complex and such data
must be interpreted with care. For example some lengths are transiently visited while
others bear force on the order of 10s pN for seconds. Two different conformations
might have similar length (degenerate length-states) and therefore might be left
unresolved experimentally. It is hard to say if a transition is forbidden: experiments
must be repeated many times until a rare event is likely to be seen.
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Figure 4.8: Unfolding pathway of luciferase. (a) Experimental results from single molecule
unfolding with optical tweezers. The grey lines are the assigned worm-like chain models of the assigned
intermediates. They were found by fitting a subset of experiments containing 40 unfolding traces and used
for the whole set. (b) Histogram of the states were measured by two protocols: counting the states based on
the assigned intermediates (black vertical drop lines) and subtracting the DNA worm-like chain from a
selected subset of traces and counting and binning the protein lengths measured during the pulling cycle
with 50 Hz sampling rate (dark blue histogram). The dashed red lines are the predicted unfolding
intermediates based on the contact sites, their energy and topological relations.

4.6 Topological constraints on energy landscapes

Currently random energy landscape (REM) is commonly employed as a zerot
order approximation of free energylandscape for understanding the conformational
dynamics of random biopolymers [119]. For proteins, the formation energies of non
native interactions are often assumed to be distributed randomly, giving rise to a
rough energy landscape. Because native contacts are often significantly stabilizing,
there is a smooth overall slope in the energy landscape towards the native state of
proteins (funnel like landscape). When a protein is under force, its free energy
landscape will change: the unfolded conformation will have a reduced energy and the
transition barriers will be suppressed. This leads to overall tilting of the landscape.
The rate of transitions between states will therefore be altered under applied external
force.

From our discussion on topology, we know that transitions are not only
affected by the barrier energies, but also fundamental constrains will be introduced by
topology. It is therefore conceivable that topology acts as a complementary notion to
the notion of landscape in predicting the transitions.
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4.7 Chaperone assistance and topological modulation

Topological relations are expected (hypothesized) to guide protein folding
and be correlated with the folding rate in particular for complex proteins. Most
complex proteins are assisted by chaperones in their conformational search. All newly
synthesized proteins interact with trigger factor upon translation and likely after
release from the ribosome. Trigger Factor interacts with the clients with its
heterogeneous surface. A large fraction of them also interact with the DnaK system.
Recent proteomic studies revealed the interaction of many newly synthesized nascent
chains with Dnak.

a

Figure 4.9: Contact map of bi-molecular complexes and the corresponding reduced forms (a) the
effect of interaction can be reduced to an increase in the stability of an existing contact site. (b) The effect of
chaperone can be reduced to a new contact in the protein changing its topology.

Here we show how an interacting protein (e.g. chaperone) can act as a
topological modulator. A chaperone can interact with a client in three different ways:
(a) simply enclosing it within its cavity without any tight interaction (b) Interacting
with a large surface or segment of the chain and shielding it (¢) interaction via making
strong contact points. In the last case, at least two different scenarios are imaginable
(Fig 4.9). In one case, shown in Fig 4.9.a, the contact with the chaperone increases the
stability of an existing contact in the protein, leading to an effectively higher contact
energy. In another case, chaperone interaction with multiple sites on the protein can
be reduced to a protein model having additional contacts (Fig 4.9.b). The new contact
sites will bring new topological constraints to the system influencing its unfolding and

folding pathways.
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4.8 Conclusions

Contact topology is introduced for polymers with intra-molecular interactions.
It is proposed that the topology likely restrain the conformational search of proteins
and nucleic acids during folding and unfolding. The notion can be used to interpret the
complex data from single molecule pulling experiments.

4.9 Appendix
SI 4.1. B-B contact contact topology

Consider an protein consist of 4 beta strands and spacer loops (Fig S4.1a) and
assume that in the folded state of the protein, pair wise interactions of beta strands
are allowed to form beta sheets with two strands. Proteins tertiary fold can be partly
described by its B-B contact map. For our example protein, a number of conformations
are possible with different choice of interacting beta strand-pairs. Some of these
conformations are schematically illustrated in Fig S4.1b & c. By looking at the contact
map at different scales, we find a number of points: for example, the orientations of
the strands give a clear signature in the contact map with parallel strands displaying
lines parallel to the diagonal while anti-parallel strands display lines perpendicular to
the diagonal. The second interesting feature is the relation between beta sheets (or
simply contacts) as illustrated in the insets of Fig S4.1b & c. Similar relations can be
distinguished for -p contact as for inter-aminoacid contact in Fig 4.3.
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Figure S4.1: Arrangement of B-B contacts in a simple all B model protein. (a) structure of the
protein with four beta strands. (b,c) A few tertiary conformations of the protein are depicted with their
corresponding contact maps. Aminoacid contact maps are filtered to only contain 3-8 contacts. Contacts
between beta strands will appear differently depending on their orientation. The insets display the
topologies of the conformations. Conformations b and c belong to two different topological classes, P and S

respectively.
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Chaperones Trigger factor and Heat-Shock
Protein suppress entry into misfolded state

Off-pathway intermediates and kinetic traps can dramatically influence the
final yield and folding rate of complex proteins. Despite being a commonly accepted
notion, the literature on characterization of such intermediate states Is scarce. Here
we find an off-pathway intermediate in the folding pathway of model protein,
Juciferase which significantly reduces the yield of native protein. We show that
chaperones Trigger factor and heat shock protein Hsp70 can help luciferase to survive
the trapped state. This study provides a first single-molecule-level evidence for
chaperone suppression of an off-pathway intermediate in the folding of a protein.
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Chaperones Trigger factor and Heat-Shock Protein suppress entry into misfolded state

5.1 Introduction

The native states of structured proteins typically correspond to the structures

with highest thermodynamic stability [120]. For proteins of small size (60-100
residues), fundamental folding mechanism involves the interaction of a relatively
small number of residues to form a folding nucleus, about which the rest of the
structure condenses rapidly [121]. Despite a high degree of disorder, these nuclei
have the same overall topology as the native fold and will almost invariably be
converted to their corresponding native states. If these key interactions are not
formed, the protein cannot fold to a stable globular structure [122}. For larger
proteins, the folding process may lead to misfolding intermediates. For proteins with
more than about 100 residues, one or more intermediates are believed to be
populated during the folding process. These intermediates may assist the protein to
find its correct structure or they might act as traps that inhibit the folding process
[123-125]. Regardless of the role of these intermediates in folding, the physical
properties of the intermediates provide important insight into the folding of larger
proteins [126].
In contrast to on-pathway folding intermediates for which the structural features have
been extensively studied by a variety of techniques, including Chevron analysis (Fig
5.1.a), NMR spectroscopy and &-value analysis [127-133], the study of misfolded
metastable states remains a challenge. Few examples exist where an off-pathway
intermediate is described as being populated during a folding process [129, 134-136].
D1pPDZ is an example of a protein with a known off-pathway intermediate. The
folding process of D1pPDZ involves a kinetic competition between folding to the
native state and misfolding to a low-energy off-pathway intermediate. A kinetic
partitioning is observed between two folding pathways, one leading to the more stable
native state and the other to the less stable off-pathway intermediate [137]. The
misfolding state, like the one observed in D1pPDZ (95 residues), is likely to be rare in
small proteins, but it may become more common as the size of the protein increases
and its topology becomes more complex.

To understand the intermediate folds (both on- and off- pathway ones) we
studied Firefly luciferase (550 residues) with optical tweezers at the single molecule
level for the first time (Fig 5.1.a). Firefly luciferase is a 61-kDa (550 aa) multi domain
protein and the light-producing enzyme from the North American beetle Photinus
pyrali. It serves as a model substrate for protein folding and aggregation studies.
However its sensitivity to aggregation, made it difficult to address its folding pathway
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in bulk assays. Due to the kinetic competition between an on-pathway reaction
leading to the native state and detrimental pathways leading to irreversible
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Figure 5.1: Unfolding and refolding of luciferase (a) Structure of Firefly luciferase (1LCI). (b)
Unfolding from native state (N) to unfolded state (U). Force-extension curves of luciferase are recorded by
optical tweezers. The unfolding occurs in single- or multi step. (c) Length statistics for states (N = 203)
visited in the unfolding/refolding cycles. Three most populated states can be recognized: N, U and M. Other
intermediate states are populated with low frequencies and are grouped into [ and Iz categories. (d) Exit
from and entry into a state may occur at high force or zero force. (e) Refolding from unfolded state to M-
state. An example case is presented in which the protein refolded to M-state after being unfolded. The
statistics presented in (c) is split for unfolding (in panel f) and refolding (in panel g).

aggregation, reactivation yields close to unity can only be achieved at low temperature
and very low protein concentrations (Ruth Herbst et al, Biochemistry 37, 6586-6597,
1998). Chaperones are known to increase the folding yield of luciferase e.g. by
suppressing aggregation both in vivo and in vitro [138, 139]. In the following we
characterize folding pathway of luciferase and investigate the influence of chaperones
on Luciferase folding process.
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5.2 Single-molecule investigation of (un)folding intermediates of luciferase

Using optical tweezers, we induced the mechanical unfolding of luciferase by
stretching it from its termini with forces up to 65 pN. The unfolded protein (U;
contour length ~198 nm) was then relaxed to zero force and allowed to fold. Natively
folded luciferase (N) occasionally unfolds in a single step with an unfolding force of
about 40 pN. In most cases however, luciferase unfolding occurs through several
unfolding intermediates (Fig 5.1.b, c), some visited transiently while others could
withstand the applied force for up to seconds. When an unfolded protein was relaxed
to zero force, a subsequent pull after 5s waiting time resulted in a number of states
with different lengths (as identified by fitting worm-like chain model to the force-
extension traces). By looking at the frequency of the states visited during many
stretching/relaxation cycles (Fig 5.1c), we found a frequently populated medium-size
state (M-state) at a protein length of ~ 105 nm (~ 258 aa fold size).

During stretching/relaxation cycles, the states can be visited during unfolding
as well as refolding: in other words, “exit from” and “entry into” a state can both occur
at high force and both occur at low force in these experiments (Fig 5.1d). Entry into
M-state for example can occur via unfolding a protein state with shorter length than
M-state; it can also occur via folding of a protein state with a longer length (Fig 5.1€).

When we looked into unfolding experiments that start with a natively folded
luciferase (N) and end with fully unfolded protein (U), we find that the entry into M-
state via unfolding happens with a much less probability than for any other state (Fig
5.1f). When unfolded protein was allowed to refold at zero force for 5s, the entry into
M-state via refolding occurred with a higher probability than the entry into any other
state except for the natively folded protein (Fig 5.1g). From these observations, we
surmised that M-state could be a misfolded (trapped) state.

To test if the M-state is a kinetic trap, we monitored the time evolution of the
folding process. First we fully unfolded the luciferase, and then relaxed the unfolded
state to zero force. We then stretched the protein after 1 min waiting time. We found
that almost half of the cases the protein had entered the M-state. Even after 5 min
waiting time, the unfolded chain transited to and got trapped in this state in a
significant fraction of the chains tested (Fig 5.2a). Second, we monitored the time
evolution of the M-state. For this aim, we first generated the unfolded state via
unfolding and then allowed the unfolded state to enter M-state via refolding at zero
force. M-state was then characterized by stretching it and measuring its length.
However we did not attempt to unfold it with force. Instead the protein was relaxed to
zero force. When we stretched the protein after 5 s waiting time, in most cases, we

71



CHAPTER 4

a b
llﬂ?hh 5 10 LE]
| &
uwl L. i
Qo L : !l E__D_ l L‘l
WAL= s e gl | =
e 00 0 0 ©
E 7 ) (R HEEIA RS
s
= Ymin |
am | | i ‘i
08 { 5 min
E“" ! “ |
02 l | 90090
00 . J
O 0 00 @ @
, SIS | . S .

Figure 5.2: M-state is a kinetic trap. (a) Entry into M-state at zero force. luciferase has a densely
populated trapped state in its folding pathway as measured in single molecule level. Transition probability
of unfolded luciferase to different folded states is quantified as a function of time (b) Exit from M-state is
relatively infrequent at zero force i.e. M-state is kinetically stable, (c) Exit from M-state after 1 minute
waiting time at zero force. The protein is found to maintane its state in ~ 40% iof the cases after this long
waiting time. Comparing panels (b) and (c), it can be concluded that most exit events happen already after 5
seconds.

found it again in the M-state (Fig 5.2b). We performed similar experiment on other
intermediate states and found that the exit probability of M-state is significantly less
than the exit probability of other states at zero force. We then performed a similar
experiment on the M-state with 1 min waiting time and found that the exit probability
after 1 min is only slightly higher than the exit probability after 5 s waiting time.
Almost half of the proteins trapped in the M-state, did not exit it after a min waiting in
the absence of mechanical force. This indicates that M-state is a kinetic trap.

To estimate the mechanical stability of the M-state of luciferase, we
performed unfolding experiment on the M-state generated via refolding. We found
that unfolding of M-state occurs at forces much higher (p-value < 0.0001) than the
unfolding force of other intermediates (Fig 5.3). The mechanical stability of the M-
state is comparable to the mechanical stability of the natively folded luciferase.

Our data indicate that luciferase has an intermediate trapped state in its
folding pathway, which significantly slows down its folding even at the single
molecule level when the possibility for inter-molecular aggregation is eliminated. The
state shows a dramatic mechanical and kinetic stability.

(73

— ey

—

€ et I o~ =

& & »un wn




Chaperones Trigger factor and Heat-Shock Protein suppress entry into misfolded state

40 60
Foros (pN) Force (pN)

Figure 5.3: (a) Unfolding force histogram of nativeky folded luciferase. (b) Mechanical satability
of M-state. Exit from M-state under force requires a higher force than exit from other intermediates.

5.3 Chaperones suppress misfolding

We then asked if the presence of Trigger factor and the DnaK system help the
! system to skip the trapped state (Fig 5.4). Performing similar experiments in the
; presence of Trigger factor (1 pM) led to a significantly reduced probability of entry
into this state in the absence of force. For the protein states with this length, we
observed a reduced residence time (increased exit probability at zero force)
indicating that the state is destabilized. Additionally the state show a reduced
mechanical stability (~ 10 pN reduction in required force) when it was generated via
unfolding. Because the full conformational space of the protein is projected into one
(or two) parameter, we cannot rule out the possibility of a degenerate length state.
Trigger factor is expected to delay folding even in the absence of a misfolding state.
We note that in our experiment, a large number chaperones are available to interact
with one single luciferase molecule making the folding process relatively slow.

1 We observed similar influence for DnaK] system particularly when we
increased the ratio between DnaK and Dna). A reduced probability of entry into M-
state together with an increased exit probability hints at a reduced thermodynamic
stability of the M-state. The DnaK system, however, trapped the system in otherwise
transient intermediates which is understandable considering the heat shock activity of
the system (see chapter 6).
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Figure 5.4: Exit from and entry into M-state under the influence of chaperones DnaK and Trigger
factor (TF). KJE stands for DnaK, Dna], GrpE mixture. The concentrations of TF and DnaK were 1uM and 100
nM respectively. The co-chaperones were added with the specified molar ratios together with 1mM ATP. ()
Entry into M-state at zero force from U state is suppressed in the presence of chaperones (b) Exit from M-
state is promoted in the presence of chaperones.

5.4 Conclusion

Model protein luciferase often fold to a non-native conformation which is
mechanically and kinetically stable. We characterized this conformation by measuring
its end-to-end length, unfolding force, and refolding probability. We found that
chaperones TF and DnaK suppress entry into this non-native trapped state.
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Reshaping of a protein folding landscape by the
chaperone Trigger Factor

Protein folding is often described as a search process, in which polypeptides
explore different conformations to find their native structure. Molecular chaperones
are known to improve folding yields by suppressing aggregation between
polypeptides before this conformational search starts{140, 141], as well as rescue
misfolds after it ends[140, 142]. While chaperones have long been speculated to also
affect the conformational search itself, by reshaping the underlying folding landscape
along the folding trajectory[126, 143], direct experimental evidence has so far been
scarce. In Escherichia coli, the general chaperone Trigger Factor{144-146] (TF) could
play such a role. TF has been shown to interact with nascent chains at the
ribosome[147-149], delay their foldingf8 139, 150, 151]remain bound when the
polypeptides are released into the cytosolf139], and to interact with fully folded
proteins prior to their assembly into larger complexes[152]. To investigate the effect
of TF on the conformational search, we measured the folding dynamics of Maltose
Binding Protein (MBP) at the single-molecule level using optical tweezers. We show

Trigger Factor binds folded structures smaller than one MBP domain, which are then
stable for seconds and ultimately convert to the native state. Moreover, Trigger Factor
binding stimulates native folding by suppressing misfolding interactions between
domains In constructs of repeated MBP domains. These results indicate that Trigger
Factor induces or deepens valleys in the energy landscape, which directs folding
pathways along intermediates towards the native state and preempts competing
misfolding trajectories. As Trigger Factor interacts with most newly-synthesized
proteins in Escherichia coli, we expect these findings to be of general importance in
understanding protein folding pathways.
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Reshaping of a protein folding landscape by the chaperone Trigger Factor

6.1 Introduction

We used optical tweezers[153] to mechanically unfold single MBP molecules
and subsequently allow them to refold under controlled conditions in the presence
and absence of TF. This technique enables high resolution quantification of molecular
lengths and forces in real time, which can reveal folding transitions between
transiently stable protein structures as well as their resistance against forced
unfolding. Optical tweezers and Atomic Force Microscopy have been used to
characterize the folding dynamics of proteins in isolation[154] and of proteins that
interact with ligands[155] and metal ions[156], but rarely to address how folding is
affected by chaperones. We have previously shown that the chaperone SecB delays
folding initiation by maintaining proteins in the unfolded state, rather than
influencing the conformational dynamics along the folding pathway[18]. Here we
investigate how TF changes the folding dynamics of two proteins: the single-domain
MBP, which folds efficiently in isolation, and of an MBP repeat construct, which tends
to misfold. This approach allows us to explore how TF affects the folding transitions
within the single-domain MBP as well as misfolding between repeated MBP domains.

In the absence of any chaperone, stretching MBP molecules with optical
tweezers (Fig 6.1a) displayed a simple unfolding pattern involving two transitions[18]
(Fig 6.1b). At around 10 pN the measured protein length suddenly increased by 28 nm,
indicating the unfolding of a polypeptide segment of that length. The remaining
intermediate structure unfolded completely at around 22 pN, yielding the full MBP
length of 120 nm. After relaxation to zero force, the polypeptide chain was allowed to
refold during 5 s. Subsequent stretching typically showed either a fully folded or fully
unfolded state, as evidenced by a curve similar to the first or a curve lacking unfolding
features (refolding rate[18] ~ 0.7 s1), in line with a two-state folding process.
Analysis of many stretching curves showed that a small fraction displayed additional
protein states during unfolding (9% of observed states, #=215). In the distribution of
protein lengths, these states are seen as small but significant peaks between 40 and
110 nm, which are consistent with previous AFM unfolding data[157] (Fig 6.1d, stars).
The MBP native state thus contains a number of specific sub-structures that can be
transiently stable during unfolding in the absence of chaperone.

6.2 Reshaping the landscape of a single domain protein

In the presence of TF (1 pM, method S6.2) the first stretching curves were
unchanged, but subsequent stretching and relaxation data were quite different (Fig
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6.1c). The curves now frequently displayed the intermediate protein lengths that were
rare without chaperone, and consequently the small peaks in the length distribution
were substantially higher (Fig 6.1d, stars). The peaks were distinct, suggesting that in
different experiments the protein chains repeatedly adopted the same or similar
structures. We note that the broadness of some peaks, and the small unfolding
transitions observed occasionally, did indicate small structural variations. The
correspondence in peak positions for experiments with or without TF (Fig 6.1d, stars)
suggested that the structures were partial MBP folds defined predominantly by native
interactions, rather than by misfolding interactions or by the existing interactions
between MBP and TF.
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Figure 6.1: Trigger Factor promotes partial protein folds. (a) Schematic diagram of the set-up.
Maltose Binding Protein (MBP) is tethered between two beads: one is held on a position controlled
micropipette; the other is held by an optical trap that allows force detection. At the N-terminus MBP is
attached to a bead by a 920 nm-long DNA tether via streptavidin-biotin linkages. The DNA is attached to the
bead using antibody-digoxigenin linkages. At the C-terminus, MBP is attached to a bead via an antibody-
myc-tag connection. (b) Stretching-relaxation experiments in the absence of Trigger Factor. The force-
extension data shows one stable intermediate state Io in between the native state N and the unfolded state U,
two unfolding transitions at about 10 pN and 22 pN, and refolding at zero force. (c) Stretching-relaxation
experiments in the presence of Trigger Factor (1 uM) indicating additional stable states of intermediate
protein length. (d) Protein length distribution of stable states with and without Trigger Factor, as derived
from the force-extension data. Lengths are determined by fitting to the Worm-like chain model[158]. Error
bars indicate the standard deviation. The native, Io, and fully extended states correspond to lengths of about
0 nm, 28 nm, and 120 nm. The number of times a state with a certain length is visited is indicated as a

fraction of the total number of visits to all states.

To probe the stability of complexes between TF and partial MBP folds we
quantified the applied force at which they unfold. We found that the presence of TF
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increased the required force by almost two-fold (from 15 to 27 pN on average, Fig
6.2a). Some unfolding forces exceeded even 40 pN; significantly higher than the 2245
pN force at which the native state unfolds without chaperone. Note that the partial
MBP folds are flanked by two (or one) non-folded polypeptide segments. TF could
provide stabilization against applied force by binding to the folded MBP region, or by
simultaneously binding both flanking polypeptides, just where they emerge from the
folded structure. TF proteins that bind non-folded polypeptide away from the folded
structure cannot increase the folding force. If the MBP chain would not be folded but
sequestered on TF without tertiary structure, disruption of the complex would likely
be gradual and at low-force as observed for SecB[18]. The TF-stabilized partial folds
could unfold in different ways. The applied force could deform the complex as a whole
and hence trigger MBP unfolding. Alternatively, (partial) TF dissociation may occur
spontaneously, after which the unbound MBP structure unfolds by force. The latter
scenario would be consistent with reported TF-substrate lifetimes[159-162], which
are between 0.1 and 100 s, and thus of similar order as the stretching experiments
that last several seconds.

The protection against forced unfolding suggests TF may also stabilize partial
folds in the absence of force, and thus affect folding to the native state. To address this
issue we analyzed folding transitions during the 5 s waiting periods at zero force in
the presence of TF, by comparing protein lengths before and after this period (see Fig
6.2b-¢). Sometimes, the protein length increased (14%, N=33) or remained constant
(22%; Fig 6.2d, experiment 2, denoted as 2d-2), indicating the folded structure had
unfolded or remained stable respectively. Most often however (64%) the protein
length decreased, indicating that a larger part of the protein chain had become folded.
We observed the full range of these refolding tramsitions: from unfolded to an
intermediate length (Fig 6.2e-2), from one intermediate length to a shorter one (Fig
6.2c-2) and onwards to the native length (Fig 6.2c-4 and 2b-2). Given the 5 s waiting
period, the average lifetime of TF-promoted partial folds is thus in the order of
seconds[163]. These visits to partial folds decreased the overall folding rate,
consistent with bulk studies[139, 151, 159]. The partially folded states were not
observed during refolding in the absence of TF, suggesting they were either visited too
briefly to be detected, or did not form at all. In the absence of applied force, TF thus
transiently stabilized partial folds, resulting in a slow step-wise refolding v7a these
partial folds. To test the generality of these central findings we performed
experiments on a different substrate, namely the protein luciferase, which showed
similar results,
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Figure 6.2: Trigger Factor stabilizes partial folds and mediates folding transitions. (a) Distribution
of forces maximally sustained by partial MBP folds (protein lengths between 40 and 110 nm). In the
presence (dark blue) of Trigger Factor (TF) the forces are higher than in its absence (light blue), indicating
protection against forced unfolding. (b-e) Transitions between folded states with TF. In diagrams, circles
represent protein states, with white the fully extended state and black the most compact state. Arrows
represent transitions between these states during stretching (high force) or relaxation followed by waiting
at zero force for 5 s. (zero force). Numbers indicate the order of experiments. At high force, proteins
typically unfold but can also remain intact (panel c, experiment 3, denoted as c-3). At zero force the data
shows the full spectrum of folding transitions: from unfolded to intermediate (e-2), from intermediate to
another intermediate (c-2), and from intermediate to native (c-4 and b-2), as evidenced by subsequent
characteristic unfolding pattern (b-3). The protein length can also remain unchanged (d-2). For clarity, the
stretching-relaxation behaviour of fully unfolded protein with DNA tether is indicated by a black line. (f)
Average probabilities of decreasing, maintaining, or increasing the protein length in the stretching (high
force) and relaxation (zero force) experiments with TF, starting from any intermediate MBP fold (panel b-

e).

Two main lines of evidence indicate that TF-mediated folding leads to the
native structure. First, we found MBP function is restored after chemical denaturing
and refolding in the presence of TF in a bulk assay, as tested by amylose binding (Fig
6.3a). Second, after unfolding by force and relaxation, subsequent stretching
experiments displaying the characteristic two-step native unfolding pattern (Fig 6.1b)
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indicated that MBP had refolded to the native state (Fig 6.2b-3). Once MBP is folded
natively, we find that it binds TF only weakly or not at all. This can be seen in the
optical tweezers experiments, where the first stretching curve showed the same
unfolding pattern and unfolding force; with or without TF. A bulk column retardation
assay further confirmed this lack of interaction (Fig 6.3c). As observed previously (Fig
6.2a), partial folds do interact with TF. To obtain further evidence that TF interacts
with folding intermediates in bulk experiments, we purified MBP constructs that are
truncated and thus cannot form the full MBP native state but can form partially folded
structures (Fig 6.3b). In contrast with the full-length MBP, we found TF indeed binds
these truncates in column retardation assays (Fig 6.3c). Binding of TF to an MBP
truncate was further demonstrated in thermal unfolding experiments using FTIR,
which showed that TF significantly suppressed heat-induced protein aggregation (Fig
6.3d). Overall, the data indicated that TF remains associated with MBP along the
folding pathway until it reaches the native state.

6.3 Reshaping the landscape of a multi-domain protein

We hypothesized that TF association could be particularly beneficial for
complex multi-domain proteins, which can suffer from misfolding interactions
between domains. To test this hypothesis, we performed stretching experiments on a
construct composed of four MBP repeats (MBP4). When unfolded MBP4 was relaxed in
the absence of chaperone, subsequent stretching typically showed it had become
similarly compact as native MBP, but then failed to unfold[18] (Fig 6.5a). This
suggested that tight misfolding interactions had formed between domains. When
unfolding did occur, the length increases were typically more than one full-length
domain (370 residues). This large step-size again indicated interactions between
domains, though less tight. Occasionally we observed signatures of native-like folds
involving just one domain, with unfolding forces below 30 pN and length changes
smaller than one MBP repeat. Overall, we found that the major part of the protein
chain (73% on average, /=41 stretching curves) was involved in tight (35%) or weak
(38%) misfolding interactions, and the rest (27%) in native interactions (Fig 6.5b).
These data indicate a strong tendency for MBP, to misfold.
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Figure 6.3: Trigger Factor binds partially folded states, not the native state (a) Bulk refolding and
functional assay of MBP, Indicated is the amount of protein specifically bound to amylose, @ mimic of the
natural MBP substrate maltose, after chemical denaturation and subsequent refolding without and with
Trigger Factor (TF). See Method $6.3. (b) Constructed MBP truncates in purple and red, with red indicating
their C- and N-termini. See Method $6.1, Fig 6.4a, and Fig 6.4b. (c) TF binding to MBP truncates. All three
MBP truncates bind TF, natively folded MBP (WT) does not. See Methods S$4 and S5. (d) Thermal
aggregation assay. Displayed is an FTIR signal that indicates the amount of precipitated MBP truncate nr. 3
(panel b) as a function of temperature, in the absence (red) and presence (orange) of TF. See Method S6.6.
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Figure 6.4: (a) Determination of MBP truncates that can fold only partially. Points are residue
contact map of MBP (residue pairs within 7 A of the crystal structure, see method S6.1). Residue contacts
within 20 positions in sequence (along the diagonal) are omitted for clarity. Red points: Five most stable
contact regions, as determined by adding energies of neighbouring contacts (method S6.1). For each contact
region, one can consider the polypeptide segment in between the residues that form the contact region. The
black lines indicate the lengths of these polypeptide segments. Each of these five polypeptide segments
forms a sub-structure within the larger MBP crystal structure (Panel b). Three of these five polypeptide
segments (truncates) were purified (indicated by the three shaded regions (method S6.4). Residue
positions are for mature MBP lacking the signal sequence. Beta-sheet (black) and alpha-helices (green) are
shown along axis. Inset: measured length distribution of folds (Fig 6.1d). Protein lengths of the five
polypeptide segments as determined by the contact map analysis are indicated by the drawn black lines.
Dashed lines: protein lengths for native, Io, and fully unfolded states. (b) MBP sub-structures. In red are
indicated the five MBP contact regions as determined by the contact map analysis (method §6.1). Purple
indicates the polypeptide segment in between the residues forming the contact regions. Each panel shows
one such sub-structure: /) residues 7-62 and calculated length, L ~ 105 nm ) residues 112-228, L. ~ 84 nm
i) residues 114-247, L ~ 78 nm fv) residues 104-266, L ~ 69 nm ¥) residues 57-267, L ~ 53 nm. vi)
residues 1-279, L ~ 92 nm. Residue numbers are for mature MBP lacking the signal sequence.

In the presence of TF, the first stretching curve on fresh MBP, was similar to
curves without TF. However, subsequent stretching of the same construct after
relaxation showed marked differences (Fig 6.5a). Strikingly, with TF present, although
weak misfolding interactions were still substantial (35%), the tight misfolds that
failed to unfold were only rarely observed (less than 4%). The majority of the protein
chain was now involved in native unfolding signatures (61%, N=55, Fig 6.5b). As a
result, over 10 unfolding-refolding cycles on one construct could sometimes be
followed, contrasting with maximum of 3 cycles due to tight misfolding in the absence
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Figure 6.5: Trigger Factor suppresses misfolding between domains. (a) Force-extension curves
for a four MBP repeat construct, with and without Trigger Factor (TF, 1 uM). See figure 6.2 caption for
bottom diagram description. Without TF: after unfolding (experiment 1, orange), relaxation (2, blue),
waiting at zero force for 5 seconds, stretching (3, bright red) shows no unfolding, indicating tight misfolding
interactions between domains. With TF: after relaxation (4, green), waiting at zero force, stretching (5, dark
red) showed extension changes characteristic of native interactions (e.g. at ~1.23 pm), and weak non-native
interactions (at ~1.10 pm), but no tight ones. (b) Misfolded and folded fractions with and without Trigger
Factor. Indicated are the fractions of the polypeptide length involved in native, weak, and tight misfolding
interactions (see main text). Data is derived from multiple force-distance curves (M=41 without, A=55 with
Trigger Factor) (c) Bulk refolding and functional assay of the multi-domain protein. Indicated is the amount
of protein specifically bound to amylose, after chemical denaturation and subsequent refolding without and
with Trigger Factor, and with the protein BSA (see Method 6.3, Fig 6.4b). (d) Cartoon of folding landscape
reshaping by TF. Left: without chaperone, interactions between domains leads to efficient misfolding in
multi-domain protein. Right: TF binding induces or deepens energy valleys, resulting in barriers to
misfolding between domains in particular, and hence promoting native folding. This observed ability to
distinguish native from non-native folding may be understood in kinetic terms: for residues within a
domain to interact, partial unbinding of one TF may be sufficient, leading to a minor barrier. For more
distant residues in different domains to interact, two TF monomers may need to unbind, leading to more

significant kinetic barriers.

of TF. We further probed native refolding of MBP, in a bulk assay, which showed that
in the absence of chaperone MBP, failed to refold to a functional state, while the
presence of TF restored native folding, as shown by a more than 10-fold increase in
amylose binding ability (Fig 6.5¢, method S6.3). A control experiment where TF was
exchanged with Bovine serum albumin (BSA) again led to misfolding and an inability
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to bind amylose, indicating the TF effect is specific and not due to generic phenomena
such as molecular crowding. We note that while vectorial synthesis and co-
translational folding may in principle also suppress misfolding between
domains[164], TF-interactions delay folding until nascent chain lengths are well
beyond the average size of one domain[151]. Thus, the propensity of TF to promote
native folding within domains while suppressing long range interactions is of central
importance to de novo protein folding.

6.4 Conclusion

Together, our results indicate a conformational search and folding energy
landscape that are profoundly affected by TF (Fig 6.5d). The observed stabilization of
unfolded and partially folded states shows that TF induces energy valleys or deepens
existing ones, which directs folding pathways along them to the lower-energy native
state. TF is known to have a highly flexible structure and heterogeneous surface[144],
which could allow TF to remain associated with the substrate as it undergoes
sequential reorganizations during folding. Interestingly, the data suggest a simple
mechanism by which TF resolves the generic chaperone challenge of distinguishing
native from misfolding contacts: by interacting with a region of the polypeptide, TF
effectively promotes local native contacts by shielding this region from misfolding
interactions with distant regions, hence allowing domains to fold quasi-independently
from the rest. Given the minimal requirements for this mechanism, it is intriguing to
consider whether it is employed by other chaperone systems as well.

In summary, our study has shown that chaperones can directly influence the
conformational search of polypeptides toward their native state. By reshaping the
folding energy landscape, folding trajectories are channeled towards native folds and
away from misfolds. The broad spectrum of newly synthesized protein chains that
interact with TF in £ coli suggests that reshaping of the folding landscape by TF is of
general importance in understanding the protein folding problem.
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6.5 Appendix

Method $6.1: Contact map with high energy contact regions

The 3D conformation of MBP (PDB: 1jw4) can be represented in a
symmetrical, square, boolean adjacency matrix (4;) of pairwise, inter-residue contacts.
Ay was constructed using a threshold of 7A in spatial distance between the residue’s
Cq atom. Nearest neighbour contacts, with a distance d(4y, A1) = ((i-k)2+(j-1)2)1/2 of
less than 2, were considered to form a single contact region. The shortest range
interactions, between residues spaced less than 20 residues along the polypeptide,
were not considered. The stability of the contact regions was crudely estimated by
summing the empirical Thomas-Dill energies [165] of all the residue-residue contacts
within that region. The residues involved in the 5 most stable contact regions are
indicated in red in Fig 6.4b. These contact residues define the ends of a sub-structure,
as indicated in purple (Fig 6.4b). 4 of the 5 sub-structures are nested, such that for
instance one large sub-structure (Fig 6.4b, panel v) encompasses 3 other sub-
structures (Fig 6.4b, panels ii, iii, and iv). One of the stable sub-structures is
independent of the others (Fig 6.4b, panel i). One may consider that two independent
sub-structures are present simultaneously, and either interact and thus forming one
larger fold (e.g. Fig 6.4b panels i and v, which together form the core state), or two

distinct folds.

Method $6.2: Trigger Factor expression and purification

Trigger Factor with a Ulpl-cleavable N-terminal His6-SUMO tag was
expressed from vector pCA528-tig in BL21 DE3Atig:Kan by induction with 1 mM
isopropyl-1-thio-B-D-galactopyranoside at 30 °C. The protein was purified using Ni-
IDA matrix (Protino; Macherey-Nagel, Diiren, Germany); eluted material was
supplemented with His6-Ulp1 protease, dialyzed overnight, and contaminants were
removed by incubation with Ni-IDA matrix and subsequent anion-exchange
chromatography (Resource Q, GE Healthcare).

Method $6.3: Bulk MBP and MBP, refolding assay

2.5 uM MBP, respective 10 uM MBP was denatured by incubation in RF buffer
(50 mM HEPES-KOH, pH7.5, 100 mM KCl, 5 mM MgCl;) containing 8 M urea at 37°C
temperature for 12 hours and subsequently for 5 min at 60 °C. Samples were diluted
1:10 in RF buffer in the absence or presence of Trigger Factor (2 uM) in a final volume
of 50 ul and incubated for 15 min at 30°C. 40 pl amylose magnetic beads (NEB)
equilibrated in RF buffer was added and samples were incubated at 4 °C for 15 min.
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Resin was washed four times in 1 ml RF buffer and bound MBP or MBP was eluted by
resuspending the resin in 40 pl RF buffer containing 20 mM maltose followed by
centrifugation and collection of the supernatant. Samples were subjected to SDS-PAGE
followed by silver staining. Protein bands corresponding to the MBP proteins were
quantified using Image Gauge (FUJIFILM Science Lab).

Method S6.4: Expression and purification of N-terminally bictinylated MBP
truncates

N-terminally biotinylated MBP fragments were expressed as hybrid proteins
consisting of an Ulpl-cleavable N-terminal His1o-SUMO tag followed by a TEV
protease-cleavage site, an AviTag (Avidity, LCC, Aurora, Colorado, USA), which is
biotinylated in vivo, and the respective MBP fragment. Proteins were expressed in £.
coli BL21 cells harboring pBirAcm, an IPTG inducible plasmid with an extra copy of
the birA gene encoding biotin ligase (Avidity, LCC, Aurora, Colorado, USA) in LB
medium supplemented with 20 mg/l Biotin, 20 mg/l Kanamycin, 10 mg/]
Chloramphenicol, 0,2% glucose. Cells were lysed in denaturing buffer D containing 20
mM Tris-HCl pH 7.5, 0.2 M NaCl, 8M urea, the lysate was incubated at RT for 1 hour,
cleared from cell debris by centrifugation at 35.000 g for 30 min and incubated with
Ni-IDA matrix (Protino; Macherey-Nagel, Diiren, Germany) for 30 min. The matrix was
washed extensively with buffer D followed by several washing steps in refolding
buffer R (20 mM Tris-HCl pH 7.5, 0.2 M NaCl, 1M urea) and finally buffer MBP (20 mM
Tris-HC] pH 7.5, 0.2 M NaCl). Hybrid proteins were eluted in buffer MBP containing
500 mM imidazole. The eluate was supplemented with His6-Ulp1 protease, dialyzed
overnight in 20 mM Tris-HCl pH 7.5, 0.2 M NaCl, 10% glycerol, and remaining
contaminants (His6-Ulpl protease and His;o-SUMO) were removed by incubation
with Ni-IDA matrix.

Method S6.5: Interaction studies of TF with MBP and MBP truncates

Saturating amounts of N-terminally biotinylated MBP or MBP truncates were
immobilized by incubation with 150 ul Streptactin Sepharose (IBA GmBH, Géttingen,
Germany) for 15 min at 4°C in MBP buffer (20 mM Tris-HCI pH 7.5, 0.2 M NaCl).
Unbound protein was removed by repetitive washing steps using MBP buffer. TF
interaction with immobilized MBP or MBP truncates was studied by a one-hour
incubation with purified TF (5uM) at room temperature followed by 5 times washing
for 5 min in MBP buffer supplemented with 0.1% NP40. Bound TF was eluted by
boiling in SDS sample buffer (125 mM Tris-HCl pH 6.8, 3% SDS, 3% beta-
mercaptoethanol, 0.01% bromophenol blue, 10% glycerol) for 5 min. Detection of TF
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was done by standard western blotting procedure using TF-specific polyclonal
antibodies from rabbit (lab collection).

Method S6.6: FTIR measurements

An MBP truncate (residues 57-267, see Fig 6.4b panel v) was purified as
described above except that hybrid protein was directly digested while bound to the
IDA matrix by over night incubation with the His6-Ulpl protease in buffer MBP (20
mM Tris-HCl pH 7.5, 0.2 M NaCl). The eluate containing the biotinylated MBP truncate
free of the SUMO-tag and the protease (both were His-tagged and remained bound to
the affinity matrix) was concentrated using Vivaspin concentrators (Sartorius AG,
Gottingen, Germany) to a concentration of 2 mg/ml and dialyzed overnight at 4°C in
20 mM Tris-HCl pH 7.5, 0.2 M NaCl, 10% glycerol.

For FTIR measurements, purified TF and the MBP truncate were dialyzed in
separate dialysis bags in the same buffer container to exclude any buffer differences.
After dialysis, concentrations of TF and MBP fragment were determined using the
Biorad Protein Assay and FTIR measurements were performed at 1:1 stoichiometry at
protein concentrations of approximately 30 uM.

FTIR spectra were taken from 20 to 60 °C using Bruker Tensor27
instrumentation (Bruker GmBH., Karlsruhe, Germany) equipped with BioATRCell I1.
For each specta, 60 scans were conducted over a range from 3.000 to 1.000 cm-.
Between each series of scans, temperature was raised by 1 °C followed by an
equilibration time of 2 min. Spectra were corrected by subtraction of the background
water spectrum, compensation for water vapor, and analysed by determining the area
under the amide I band.
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Molecular mechanism of the DnaK chaperone
system: insights from single molecule
measurements

The DnaK system Is the main heat-shock and ATP-depletion stress response
system in E. coli. Previous studies have shown that DnaK and its co-chaperone Dnaj
interact with unfolded proteins, protecting them from aggregation, Evidence exists for
Interactions of partially folded proteins with DnaK, but the binding sites are believed
to be the unfolded stretches within the partially folded client We show --using single-
molecule pulling experiments-- that DnaK binds folded structures in partially folded
proteins and protects them against unfolding. We find that DnaK requires nucleotide
binding for this function, and its interaction with the folded structures involves the
substrate binding groove known to be the interaction site for the unfolded stretches.
Our findings allow us to propose a new model for the function of the DnaK system.
The observed preservation of the protein folds against unfolding is beneficial for cells
under external stresses because refolding of a fully unfolded protein is more difficult
that refolding of a partially unfolded state with intact native tertiary elements.
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7.1 Introduction

The70-kDa heat shock protein (Hsp70s, also called DnaK) is an ATP driven
chaperone known to influence the folding of a wide range of proteins and to be a
central actor in a number of cellular stress responses. It is over-expressed to 12-20%
of the total cellular proteins in response to ATP depletion stress (hypoxia, metabolic
stress) and thermal stress (heat and cold). DnaK also performs critical chaperone
functions in the absence of environmental stress and has a significant basal expression
level which amounts to ~ 2% of the total proteins. Depletion of DnaK in Escherichia
coli mutants lacking the chaperone Trigger Factor leads to substantial aggregation of
cytoplasmic proteins [8]. Co-immuno-precipitation showed a range of DnaK clients
with varying association timescales (O(sec)-0(10 min)), some appeared to be full
length proteins in this analysis and some appeared as newly translated nascent chains.
The fraction of the newly synthesized proteins that interact transiently with DnaK is
estimated to be 26-39% [166].

Exposure of some tertiary folded conformers of proteins to the DnaK system
reportedly leads to unfolding of those proteins [136, 167] (Fig 7.1a). An example is
the unfolding of helical segment of transcription factor sigma 32. The DnaK system
also binds aggregates of Glucose-6-phosphate dehydrogenase (G6PDH) [168] and
dissolves them leading to reactivation [169].

Based on crystallographic analysis and peptide library screening [170, 171],
peptides were shown to bind through transient association of short hydrophobic
segments with the C-terminal domain of DnaK, the substrate binding domain (SBD):
SBD is composed of a binding groove and a lid that closes over the peptide upon ATP
hydrolysis (Fig 7.1a). These observations led to the widely accepted notion that the
substrate to DnaK is a short extended protein chain that is liberated from folded
proteins by thermal excitation. This interpretation has recently been challenged based
on geometric arguments: for a DnaK to bind a peptide stretch, the client protein has to
unfold extensively to provide appropriate geometry for binding for the hydrophobic
stretch (Fig 7.1.a). This is entropically an unlikely event [35]. Using electron
paramagnetic resonance spectroscopy and spin labeled DnaK (labeled lid and 3-sheet
cavity) it has been shown that the lid may not close over bound proteins (Fig 7.1.b),
and remains in a more open state that may accommodate regions with substantial
tertiary structure [35]. There is some evidence for the interaction of the DnaK system
with natively folded P1 RepA, Sigma Factor 32 (at high temperature) and Auxilin
[172-175]. Furthermore, quantitative proteomics revealed that DnaK interacts with at
least hundreds of newly synthesized or pre-existing cytosolic proteins [166].
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Previous effort has provided important insights on the structure and
functioning of the DnaK system. However, a number of fundamental questions have
not yet been fully answered: What conformations are adopted by the clients and the
chaperone when they are in a complex? What is the role of nuclectides and ATP cycle?
What are the functional roles of the co-chaperones? How does the system affect

protein folding and unfolding processes in healthy state and under heat and ATP-
depletion stresses?

ATPase

Thermal denaturation

1 ATP hydrolysls

Figure 7.1: Schematic illustration of DnaK conformational states (a) DnaK is composed of an
ATPase domain and a substrate binding domain (SBD) with a lid that closes over the peptide substrate. In
this model, DnaK/ATP adopts an open conformation and can bind and accommodate unfolded proteins.
This is achieved by ATP hydrolysis that results in closing of the binding cavity. Folded protein does not
interact with the chaperone unless its is partly unfolded. In this picture DnaK can be regarded as an

unfoldase [136]. (b) DnaK in the ADP state is reported to be a structurally degenerate system with three
conformations being in equilibrium.

Optical tweezers and Atomic Force Microscopy have been used to
characterize the folding dynamics of proteins in isolation and of proteins that interact
with ligands and metal ions, but rarely to address how folding is affected by
chaperones. Here we investigate how the DnaK system changes the folding dynamics
of two proteins: the single-domain maltose binding protein (MBP), which folds
efficiently in isolation, and of an MBP repeat construct, which tends to misfold. This
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approach allows us to explore how the DnaK system affects the folding transitions
within the single-domain MBP as well as misfolding between repeated MBP domains.
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Figure 7.2: Experimental protocol. Two types of experiments were performed using an optical
tweezers setup (a), both starting with a few cycles of stretching, unfolding and relaxation of the unfolded
protein in the absence of chaperones with 55 waiting times between the cycles. Force-time plots (b, d)
illustrate the sequence of events in our experiments. After these cycles, the unfolded chain was then (d)
kept under force to avoid refoiding or (b) was brought to zero force. The chaperones were infused and the
cycles were repeated with 5 s waiting times. Panels (c) and (e) show the force extension plots recorded for
DnaK/ADP experiments performed following the described protocol. The stars indicate the unfolding
transitions. Note that DNA handle melts and displays apparent elongation at ~ 65 pN, a process which is
known as overstretching transition (c).

7.2 Single-molecule experiment

The experiments described in this chapter follow a common protocol: after a
tether is established, it is repeatedly stretched and released in the absence of
chaperone with 5 s waiting times between unfolding/relaxation cycles (Fig 7.2). The
protein unfolds during stretching in one (at ~ 20 pN) or two steps (at ~10pN and ~20
pN) (stars in Fig 7.2 c and d). Refolding typically occurs after 5 s waiting time. After
proper unfolding and refolding is established, chaperones are injected at a specific
phase of the stretching/relaxation cycle.
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First we injected DnaK (1uM)/ADP (1mM) solution while keeping the
unfolded protein under force to avoid refolding. When the chaperone was present we
relaxed the tether to zero force and stretched it again. We observed that the recorded
force extension curve followed the expected one of an unfolded protein (Fig 7.3c).
This means that DnaK/ADP interacts with the unfolded chain and thereby prevents its
refolding. This is in agreement with the previous observations that DnaK/ADP
interacts with peptide stretches with a low off-rate.

In a second experiment with DnaK/ADP, we relaxed the tether to zero force
right before injection of chaperones. Thus the protein was allowed to refold in the
presence of DnaK/ADP. When we stretched the protein we found that the protein
length was shorter than the length of a fully unfolded protein and in some cases it was
as short as the natively folded protein (Fig 7.3c). Interestingly the protein did not
unfold under force up to 65 pN and we could record overstretching (melting) of the
double stranded DNA handle. In the experiments explained above in which the protein
was kept under force during DnaK/ADP injection, we had similar observation with
long waiting times at zero force. After long incubation time (of the order of minutes)
at zero force the unfolded protein had a chance to exit this state and populate a folded
state in the presence of DnaK/ADP. The folded protein displayed resistance against
force and unfolding did not occur before melting of the double stranded DNA handle.
These observations suggest that DnaK/ADP interacts with parts of proteins with
significant tertiary fold. We do not know the structure of the folded protein parts and
whether they have native-like or non-native conformations.

After DnaK/ADP experiment, we asked what would happen if GrpE (the
nucleotide exchange factor) was present. As discussed above DnaK/ADP prevents
folding of unfolded protein. Upon addition of GrpE (in the absence of ATP and in the
presence of ADP), unfolded protein could fold and an intermediate protein length was
recorded with a length between the native state and the unfolded protein. When the
partially folded protein intermediate was relaxed to zero force, it
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Figure 7.3: Overview of the effect of the DnaK system on single MBP refolding and unfolding. After
being unfolded in the absence of chaperones (a), MBP was pulled in the presence of chaperones with 5 s
waiting times between consecutive pulls. Two representative pulls are shown in red and blue for each
experimental condition (b-f). Grey and black lines are worm-like chain (WLC) models[158] in
correspondence with DNA handle and DNA/unfolded MBP construct respectively. During the injection of
the chaperone, the tether was relaxed to zero force. In one case (green trace in panel ¢, the DnaK/ADP
experiment) however, the unfolded protein was kept under 5pN force during the injection of the chaperone.

did not exit the state for many cycles and no further shortening was observed. When
we stretched it to high forces, we sometimes observed protection against force while
in other cases it unfolded at force below 20 pN. The observed increased probability of
folding of the fully unfolded state is consistent with the competitive binding of GrpE to
DnaK. Apparently MBP and GrpE compete for binding to DnaK, resulting in reduced
probability of DnaK induced suppression of MBP refolding. Moreover GrpE increases
the off-rate of client bound DnaK in the ADP state, which can be an alternative
explanation for our observation. Interestingly, our data suggests that the off-rate of
DnaK/ADP does not increase in the presence of GrpE when the substrate has tertiary
structure.

The observed interaction between tertiary folded MBP structures with
DnaK/ADP raises the question about the location of this interaction on DnaK (Fig 7.4c
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1-3). In particular we ask whether this interaction depends on the substrate binding
domain of DnaK and on the known peptide binding groove. To test this, we did a
similar experiment with a peptide binding defective mutant of DnaK (V436F) in which
a valine residing at the border of peptide binding groove is replaced with
phenylalanine, an aminoacid with bulky side chain (Fig 7.4c-4). The size and
orientation of the phenylalanine are thought to lead to the occupancy of the significant
interior space of the peptide binding cleft, abolishing its interaction with client
peptides (Mayer, NSMB 2000).

For experiments with DnaK mutant and ADP, we first unfolded MBP in the
absence of the chaperone and then the chaperone was injected while the tether was
under zero force. We observed that unfolded MBP refolds with a refolding rate
(folding probability ~ 90%) comparable to the refolding rate in the absence of
chaperone. This result indicates that DnaK mutant in the ADP state cannot interact
with unfolded MBP, which is in agreement with previous reports that the chaperone
cannot interact with peptide stretches. When the folded MBP with a zero end-to-end
length was stretched, we observed a partial unfolding at a force comparable to the
unfolding force of natively folded MBP (Fig 7.3d). This is in contrast to wild type
DnaK/ADP that protects this state against force (Fig 7.3c). However, in both cases, we
observe proteins with intermediate length (shorter than fully unfolded and longer
than fully folded) that are stable against mechanical unfolding. These observations
suggest that similar to DnaK/ADP, the mutant DnaK/ADP interacts with parts of
protein with significant tertiary fold. The substrate binding site of DnaK is found to be
affected by the mutation which indicates that it is likely located in the same region as
the peptide binding groove. In the experiments with mutant DnaK, we observed that
some of the emerged intermediate folds were present transiently during stretching
and unfolding and were less stable against force. This could be explained by possible
higher off-rate of mutant DnaK as compared to the wild type DnaK. Upon dissociation
of mutant DnaK/folded substrate, the tertiary folded part cannot bear the force any
longer and will be unfolded mechanically (Fig 7.4a).

An important question is the role of nucleotide. Therefore we performed
similar experiments with Apo-DnaK (i.e. DnaK in the absence of nucleotide) and
DnaK/ATP. When we incubated the unfolded protein with Apo DnaK at zero force, the
next stretching resulted in only two states: the protein was either in the fully unfolded
state or in the fully compact state with zero end-to-end length. We observed no
intermediate lengths either during refolding or the subsequent unfolding. This is
qualitatively similar to the behavior of the protein in the absence of the chaperone.
However, the probability of refolding was dramatically reduced from ~ 80% to ~ 50%,
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which indicates that Apo-DnaK interacts with the unfolded protein while we have no

evidence for its interaction with tertiary folded parts (Fig 7.3b).

Figure 7.4: Small folds are populated and stabilized by mutant DnaK/ADP (a) a force extension
plot demonstrating transient and mechanically-stable long-living intermediates populated in the presence
of DnaK mutant and ADP. The region in orange highlights a force regime well above unfolding force of the
protein without chaperone. (b) The unfolding force of the native length protein, demonstrating that
occupying the cavity does not permit the stabilization of these large folds. The inset is a quantile-quantile
piot of the force distributions in the absence of chaperone and DnaKV436f/ADP showing a linear relationship
which indicates the similarity of the two distributions. (¢) Hypothetical binding modes (1-3) for interaction
of a folded substrate with DnaK/ADP. (4) illustrates the DnaK mutant used to demonstrate that mode (1) is

likely the correct model and to rule out the two other possibilities.

When DnaK/ATP was injected, we typically observed transient population of
states with intermediate length (Fig 7.3¢). In some cases we also observed the protein
in fully compact or partly folded state with significant stability against force. In the
absence of any nucleotide, MBP populates only two states in the stretching/relaxation
experiment: the unfolded state and the fully folded state. No intermediate folds are
populated and the folded states show the unfolding force and pattern of a native MBP
in the absence of chaperone. We conclude that Apo DnaK does not interact with fully
folded MBP or folded parts of MBP.

Next we asked whether DnaK interacts with unfolded MBP and how this
interaction is affected in the presence of different nucleotides. If a chaperone interacts
and protects the extended state and partially folded states of MBP, its effect on the
folding rate will be a dramatic slowing down of the folding process. With 5s waiting
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between the pulling cycles, we expect to see refolding in ~ 80% of the unfolded chains
in the absence of chaperone. With DnaK/ADP this is reduced several fold (Fig 7.5, first
bar on the left). For V436F-DnaK/ADP, we did not observe a significant reduction in
refolding probability of the extended chain (folding probability = 0.9). Mixture of
DnaK with ATP shows a significant fold growth within 5s waiting time from an
unfolded state and an enhanced population of intermediate states. DnaK without any
nucleotide significantly interacts with the extended polypeptide. Consequently the
refolding rate is reduced in the presence of DnaK without nucleotide (Fig 7.5).
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Figure 7.5: DnaK effect depends on the nucleotide state. The bar plot shows the fraction of
unfolded proteins that fold partially or completely in the presence of DnaK (in blue) and different

nucleotides. In red we see the fraction of the unfolded proteins that remain in the unfolded state after 5 s
waiting in the absence or presence of chaperones.

In vivo, DnaK works together with co-chaperone Dnaj and the nucleotide
exchange factor GrpE. To understand the role of co-chaperone, we allowed extended
MBP to fold in the presence of DnaJ. As displayed in Fig 7.3f, Dna] binds the unfolded
protein and prevents refolding. This is consistent with the observation that Dna] is
able to prevent aggregation of denatured proteins. In this respect Dna] is similar to
SecB (a chaperone involved in protein traslocation [176]) and DnaK/ADP.
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Figure 7.6: The DnaK system suppresses misfolding interactions. (a) and (b) are the sample force-
extension traces recorded under DnaK/Dna]/GrpE/ATP and DnaK/ATP conditions. The trace in red is the
first pull and it displays unfolding steps of ~ 90 nm which is equal to the contour length of the MBP core. In
panel a and b, during the consecutive pulls steps much larger than the length of one MBP are observed,
which indicates the formation of weak misfolds (Mw). In panel b, the trace in black shows a case where the
protein resisted forced unfolding. This behavior is interpreted as an indication for tight misfold formation
(Mr). Steps smaller than 90 nm are denoted as intermediates (I). In panel a, the green trace shows a case
where the protein did not form any tertiary folded structure within the 5 s waiting time. The green trace in
panel (b) displays steps with equal length as the first pull (N) which indicates the native refolding of the
protein. Similar steps can be seen in panel (a) as well. (¢) Statistics of native-like and misfolding events. (d)
and (e) compare the unfolding forces and sizes of the weak misfolds (Mw) under two different chaperone
conditions.

A natural next step is to have all components together (Dnak, DnaJ, GrpE and
nucleotides) and investigate the effect of the chaperone mixture on MBP folding. MBP
is a protein that can fold efficiently in the absence of chaperone. Given the efficient
folding of MBP and given our observations with individual chaperones, we do not
expect to see any beneficial effect of the full system with this substrate. Likely a more
complicated protein with inefficient folding will reveal the positive influence of the
chaperone system. As such we performed experiments with a 4-tandem MBP
construct which is prone to aggregation. When 4MBP is unfolded in the absence of
chaperone, it typically misfolds to a state which is stable against forces up to 65 pN,
much higher than the unfolding force of natively folded MBP. In many cases the
misfolded state has a near zero end-to-end distance and the force extension curve
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recorded during stretching will resemble that of double stranded DNA handle alone
(Fig 7.5a).

Our experiment with DnaK/ATP and 4MBP as a client shows a significant
improvement in 4MBP refolding, as evidenced by appearance of native cores in
subsequent pulls. In Fig 7.6b a case is presented in which refolding of all 4 cores
succeeded. We still observe tight aggregates and “weak misfolds” signified by steps
that are larger than one MBP. Upon addition of DnaJ and GrpE, tight aggregations were
only rarely observed and the weak misfolds showed a reduced stability (Fig 7.6 c, e).

7.3 Discussion and conclusion

The results of our systematic analysis of the DnaK system at single molecule
level are summarized in Fig 7.7. The key observations include: (1) DnaK/ADP binds
and stabilizes folded protein parts; (2) DnaK/ADP binds unfolded segments of
proteins and prevents their folding; (3) DnaJ binds unfolded segments of proteins and
prevents them from folding.

Binding of DnaK to folded parts depends on its nucleotide state. Apo state
cannot bind folded regions while ADP state binds with significant affinity. Both Apo
and ADP states bind the unfolded chain, with the latter having a higher affinity.

An important question concerns the conformational states of the DnaK. Our
data shows that the client binding involves the peptide binding groove, for binding
both to the unfolded stretches and to the folded regions of the client. The folded part
occupies a space that goes beyond the inner space of the groove. These findings
suggest that the DnaK/ADP adopts an open conformation when it is bound to the
folded regions. The binding of the DnaK/ADP to unfolded stretches is suppressed
when the inner space of the groove is occupied, suggesting that the DnaK/ADP adopts
a closed conformation when it is bound to the unfolded regions. Apo-DnaK binds the
unfolded stretches but does not bind folded regions. This suggests that the
conformational sampling in the Apo-DnaK state is biased towards the closed
conformation. The DnaK in the ATP state does interact with folded regions but the
complex is less stable than the complex in the ADP state. This suggests that the
DnaK/ATP also adopts open formations that differ from the open conformations
corresponding to the ADP state.
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Figure 7.7: Formation and interaction of protein states with the DnaK system (a) interaction
between protein state and the chaperones. (b) formation of a protein state in the presence and absence of
chaperones. The green circle represents natively folded state (or a compact state with nearly zero end-to-
end distance), while the stars represent misfolded conformations and inter-domain contacts. The green line
represents the completely unfolded protein and the green line with the circle indicates partially folded
proteins or proteins with some degree of native structure.

7.4 Appendix
7.4.1 Current model for the functioning of the DnaK system

The existing model for the functioning of the DnaK system has been subject to
little changes within the last two decades and has been used to explain both stress
response and assisted folding of nascent chains [6, 177, 178]. In this model the
substrates of the DnaK system are the extended parts of partially (mis)folded proteins
that interact and get stabilized by DnaK/DnaJ complex in a process driven by ATP
hydrolysis. After the formation of the DnaK/ADP/Dna] complex, Dna] is assumed to
leave the complex, which is followed by nucleotide exchange (mediated by GrpE) and
substrate release. A fast folding substrate will then fold and a slow one will be grabbed
again by Dna] and DnaK and enters a new cycle. This means that as long as the stress
is present, a slow folding protein will keep binding and unbinding the DnaK system [6],
in a process that consumes energy, but without any progress in the folding process. In
this picture protein aggregation is suppressed and under an excess of chaperones the
system reaches a steady state in which a significant fraction of the proteome is frozen
in the unfolded state until the stress is gone (Fig 7.8.d). This is because the presence of
chaperones with a high affinity for unfolded stretches leads to a reduction in the free
energy of the unfolded state and thereby the unfolded state is promoted (i.e. DnaK
acts as an unfoldase). Thermal stress also reduces the free energy of the unfolded
chain due to promotion of entropic effects and therefore unfolding is promoted under
thermal stress.
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CHAPTER 7

The current model raises a few questions: what is the energy burden of this
model? How efficient is this model? What is the use of functional redundancy of
components in this model? Some parts of the model are not supported by strong
evidences: One question of debate concerning the DnaK-chaperone cycle was the
dissociation of DnaJ. On one side DnaJ/DnaK-ADP/client complex is considered to be
stable and on the other side Dna] is said to leave the client before nucleotide exchange.
Based on the fact that Dna] is only 1/10th to 1/30th as abundant as DnaK in vivo and
can act sub-stoichiometrically, it was assumed that Dna]J leaves the cycle just after the
transfer of the substrate onto DnaK and before GrpE binds to the complex [179]. The
consequence of this process is a functional redundancy for Dna] and DnaK-ADP in this
model (see panel b; some non-overlapping function for DnaK is also speculated: DnaK
is said to do the same function as DnaJ but at a later stage when the protein is
unfolded enough. DnaK also enclose the chain while Dna] does not need to interact
with the backbone).

The energetic burden of this model will sound even more serious when we
consider the concentrations of the components: cellular concentration of ATP is 1-10
mM under healthy conditions which can go down to 15-25% under ATP depletion
stress. The total cellular proteins amount to 10 mM of which 2% is DnaK (12-20%
under stress). DnaK/Dnaj/client substrate hydrolyzes ATP at a rate of ~ 1.8s1 per
complex. This means that the existing model is imposing a significant energy load on
the system. Heat stress itself also leads to the hydrolysis of ATP to free nucleotides
leading to a drop in ATP concentration to half its normal value within minutes in
eukaryotic cells [180, 181]. For E. colj it has been suggested that the cell responds to a
temperature up-shift by transient increase of the concentration of the sum of
adenosine nucleotides (AXP) followed (after several minutes) by the ATP drop [182].
Chaperone over expression will therefore coincide with the drop in the ATP level. The
transient increase has been attributed to RNA degradation (total RNA concentration
per cell drops to 50%) and an increase in respiration and glucose uptake. ADP/ATP
ratio increases (approaching one) and the high concentration of ADP may lead to
population of the ADP state of many chaperones. The production of heat shock
proteins is also costly and a significant part of the cellular energy budget will be
allocated to their synthesis [183, 184]. Furthermore, the function of stress proteins
may require --based on the current model-- considerable ATP turnover; refolding of a
protein may consume in excess of 100 ATP molecules [184, 185].
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7.4.2 Proposed model for the functioning of the DnaK system

Our data allow us to build a hypothetical model for DnaK activity in heat

stress and ATP-depletion stress responses (Fig 7.8.a). The model is based upon (Fig
7.7) and a few additional geometric and logical arguments and assumptions: (1) when
a small part of a protein is unfolded, DnaJ can approach the segment with less steric
hindrance than DnaK due to its shape, size and flexibility (2) DnaJ/DnaK/ADP in
complex with the substrate is stable and DnaJ does not leave the complex under the
condition of heat stress. This is because hydrophobic interactions are entropic in
nature and therefore are promoted under heat stress. (3) GrpE is a thermosensor and
adopts a different state under thermal stress as compared to normal conditions and
cannot efficiently exchange nucleotides.
Based on these, we propose a new model as described below. In the proposed model,
the proteins are targeted at early stages of the thermal stress when the structure of
the proteins is only slightly perturbed. The targeting is performed by Dna] binding to
short hydrophobic segments that are liberated from the proteins. DnaK is then
recruited and by ATP hydrolysis the DnaK ADP accommodates the nearby folded
structures and protects them from further unfolding (“break function”).

The energy burden of this model is less that the current model and the model
works under energy depletion stress too. Protection of the folded substrates keeps the
proteome near its native state which saves lots of energy that would otherwise be
required for protection of large amounts of unfolded structures. This way the system
can protect the proteome in the absence of ATP (ATP depletion stress). In the
proposed model the functional redundancy is minimal (Fig 7.8b,c) which in turn leads
to a significant reduction of energy burden. For instance a peptide stretch can be
protected by both DnaK/Dna] and Dna] alone. The former would use energy while the
later can protect the peptide with no cost. In the proposed model the redundancy is
reduced because the proteome is frozen at early stage after stress and therefore
protection of short stretches is likely carried out by DnaJ and folded parts are
protected by DnaK. The system'’s steady state is now close to the native proteome
rendering the recovery of the system efficient and fast upon releave of stress (Fig
7.8.d). The proposed model is also consistent with the reports suggesting that GrpE
unfolds reversibly at elevated temperatures. This ensures that nucleotide exchange is
slowed down at heat shock conditions and, since ADP release is rate-limiting for
substrate release, substrate dissociation is also slowed down [186]. We note that the
current model would be energetically costly even with this reduced activity of GrpE.
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Figure 7.9: DnaK reaction cycle and de novo folding. Top panel presents the proposed model: (1)
DnaJ-mediated delivery of substrate to ATP-bound DnaK. (2) Hydrolysis of ATP to ADP, accelerated by Dnaj,
results in tight binding of substrate by DnaK. (3) Dissociation of ADP catalyzed by GrpE. Apo-DnaK does not
show affinity to folded parts and has a reduced affinity (compared to ADP-DnaK) to unfolded regions. (4)
Dnaj dissociates from its complex with Dnak and the substrate. (5) Released substrate either folds to its
native state or is transferred to downstream chaperones. A similar cartoons can be drawn to explain folding
of multi domain proteins, the models fits well with the 4MBP data presented in Fig 7.6. the lower panel

presents the current model (see section 74.1)
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At 48 °C, GrpE activity reduces to one third of its activity at 37 °C as estimated by in
vitro assays. This is, however, not a negligible level of activity.

The proposed model can also be used to explain DnaK-assisted folding of
newly synthesized protein and our 4MBP tweezers data (Fig 7.9). Under these
conditions, the cell is not limited in ATP and hydrophobic interactions (which are
entropic in nature) are not thermally promoted as in the stressed cells. In this case,
the protein chain will interact reversibly with the DnaK system via Dna] assistance or
without it. Due to its concentration, Dna] will not have a chance to interact with the
chain alone. In this process, different segments of a complex protein will be stabilized
and released in a cyclic manner allowing the protein to fold by local interactions. This
model seems particularly relevant for DnaK functioning at the ribosomal exit tunnel or
at membrane channels through which proteins are translocated. DnaK molecules
associated with the ribosomes, the inner mitochondrial membrane or the Iuminal side
of the ER membrane have a high chance of interacting with extended chains and
guiding them step-by-step towards their native states.
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Protein folding under the influence of HtpG

Hsp90 is involved in protein quality control, assists degradation of mutated
proteins, and has become recognized as an important anti-cancer drug target HtpgG,
the bacterial homolog of the Hsp90, is an ATP driven chaperone that, in contrast to
Hsp90, functions without any co-chaperones. It forms a homodimer with open and
closed conformations. Here we investigate the mechanism that underiies chaperone
function of HtpG, by studying its influence on the folding and unfolding pathways of
the model protein Luciferase at single molecule level, HtpG was found to interact with
the unfolded chain in an ATP independent manner. We found steps during refolding
and unfolding that depend on HtpG and its ATPase function. The emergence of steps
suggests interaction of HtpG with the folded regions of proteins or loop induction in
polypeptide chains.
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Protein folding under the influence of HtpG

8.1 Introduction

The 90 kDa heat shock (Hsp90) family of proteins are to ATP-driven
homodimeric multi-domain molecular chaperones that interact with a wide range of
client proteins in higher eukaryotes [187]. The molecular mechanism of the
chaperone function remains poorly understood. The Hsp90 family of proteins are
believed to also act as hubs of oncogenic signaling networks and are identified as
promising pharmacological targets for the treatment of malignancies [188].

The structure of the Hsp90 homolog in £ coli (HtpG) has been investigated
with a multitude of experimental and computational techniques (Fig 8.1). Three
domains have been recognized for HtpG: N-terminal, Middle and C-terminal domains.
These studies have revealed dramatic conformational changes in HtpG that
accompany its ATP cycle (Kn = 250 puM, ATPase rate = 0.011 s1) [189].
Crystallographic and SAXS approaches have found two conformers for the apo-HtpG
dimer: the open (V-shaped), and the extended states [190, 191]. These two states
interconvert with a bias towards the open conformation. In the presence of ADP, a
highly compact semi-closed dimer structure is observed. Studies based on mutational
analysis, cross-linking and electron microscopy (EM) have revealed that the open and
closed conformations may coexist in a dynamic equilibrium for the apo, ADP, and
AMPPNP states [191]. Conformational dynamics of HtpG in solution has been also
studied by using amide hydrogen exchange mass spectrometry (HX-MS) and
fluorescence spectroscopy, indicating that HtpG continuously fluctuates between
closed and open conformations irrespective of its nucleotide state [192].

Computer simulations have revealed that nucleotide binding profoundly
affects the internal dynamics of HtpG both locally and globally, in which the quasi-
rigid domains move relative to each other [59, 60]. Two hinges are responsible for
these movements: one located at the boundary between the N-terminal and Middle-
domains and a second one is located at the end of a three-helix bundle in the Middle-
domain. The latter unfolds upon ATP hydrolysis. The presence of anti-correlated
motions between the NTD and CTD in the open apo-HtpG form, and a highly mobile
ADP-bound form are the two fundamental characteristics of the HtpG chaperone
dynamics.

Client protein binding affects HtpG conformation [189]. The nature of client-
chaperone interaction and the conformations of the chaperone and the clients in the
complex are not yet well understood. The reported values for the stoichiometry of the
interaction between the Hsp90 and its (protein/peptide) substrate vary depending on
the Hsp90 homologs and the conditions in the chaperone assay, and range from 0.4 to
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more than 16 [193]. Structural analysis of Hsp90 in complex with a substrate showed
an asymmetric binding of the substrate to the N-terminal and middle domains of one
of the two monomers of the chaperone dimer [194]. Considering the symmetry of the
dimer, it is debated if HtpG has one or two binding sites for its substrates in solution
and whether 1:1 or 2:1 stoichiometry (peptide-chaperone) is the dominant
stoichiometry [195, 196].

a d

1 ™2 220 90 500 624
o

NTD -

ADP Apo

Figure 8.1: Structure of HtpG (a) HtpG has three domains: N-terminal, Middle and C-terminal
domains. (b) shows two dominant conformations of the ATP state as obtained by simulations. The three
domains are shown in blue, red and yellow respectively. (c) presents the simulated conformations of the
ADP state. (d) Structures of the Apo state, which are extended and V-shaped and the structure of the ADP
state, which is closed. The surface is color coded according to the mobility of the residues (from more rigid
blue regions to more flexible-red regions). (e) X-ray structure of ADP and Apo states (lower right) and SAXS
based structure of Apo state (upper right). The figures are adapted from Dixit A, Verkhivker GM. PLoS One,
2012;7(5):e37605 and Morra G, Potestio R, Micheletti C, Colombo G. PLoS Comput Biol.
2012;8(3):1002433.

The /in vivo characterized substrates vary in size (14-290 kD), sequence and
structural motif [197, 198]. Constitutively unfolded protein A131A is commonly used
as a substrate for HtpG. A131A is a fragment of staphylococcal nuclease which is
globally unfolded (with significant residual structure), yet does not aggregate even at
high concentrations. Binding of this substrate stimulates ATP hydrolysis in HtpG. In
the Apo state, HtpG partially closes around A131A. Furthermore the fully closed
AMPPNP state shows a high affinity to the substrate [199]. NMR studies have revealed
that the chaperone binds to the structured region of A131A. Based on this observation,
it has been suggested that the chaperone preferentially binds a locally structured
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Protein folding under the influence of HtpG

region in a globally unfolded protein. Others reported that HtpG binding to substrate
commences after substrate unfolding [200], and HtpG has been found to bind
unfolded proteins [201].

Key questions concern (1) whether substrate contacts are within a single
monomer or across HtpG monomers, and whether one or multiple substrate contacts
are utilized, (2) determining how substrate and nucleotide binding influence HtpG
conformational dynamics, (3) how HtpG mediates client protein folding. {202, 203]

8.2 Single-molecule folding and unfolding experiment on a model protein

Here we investigate the folding and unfolding of the model protein luciferase
in the presence of HtpG using optical tweezers. Luciferase is a 61 kDa protein with
550 residues which is commonly used as a model multi-domain protein in folding
studies. The protein termini were linked to two polystyrene beads via molecular
linkers and the protein was stretched and relaxed using an optical tweezers setup
[204]. While one of the beads was kept by the laser trap, the other bead was moved at
a constant speed of 50 nm s-1,

Firstly we stretched the protein from its ends until it fully unfolded and then
exposed the unfolded luciferase to HtpG (1uM), in the presence of 1mM ATP and an
ATP regenerating system (3 mM phosphoenolpyruvate and 20 ng/ul Pyruvate kinase).
The folding probability was measured by incubating the unfolded protein with the
chaperone solution for 5 s at zero force followed by stretching the protein to
characterize its length. A reduction in the protein length as compared to the length of
the fully unfolded protein, indicated the protein had folded, either to the native state,
orto a partially folded state. This data was used to compute the folding probability. We
observe a decreased folding probability of the unfolded protein in the presence of wild
type HtpG (Fig 8.2). The folding probability was further decreased when ATPase
deficient HtpGE34A was used. This finding indicates that the unfolded chain interacts
with the chaperone and the interaction does not depend on the ATP hydrolysis per se,
but its affinity and kinetics depend on the nucleotide state.

In the absence of chaperone the unfolded protein typically relaxed to zero
force with a force-extension relation identical to the force-extension curve of the
worm-like chain (WLC) model with the contour length of the unfolded luciferase. With
chaperone, two types of deviations from the worm-like chain model were observed:
gradual (Fig 8.3.a black star) and stepwise compactions (Fig 8.3.a green star) of the
chain were detected. During stepwise compactions, folding occurred despite applied
force and the reduction in extension was often accompanied by an increase in force.
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Intriguingly, during relaxation, some regions of the force extension curve were aligned
with the worm-like chain fits to the luciferase unfolding intermediates, while other
regions did not show this behavior (Fig 8.3b). This indicates that the same states are
sometimes observed during refolding and unfolding and that this process is HtpG
dependent.

Chaperone Evolution of the unfolded state Fraction
o o =
(=] E o
no chaperone
HtpG/ATP
ATPase deficient HtpG/ATP

Figure 8.2: HtpG interacts with unfolded luciferase in an ATPase independent manner. In this
experiment, unfolded luciferase was allowed to fold in the absence and presence of wild type and ATPase
deficient mutant HtpG. The thickness of the arrows indicates the probability of finding the protein in the
unfolded state (loop arrow) and in a partially or completely folded state after 5 s waiting time. Interaction
with the unfolded chain leads to an increase in the fraction of finding the protein in the unfolded state after
the waiting time. The probabilities are also presented as a bar plot.

We characterized HtpG induced refolding steps with their step length change
and the force at the refolding event. For this aim, we converted the recorded force-
extension curves for the protein-DNA tether to force-protein length plots by fitting the
worm-like chain model of a DNA-polypeptide model with the polypeptide length as
the fitting parameter. Steps were manually detected from the resulting force-protein
length plots. The refolding step length distribution (Fig 8.4b) showed a distinct peak
with a characteristic step size of 11.85 + 1.04 nm. The steps occurred at an average
force of 14 + 7 pN. Interestingly, the observed stepsize is similar to the reported
distance change between the N-domains during open-close transition of HtpG (~13

nm) [190].
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HtpG also profoundly altered the pattern observed when stretching luciferase
(Fig 8.4.c). Increased occurrences of small step sizes (< 14 nm) was observed as
compared to the frequency of small stepsizes in the absence of the chaperone. When
the unfolding forces of these small steps were analyzed, two populations were
distinguished, one unfolding at forces below 25 pN and another population with a
higher unfolding force (Fig 8.4c.,e). The former group has a similar force/stepsize
statistics as the steps observed during refolding (Fig 8.4.c, d).

a b
40 intermedlates U
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Figure 8.3: A representative force-extension curve recorded during unfolding and subsequent
refolding of luciferase in the presence of HtpG/ATP. (a) Force extension plot during unfolding (blue) and
refolding (red). During refolding marked deviation from the worm-like chain (gray curve on the right) is
seen. Two types of events can be distinguished that underlie the deviation: step-wise contraction (green
star) and gradual contraction (black star). (b) Alignment of the visited lengths during refolding and
unfolding. In the presence of HtpG, relaxation trace sometimes follow (purple star) the WLC models
corresponding to the unfolding intermediates in the absence of the chaperone.

The emergence of these steps might be an indication of a protein-bound closed form of
HtpG. These steps might be a signature of HtpG clamping the protein chain and
forming loops. For this process to take place, ATP hydrolysis is essential. Thus to test
the hypothesis we performed a similar type of experiment with HtpGE34A , the ATPase
deficient mutant of HtpG.

In the presence of HtpGE3+A/ATP, the relaxation of the unfolded luciferase did
not result in any significant deviation from the force-extension curve of the unfolded
protein. However when we estimated the refolding probability, we observed a
reduced refolding probability indicating that HtpGE34A/ATP does interact with the
unfolded chain. Interestingly the unfolding length histogram was rather close to the
no chaperone case (Fig 8.5b) in the presence of HtpGE34A/ATP, with some increased
prevalence of small steps. A closer look at these steps showed that they are not
overlapping with the characteristic steps observed in the presence of HtpG (Fig 8.5¢)
and are larger.

111




CHAPTER 8

a

force >0 f’ ﬂmwm:*w

dD/dt >0

e
Force >0
dD/dt <0

b HtpG/ATP 1 _[L
& - . - +HtPG/ATP 1 =

step length <14 nm

Foces(pN)

8 &8 8

- 0
eo[ 60
§4ol gw
o E.
0 mj&f",‘ +HpGIATP 0 +HEpG/ATP 0 0
10 100 10 100 0 5 10 15 20 25 0 10 20 30 40 50 60
Refolding steps (nm) Unlolding steps (nm) Steps (nm) Force (pN)

Figure 8.4: HtpG effect on luciferase folding and unfolding pathways. (a) During unfolding the
protein is under force and the end-to-end distance (D) increases. During relaxation, the distance decreases.
Refolding steps are observed before the applied force reduces to zero. The force-step plots show a dense
region at small lengths both during refolding (b) and unfolding (c). (d) Histogram of the lengths zoomed to
characterize the emergent states with small lengths. (e) For statistics of the observed small steps. Two
peaks can be distinguished in the unfolding data, a narrow peak at low force and a broad peak at higher
forces. Luciferase in the absence of chaperone have a unfolding force distribution that overlaps with the
observed broad peak in the presence of chaperone.

In the presence of wild type HtpG, luciferase visited the characteristic
unfolding intermediate lengths of luciferase (described in chapter 3) with higher
frequencies per unfolding trace as compared to unfolding in the absence of the
chaperone. When the chaperone is absent, luciferase visits various intermediate
lengths during unfolding. Sometimes multiple contacts can break in one go and the
intermediate lengths will not be visited. Therefore not all intermediates are observed
in one unfolding experiment. The fact the we have a higher chance of visiting the
intermediates in the presence of the chaperone suggests that the chaperone may
reduce the probability of these concerted unfolding events.
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Figure 8.5: HtpG-induced small steps depend on ATP hydrolysis. (a) Structure of the HtpGE34A
with the mutation site highlighted. (b) and (c) show the length statistics in the presence of HtpGE34A, (d) and
(e) Refolding of luciferase in the presence of mutant HtpG (purple) and wild type HtpG (red). Starting from
the unfolded state, the fractions of the final states visited after 5 s waiting time are plotted.

In the absence of chaperones, luciferase populates a non productive middle
state (M-state) during refolding (chapter 5). Intriguingly, this state is avoided in the
presence of HtpG/ATP. Similarly when HtpGE34A/ATP was present, we rarely observed
the M-state being populated after 5 s waiting time. Thus suppression of the M-state
does not seem to be dependent on ATPase activity of the chaperone (Fig 8.5.d, e).

8.3 Discussion and conclusion

In summary we observed: (1) the emergence of small steps during refolding
and unfolding that depends on ATP hydrolysis (2) interaction of HtpG with the
unfolded chain in an ATP independent manner (3) suppression of a misfolded state (4)
higher frequency of visiting native unfolding intermediate lengths (5) partial
alignment of refolding intermediate lengths with unfolding intermediate lengths, Our
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observations suggest that HtpG is promoting native-like intermediate states during
refolding and protects them during unfolding.

Here (Fig 8.6) we speculate about possible physical models for functioning of

HtpG that explain our intriguing observations. A complete model is unclear at this
point and still many questions remain unanswered. The effect of HtpG might be
understood considering three processes: 1. Simple binding of HtpG to a chain (similar
to SecB); 2. Clamping and loop formation; 3. Protecting folded parts (TF like, see
chapter 5) by for example enclosing it. The first two scenarios will be particularly
important at the early stage of the folding of the newly translated proteins, while the
third one will be more and more important at the later stage of protein folding when
folded structures are formed.

Interactions with the unfolded chain are important in preventing aggregation.
The opening/closing cycle does not seem to be important for this function and in our
experiment probably the open state is responsible for this function. This is because
ATP hydrolysis leads to a reduced interaction of the chaperone with the unfolded
chain.

If loops are formed, then their formation require binding of the HtpG dimer to
two sites on the protein chains. Loop might be completely unstructured or have some
folded parts. ATP hydrolysis and clamping likely stabilizes the loop by tightening its
endings. Clamping events can be observed as reductions in the end-to-end distance of
the unfolded protein under moderate force. We note that the contour length of the
loop is not related to the length of the steps observed in our unfolding experiment.
During unfolding experiments multiple events might occur which results in
heterogeneity of the recorded length changes: the closed form of HtpG can be forced
to open up; the chaperone might be ripped off from one of the loop’s ends resulting in
complete or partial unfolding of the loop; the HtpG generated loops might have
various topological arrangements with for example one being formed within another
one. The length changes observed in our experiments can therefore be classified to
chaperone-specific, protein specific and random steps. Finally, to explore whether
HtpG indeed forms polypeptide loops and compacts linear polypeptides
complementary single-molecule or bulk experiments are needed.

8.4 Appendix
It is conceivable that protection of folded parts or unfolded stretches of a

protein by a chaperone helps in protein folding and suppresses the aggregate
formation. It is however not very clear how the formation of loops with unspecified
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Protein folding under the influence of HtpG

lengths can be beneficial to the folding process. Loop formation is known to reduce
the degrees of freedom of a linear polymer and changes the entropy of the extended
chain by:

AS = —yzRIn(n) + Rin [(2 C. lz) Vt]

where n is the number of monomers in the loop, R is the gas constant, C, is Flory’s
characteristic ratio, which is 1 for a freely jointed coil and increases as the chain
becomes stiffer, 1 is the distance between monomers (contour length/residue), V is
the approach volume of the atoms involved in loop formation and v; is the scaling
exponent for loop formation. By loop formation, local interactions are promoted
directly, in contrast to the shielding effect in which local folds are promoted indirectly
by suppressing long-range interactions. A similar phenomenon is observed for DNA

molecules where looping promotes local interactions leading to transcription
activation [205].
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Scenario A Scenario A’ Scenario B Scenario C

& b

N 0O
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HtpG, closed form

HtpG, open form

\J

Folded part of a protein

Unfolded stretch of a protein
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Figure 8.6: Speculations for possible mechanisms of HtpG chaperone activity. Four scenarios are
presented. Low force transitions between protein-chaperone complex states are shown. In each case the
reverse process happens at high force. In scenario A, the chaperone binds the chain at two sites and a
polypeptide loop is formed, This model provides rationale for ~13 nm during unfolding and refolding.
Alternatively, in scenario A, the loop with unspecified length is formed and is grabbed from its two ends by
the chaperone. A transition from open to closed chaperone state will result in ~ 13 nm step irrespective of
the loop size (the length change is chaperone specific). Loop formation however changes the entropy of the
chain and promotes local interactions resulting in local folds. In scenario B the chaperone binds the chain
via one of the monomers and hence suppresses refolding (like SecB [18]). The protein folds partially and
spontaneously after which the chaperone stabilizes (like TF or destabilizes) the fold by binding it. Unfolding
this structure will likely result in length changes that are protein specific. The unfolding forces will be
however changed when chaperone is bound. In scenario C, the chaperone acts like a folding cavity. It
encloses part of the chain and the folding occurs between its arms.
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Cellular response to heat and other external
perturbations

Chaperone systems participate in stress response processes, both as stress
sensors as well as stress buffers. However, other cellular components and
biomolecules are also active in sensing and stress response and cooperate with,
complement or can replace chaperones. Here we discuss briefly the role of lipids and
sugars In heat stress response. We also briefly discuss pharmacological stress and
shear stress, two important and common perturbations, biological systems are
exposed to. We show how proteome respond to pharmacological perturbations and
how medical interventions can be managed to minimize the unwanted stress.




CHAPTER 9

9.1. Membranes and heat stress response: phase transitions, rate of thermal
energy transfer and proton hopping

In a cell, the energy scale is comparable to the natural thermal fluctuations in
the system. Consequently, protective measures have been evolved to combat
externally imposed thermal stresses. Nearly half of the energy that is derived from the
oxidation of glucose or fatty acids is released by cells as heat. Cells are also exposed to
heat sources in their environment. In humans, the temperature of the cellular
environment rises in febrile states (global rise in body temperature), or locally at
inflammation sites and sites of malignancy with high cellular metabolic rate or due to
medical interventions. In ectothermic animals and other organisms like unicellular
organisms, cells might be exposed frequently to aggressive thermal fluctuations, for
example by exposure to sun light.

Cells sense and respond to thermal stresses and thermal gradients. Lipid
membranes, associated temperature gated ion channels and membrane associated
chaperones are at the forefront of sensing and responding to environmental stresses.
These various systems are active in this process at different timescales and stress
levels.

. ﬂudp

0.1
0 interdigitated phase
Y ~4- gel phase
0.1~ T e W | LGl e
0 5000 10000 15000 20000 25000
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Figure 9.1: Relaxation of ~ALx/n ALy in fluid, interdigitated and gel phases after a rescaling of the
inter-bead distances in y-direction by a factor (1+n) and fixing the membrane size in y-direction. The
plateau value reached after about 5000 Monte Carlo steps, independent of the value of 7, yields the
Poisson's ratio v.

Lipid bilayer membranes are known to respond to temperature showing a
rich phase behavior; fluid-, gel- ripple and interdiggitated phases are visited at
different temperature and in some cases multiple phases co-exist at a given
temperature. Membrane phases differ in their mechanical properties that are in turn
known to play an important role in a number of membrane processes, as, for example,
membrane fusion and modulations of membrane channel activities. Cell membrane
mechanics at small scales (< 300 nm) is dominated by the lipid part and the effect of
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cytoskeleton is minimal. Membrane mechanics can be characterized by two measures:
Young's modulus and Poisson's ratio. Efforts has been made to measure these
properties but for Poisson’s ratio there has been no success due to technical
difficulties. Poisson's ratio is defined as the ratio of the size change in the direction
perpendicular to the applied force versus the expanded length in the direction of the
force [206]. Experimentally it is difficult to measure Poisson's ratio of thin films
because of the small thickness of membranes in the nanometer range. Estimation of
Poisson’s ratio by simulation of the membranes is not trivial because these
simulations are typically done under periodic boundary conditions. For the coarse
grained lipid model introduced by Lenz and Schmid [207], we successfully calculated
the Poisson's ratio in the gel, fluid, and interdigitated phases (Fig 9.1) under periodic
boundary conditions. This is a step towards accurate characterization of the
mechanical properties of cellular membrane and the response of the system to
perturbations.

One of the important features of cellular membranes is their asymmetric lipid
distribution between the leaflets. To establish and maintain asymmetric membrane
lipid composition, transbilayer movement of lipids from one leaflet to the other must
be regulated. The transbilayer movement occurs by either passive flip-flop or via an
enzyme-catalyzed process and its probability is expected to vary depending on the
temperature of the system and the membrane phase. For example, using the Jarzynski
equality [14], we calculated the free energy of the transition from the work associated
with non-equilibrium movements of single lipids across a symmetric
phosphatidylcholine bilayer. We found that the associated free energy difference is a
factor of 5 larger in the gel phase as compared to the fluid phase (estimated from 50
sample paths). The method can be applied to estimate the free energy of the lipid flip
flop across any arbitrary bilayer.

For natural lipid bilayers that are composed of various lipids, phase
segregation may also occur in response to a change in temperature. Cells also
modulate the fraction of the desaturated lipids in the membrane in response to
thermal fluctuations. Cholesterols are also known to have critical role in thermal
adaptations of cell membranes.

In many cases, however, thermal stresses have to be sensed and avoided well
before phase transition temperature of the membrane is reached which might be in
turn lethal to the cell due to a large number of functional molecules associated with
the membranes. Membrane is associated with a number of thermo sensors and
temperature gated ion channels like TRP ion-channel subfamilies, molecular
Rhodopsin and membrane associated heat shock proteins. Vibrational dynamics of

119



CHAPTER 9

membrane might be coupled to the vibrational dynamics of associated protein and
thereby affects its binding affinity and allosteric regulation [208].
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Figure 9.2: Molecular mechanism of heat transfer along membrane lipids. (a) Molecular structure
of DPPC. The linear extension reduces to 28.24 A at full hydration. (b) Vibrational density of states of DPPC
as well as partially and fully hydrated DPPC. We find that water induces the emergence of low-frequency
vibrational modes. (c) Inverse participation ratios for DPPC in the nonhydrated (black), partially hydrated
(red), and fully hydrated (blue) DPPC. (d) Distribution of modes with participation of more than 100 DPPC
atoms. No such modes exist for w > 1500 cm-1. The color coding is the same as in panel a. (¢) On the left, the
lipid part of the eigenmode at 33.02 cm-! is shown, which is important in energy transfer along fully
hydrated DPPC. On the right, a breathing mode at 79.69 cm-1 is displayed, which carries thermal energy
efficiently within the plane of the membrane.

To understand these biophysical processes, we decided to characterize the
thermal and vibrational properties of the lipid bilayer as a function of hydration level
and composition (Fig 9.2). The thermal conductivity of the lipid membrane is not
known and is expected to be very different from that of a random mixture of lipids.
Molecular alignment and the interfacial water are known to critically affect the
resulting thermal conductivity of molecular systems. The energy transfer dynamics of
a lipid monolayer interfacing aqueous environment have been studied with time-
resolved surface sum-frequency generation [209)]. Energy transfer along the lipid
bilayer remains to be investigated. Another challenge in the field is the molecular-
scale assignment of the mechanism behind the vibrational (thermal) energy transfer.
New developments in density functional theory allow one to perform ab initio
calculation of vibrational properties of large biomolecular systems. Using this
approach, we have shown that membrane can act as an efficient medium for the
energy transfer due to water induced extended vibrational modes of the lipid-water
system [210].

Another interesting process which can be thermally modulated is the
electrical conduction in the plane of the membrane. Enhanced proton conduction
along phospholipid-water interfaces was first observed in the mid 1980s and was

120




1€
el
ot
Is.
he
of
e-
id

T
o
1is
he

he
on
as

Cellular response to heat and external perturbation

recently confirmed by more sophisticated means such as scanning tunneling
microscopy (STM). This conductivity is believed to be of functional importance
because lateral proton diffusion along membrane surfaces represents the most
efficient pathway for H+ transport between protein pumps. The molecular
mechanism underlying the high lateral proton conductivity has not yet been resolved.
We addressed this problem by studying hydrated phosphatidylcholine and
phosphatidylethanolamine membranes. We showed that the electric field
inhomogeneity at the lipid interface is such that auto-ionization of water is promoted
and inter oxygen distances are reduced leading to astonishingly increased probability
of water ionization even at low temperature which is further increased as the
temperature rises to body temperature.

In summary, membrane sense and respond to heat and mechanical stress.
Statics and dynamics of membrane is profoundly affected in this process and in some
cases upon stress, membrane sends signals to downstream stress response systems in
the cytoplasm.

9.2. Protein networks: pharmacological stress and the influence of thermal
variations

A central tenet of modern biology is that the function of a protein depends
critically on its three-dimensional structure. For instance enzymes recognize their
substrate via shape matching as described by Emil Fischer’s lock-and-key model. In
many cases the substrate is itself a protein, which means that to have proper
functionality proteins need to find each other and interact. Today we know that in
many cases, a well defined three dimensional structure is not essential for
functionality, while inter-protein contacts are. Only a small fraction of proteins are
completely isolated in protein-protein interaction networks [211] and do not have any
known interactions to other proteins, while many are not structured [212].

As discussed in previous chapters, thermal stress can influence intra-chain
interactions leading to unfolding of proteins. It can also influence inter protein
interactions and affect binding constants and reaction rates. Protein networks are also
exposed to other “bad” stresses such as toxins as well as “good” stresses such as
pharmacological manipulations. Variations in body temperature set points and pH can
also influence the magnitude and nature of network response to medications.

We have systematically analyzed the dose-response relation of basic
structural motifs of signaling pathways (protein networks) and found that
fundamental constraints are imposed by the topology and the dynamics of the motifs
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on the selectiveness and toxicity of any drug independent of its chemical nature and
selectivity.

An example of a 5-node network topology is presented in Fig 9.3 with two
inputs S1 and S2 and two outputs X1 and X2. This network both has a shared node (V)
and an incoherent feed-forward loop and -- for specific parameters -- this network can
multiplex two binary signals. A closer look at this topology reveals a non-monotonic
relation between S1 and X2 and between V and X2, while monotonic relation exists
between S1 and X1, and S2 and X2. We studied the effects of these non-monotonic
relations on the effectiveness and toxicity of drugs. Further, we studied the
effectiveness and toxicity of the drug with respect to extrinsic drug concentration
fluctuations (Fig 9.3).
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Figure 9.3: Contour plots for the effectiveness and toxicity as function of average dose Co and
administration parameter K = ktfor the 5-note system (shown in panel a) that is (b) initially in state S1 =
ON and S2 = OFF with an agonist for S2 or (c) initially in state S1 = OFF and S2 = OFF with an agonist for V.
k denotes the dilution rate of the drug after administration and t is the dose-interval. Monod-Wyman-
Changeux model [213] was used to describe the network dynamics.

For a typical clinical treatment, we imagine that the average agonist
concentration equals the required effective concentration C0. However, for a non-
continuous uptake and some type of degradation/dilution of agonist over time, this
implies that the actual agonist concentration varies as a function of time. However, it
is not the average dose CO, but the actual dose C (t) that determines the toxicity and
effectiveness of the drug. Indeed, for such a delivery process we need to specify
toxicity and effectiviness in more detail. A drug is effective, if both for the minimal and
maximal dose of the drug (thus for the full dose-range) the required effectiveness is
observed (e.g. X2 from OFF to ON). A toxic drug indicates that within the dose-interval
(at least at the minimal or at the maximal drug dose) a toxic effect is observed.

In Fig 9.3 we show the dependence of toxicity and effectiviness on the
required dose CO, the time between administrations and the dilution rate k. These
results clearly show that it is possible that a drug for which the required dose C0 is
non-toxic, does have intervals of toxicity, depending on the administration procedure.
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Cellular response to heat and external perturbation

9.3. von Willebrand Factor under shear stress: the influence of metal ion

In response to vascular lesions, platelets are stimulated to secure bleeding
arrest by formation of a platelet plug. In the high-shear environment found in the
microvasculature or stenosed arteries, the adhesion of platelets critically depends on
interactions with the plasma glycoprotein von Willebrand factor (VWF). This factor
recruits platelets to sites of vascular damage by interacting with collagen and the
platelet receptor GPIba.
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Figure 9.4: Calcium stabilizes the von Willebrand factor A2 domain and promotes its refolding. (a)
Crystal structures of calcium-bound wt-A2 (left) and backbone representation (left) of the B4-scissile
strand (yellow) and neighbouring strands illustrating how calcium interlocks B4 with 1 via coordination
by Asp1498 and Asn1602. (b) Thermofluor stability assays were performed with monomeric A2 in buffer
without (blue) or with (red) 1 mM CaCl2. Curves were normalized to maximum fluorescence signal. Data
show representative curves of triplicate experiments. Calcium binds A2 with high affinity and stabilizes A2
in a concentration-dependent manner. Apparent melting temperatures were extracted from the mid-point
of the unfolding transitions. Error bars represent s.d. (c) Single A2 domains (enlarged inset) are tethered
between polystyrene beads that are held by a piezo-controlled micropipette and the optical trap. The tether
includes a 2,500-bp DNA spacer to prevent unspecific bead-bead interactions. Presented below are the
force distribution histograms for unfolding events with and without calcium obtained at a loading rate of 5
PN s—1. Mean unfolding forces are 743 pN (n=13) and 1444 pN (n=15), respectively. Probability to refold
to the native state at zero load significantly increases in the presence of calcium (P<0.03). T-bars represent
s.d. from counting statistics.

von Willebrand factor (VWF) multimers mediate primary adhesion and
aggregation of platelets. VWF potency critically depends on multimer size, which is
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regulated by a feedback mechanism involving shear-induced unfolding of the VWF-A2
domain and cleavage by the metalloprotease ADAMTS-13. We performed
crystallographic and single-molecule optical tweezers data studies on VWF-A2
providing mechanistic insight into calcium-mediated stabilization of the native
conformation that protects A2 from cleavage by ADAMTS-13 [214]. The structure of
A2 is presented in Fig 9.4a and residues involved in calcium binding are shown. We
found that calcium binding markedly increases its thermodynamic stability (Fig 9.4b).
Unfolding of A2 requires higher forces when calcium is present. Calcium further
accelerates refolding markedly, in particular, under applied load (Fig 9.4c). We
propose that calcium improves force sensing by allowing reversible force switching
under physiologically relevant hydrodynamic conditions. Our data show for the first
time the relevance of metal coordination for mechanical properties of a protein
involved in mechanosensing.

9.4 Trehalose mediated stress-response

An ability of a living organism to withstand environmental stress is an
important factor determining the reproductive success of a population[215]. The
response is characterized by fast adjusting of both transcription and metabolic
patterns of a cell in order to prevent destructive effects, repair damages, save energy,
and finally survive [216]. Biomolecules are very sensitive to the environmental
conditions and should be protected effectively during the stress. Small organic solutes
such as sugars, amino acids etc. are shown to stabilize biomolecules effectively both in
vitroand in vivo experiments under certain conditions [217, 218].

The disaccharide trehalose is a metabolite found in a wide range of organisms
representing different domains of cellular life. It is known to be synthesized in many
of those upon various stresses [219] and it is thought to protect proteins and cellular
membranes from loss of activity caused by heat, cold, desiccation, dehydration, and
oxidation[220].

It is shown that trehalose prevents denaturation of proteins and stabilizes
proteins at various pH values (from 2.5 to 7). Melting temperature and melting free
energy increase linearly with the increasing trehalose concentration (1 to 2 M)[221].
Trehalose is shown to stabilize compact intermediates thereby decelerating protein
refolding, this effect increases with concentration (0.25M to 1M)[222]. Destabilization
effect is also reported for trehalose. Bromelain is shown to be destabilized by the
presence 1 M of trehalose[223].
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Trehalose has been shown to decelerate polyglutamine-mediated protein
aggregation and the resultant pathogenesis by stabilizing an aggregation-prone model
protein[224]. Trehalose (0.5 M) prevents aggregation and inhibits reactivation of
denatured luciferase /n vitro[225].

In addition to proteins, trehalose influences the physico-chemical properties
of nucleic acids. Destabilization of DNA by trehalose is reported in solution based on
reduced melting temperature of double stranded DNA[226]. The extent of DNA
destabilization due to trehalose depends on DNA length and depends on percent GC
content as concluded from experiments on short duplexes[227]. Trehalose can
stabilize the three dimensional structure of double stranded DNA and preserve its B-
form against harsh dehydration[228]. The stabilization effect of trehalose on DNA is
attributed to its ability to make tight hydrogen bond with the phosphate groups of
DNA, and thereby preventing phosphate-phosphate repulsion.

In Fig 9.5 a few hypothetical mechanisms are presented to explain the
experimental observations. To distinguish between these machnisms, we need to
answer the following questions: 1. Does trehalose directly interact with DNA and
proteins? 2. Does trehalose promote exposure of hydrophobic bases and residues? 3.
Does trehalose effect change depending on the concentration regime?

Here we study the effect of trehalose on mechanical properties of DNA and
Proteins. We use 920 nm dsDNA molecule and Maltose Binding Protein as models. In
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Figure 9.5: Possible mechanisms for trehalose induced stabilization and destabilization of
proteins and nucleic acids (a) Vitrification theory assumes that trehalose forms a glassy matrix thatactsasa
cocoon and presumably physically shields the protein or indeed cells from abiotic stresses [219]. (b)
Preferential exclusion theory proposes that there is no direct interaction between trehalose and protein (or
biomolecule). Instead, as can be seen, addition of trehalose to bulk water sequesters water molecules away
from the protein, decreasing its hydrated radius and increasing its compactness and consequently stability.
(c) Water replacement theory talks of substitution of water molecules by trehalose-forming hydrogen
bonds, maintaining the three-dimensional structure and stabilizing biomolecules{219]. (d) Possible
conformational reactions that can be influenced by addition of trehalose to aqueous solution of proteins.
While addition of alcohols like butanol leads to denaturation, glycerol, ethylene glycol and formamide
stabilize the protein [{229]. The effect expectedly depends on the concentration of the alcohol.

In the following section, we discuss DNA stretching experiment and the overstretching
transition in the absence of trehalose. In the next section, similar experiments on DNA
in the presence of trehalose are discussed.
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Here we study the effect of trehalose on mechanical properties of DNA. We
use 920 nm dsDNA as a model DNA molecule. In the following section, we discuss DNA
stretching experiment and the overstretching transition in the absence of trehalose. In
the next section, similar experiments on DNA in the presence of trehalose are
discussed.

9.4.1 Single molecule mechanics of DNA

We used the optical tweezers setup (see chapter 2) to measure the response
of double stranded DNA (2687 base pairs) to applied forces. Inthese experiments, the
DNA was grabbed from its ends by immobilizing the end of one of the strands on each
side, thus leaving the DNA torsionally unconstrained.

A typical force-extension curve is presented in Fig 9.63, a typical waiting time
between cycles is 5 s. In the stretching curve, when the force on the DNA increases,
overstretching occurred at 65 pN with a narrow force distribution. These experiments
on DNA provide us with additional findings: Firstly already at about 58-63 pN a
stepwise overstretching behavior can be observed. Secondly, at 70% overstretching
(about 1555-1580 nm) the force increased beyond 65 pN, marking the end of the
overstretching transition. Thirdly, the relaxation curves, when the beads were
brought close together again, exhibited significant hysteresis. This means that the
reversal of overstretching is a non-equilibrium process. Forth, we observed that
overstretching did not reverse completely; on average a residual of about 5 nm was
present at forces of 5 pN. Until recently the mechanism of the overstretching
transition and also the origin of the hysteresis are not completely understood.

The observed residual overstretching has, to our knowledge, not been
previously reported. Closer inspection reveals that this residual overstretching is
reversible. In measurements where we performed consecutive DNA overstretching
experiments with intermediate waiting times on the order of minutes, consecutive
rising curves overlapped also if the relaxation curves showed residual overstretching.
A clear explanation for the observed residual overstretching is still missing.

9.4.2 DNA stretching in the presence of trehalose
The experiments were performed in three steps. First the DNA was stretched

and relaxed multiple times in the absence of trehalose. Second, trehalose was infused.
Third, DNA was stretched and relaxed multiple times. We found that the
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overstretching force significantly reduces with the concentration of trehalose, and
shows a significant difference already at 10 nM concentration (Fig 9.7a).
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Figure 9.6: Single-molecule mechanics of DNA (a) Stretching and overstretching of a double
stranded DNA. (b) distribution of DW length. Central peak (green box) are DW values close to the WLC
model. The brown box marks the DNA overstretching transition. The purple box marks an area in which
typically hysteresis occurs during relaxation.(c) The central peak in panel (b) is split for stretching (left)
and relaxation (right). The shift in the peak position indicates the residual overstretching. (d) Three
consecutive DNA overstretching experiments with intermediate waiting time (minutes) at zero force. In the
insets it can be seen that residual overstretching reversed during the waiting time.

We propose a model for the observed destabilization of dsDNA by trehalose
(Fig 9.7b). In this model addition of trehalose increases the hydrophobicity of the
environment[230] by either sequestering water molecules or due to the interaction of
its hydrocarbon backbone with the hydrophobic bases. Consequently melting of
dsDNA will be facilitated. Because the hydrophobicity of guanine is much higher than
adenine and pyrimidine bases (G>>A>T~(C)[231], this model predicts that the effect
of trehalose is more prominent for GC rich DNA molecules. We planned additional
experiments and simulations to test this hypothesis and to reveal the role of direct
nucleotide-trehalose interactions (e.g. H-bonds or van der waals interactions) in this

process.
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Figure 9.7: Single-molecule mechanics of DNA in the presence of trehalose. (a) Overstretching
transition force as a function of trehalose concentration (b) Proposed model for trehalose induced
destabilization of dsDNA. Single stranded DNA has exposed hydrophobic bases and has therefore tendency
to form double stranded DNA in aqueous environment to shield the hydrophobic bases. Trehalose is
hypothesized to promote exposure of hydrophobic bases by either sequestering water or by direct can de
waals interaction with the bases. The latter may lead to a change in the structure of water hydrogen bond
network in the vicinity of the single stranded DNA and change the entropic panlthy associated with
hydration of hydrophobic bases. Note that the strength of a single hydrogen bond between a hydroxyl
group and a given H-bond acceptor is probably higher for water 0-H than trehalose 0-H group due to the
larger magnitude of the positive charge on the H atom in the former.

9.4.3 Outlook

Our preliminary data on DNA mechanics, shows a concentration dependent
influence of trehalose. Further experiments are needed to shed light on the underlying
molecular mechanism. One such experiment would involve comparison of the effect of
1-propanol, 1-hexanol and glycerol on DNA overstretching. While 1-hexanol and 1-
propanol, have the same number of hydroxyl groups (H-bond formation site), they
differ in their hydrophobicity. On the other side, the hydrocarbon backbones of 1-
propanol and glycerol are identical, while glycerol has three times more hydroxyl
groups. Moreover it is interesting to study the effect of trehalose on folding pathways
of model proteins, their folding rates and stability. Finally it is interesting to
investigate the interplay between trehalose and cellular chaperones.
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Summary

Single molecule investigations of chaperone assisted protein folding

Major experimental and theoretical efforts in the past decades have brought
detailed insights into the folding of small model proteins in the test-tube, a process
that has often been represented by the underlying folding energy landscape. Now, an
emerging scientific frontier is to understand how proteins fold in cells. Folding of large
proteins (> 100 aa) is believed to involve multiple intermediate states, more rugged
folding landscapes, and increased risks of misfolding. Moreover, interactions between
proteins can lead to aggregation. Aggregates reduce the number of active proteins,
and present a source of toxicity for cells. Despite these risks, complex proteins
normally fold efficiently in cells, owing to a dedicated chaperone-machinery that
guides the folding process.

Understanding how folding pathways are mediated by chaperones presents
considerable challenges. Biochemical approaches have been highly successful in
unraveling the life-cycle of chaperones, their structures, binding partners, and their
effects on the yield of natively folded protein. However, they are not well-suited to
study the protein conformational dynamics and multiple transitions between folded
states that determine folding pathways and outcomes. This thesis is a first single-
molecule optical tweezers study of chaperone assisted folding. Three main chaperone
classes namely Trigger factor, Hsp70 and Hsp90 are investigated that function at early
to late phases of de novo protein folding in vivo and on hundreds of substrate proteins.
In this thesis, we looked for generic mechanisms that underlie the functioning of these
chaperones.

Chapters 1 gives an overview of the current literature on chaperone-assisted
single protein folding, introduces the key open questions and discusses how the
single-molecule assays can be employed to address them. This is followed in chapters
2 and 3, by introduction of two technical developments in the single-molecule optical
tweezers: chapter 2 discusses a method for reducing measurement noise by
combining signals; chapter 3 describes a new linkage strategy based on
StrepTactin/StrepTag system for constructing protein tethers. This linkage shows an
improved mechanical stability which is essential to make protein tethers for long
pulling experiments

Chapter 4 describes the protein contact topology. The mathematical concept
is illustrated by providing simple polymer models with binary intra-molecular
contacts. It is shown how the topology put constraints on unfolding pathways of these
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polymers. The notion is then applied to study the unfolding path of Firefly luciferase,
a model protein with 550 aminoacids. Finally we speculate how a chaperone like
Trigger factor might modulate the topology of a protein.

Chapter 5 addresses protein misfolding. We first show that unfolded
luciferase has a trapped state on its folding pathway which limits the folding yield. We
then show that chaperones suppress entry into this state. The underlying mechanism
is described in the subsequent chapters (6 and 7). In chapter 6, we discuss how
Trigger factor reshapes the landscape of a protein and how that helps the protein to
avoid a misfolded state. The Trigger Factor interacts with most newly synthesized
protein chains and protects them from aggregation. After release from Trigger Factor,
the substrate will gain its native fold, or be transferred to the Hsp70 (Heat Shock
Protein 70) chaperone and co-chaperone Hsp40 (DnaK and DnaJ in E. coli). Using
optical tweezers, we have shown that Trigger Factor can remain associated as the
protein chain folds via a number of intermediate states, thus playing a more intricate
role than previously observed.

In chapter 7, molecular mechanism of DnaK system is studied. The DnaK
system undergoes ATP-driven cycles of substrate binding and release. In the ATP
bound state, DnaK has an open conformation with high on and off rates. Hydrolysis to
ADP closes the lid and stabilizes peptide binding. DnaK works in concert with the
nucleotide exchange factor and co-chaperone Dna] which recruits DnaK to substrates.
Using optical tweezers, we systematically address the role of different nucleotide
states of DnaK and its co-chaperones in folding of single MBP. We find that the DnaK
system interacts with both unfolded stretches and folded regions of a substrate
protein. We propose a new model for the functioning of DnaK system both during dé
novo folding and during heat stress response.

In chapter 8 we study the Hsp90 chaperone and its influence on the unfolding
and folding pathway of luciferase. The ATP-consuming Hsp90 chaperone is believed to
act downstream of Hsp70, and interact with near-native protein states. Eukaryotes
contain a wide range of Hsp90 chaperones, which are known to have regulatory
functions. In this thesis we focused on the E. coli variant, HtpG, as it is the only Hsp90
chaperone in E. coli and appears less involved in regulatory functions. Not much is
known about the function of Htpg, though interestingly it has recently been shown to
interact with incompletely folded proteins, which suggest a chaperone role in guiding
folding. We find that HtpG interacts with the unfolded chain in an ATP independent
manner. We find steps during refolding and unfolding that depend on HtpG and its
ATPase function. The emergence of steps suggests interaction of HtpG with the folded
regions of proteins or loop induction in polypeptide chains.
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In chapter 9 we discuss stress response processes at a broader level. We
address the role of lipid membranes and sugars (e.g. trehalose) in stress response.
The influence of trehalose on mechanical properties and melting transition of double

stranded DNA is explored. We also discuss protein vWF which is a stress sensor in the
extracellular environment.
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Samenvatting
Enkele molecule studies van chaperone gestuurde eiwit vouwing

In de afgelopen decennia hebben grote experimentele en theoretische
inspanningen gezorgd voor uitgebreide inzichten in het vouwen van kleine model
eiwitten in de reageerbuis, een proces dat vaak is weergegeven door middel van het
onderliggende energie landschap van het vouwen. Een nieuw wetenschappelijk
gebied dat nu naar voren komt is het begrijpen hoe eiwitten in cellen zich vouwen. Het
wordt verondersteld dat het vouwen van grote eiwitten (> 100 aa) betrekking heeft
op meerdere tussenliggende toestanden, ruigere landschappen van het vouwen en
grotere kansen op misvouwen. Daarbij kunnen wisselwerkingen tussen eiwitten
leiden tot aggregatie. Aggregaten verminderen het aantal actieve eiwitten, en leveren
een vorm van giftigheid voor cellen. Ondanks deze gevaren vouwen complexe eiwitten
normaliter efficiént in cellen, dankzij een toegewijde chaperonne-eiwit machinerie die
het vouwproces begeleidt.

Begrijpen hoe chaperonne-eiwitten bemiddelen langs welk pad eiwitten zich
vouwen levert aanzienlijke uitdagingen. Biochemische aanpakken zijn zeer succesvol
geweest in het ontrafelen van de levensduurcyclus van chaperonne-eiwitten, hun
structuren, bindingspartners, en hun effect op het aantal gevouwen eiwitten in hun
geschikte toestand. Maar deze methodes zijn niet geschikt om de conformationele
dynamica van eiwitten en de meerdere overgangen tussen gevouwen toestanden,
welke de paden waarlangs eiwitten zich vouwen en hun uitkomsten bepalen, te
beschrijven. Deze scriptie is een eerste single molecule optical tweezers onderzoek
over chaperonne-eiwit geassisteerd vouwen. Drie chaperonne-eiwit hoofdklassen,
namelijk Trigger factor, Hsp70 en Hsp90, die functioneren in vroege of late stadia van
het de novo eiwit vouwen in vivo en op honderden substraat eiwitten, worden
onderzocht. In deze scriptie zochten we naar algemene onderliggende mechanismen
voor het functioneren van deze chaperonne-eiwitten.

Hoofdstuk 1 geeft een overzicht van de huidige literatuur over het
chaperonne-eiwit geassisteerd vouwen van enkele eiwitten, presenteert de
belangrijkste open vragen en bediscussieert hoe de single molecule analyses gebruikt
kunnen worden om ze te beantwoorden. Dit wordt opgevolgd door hoofdstukken 2 en
3, door de introductie van twee technische ontwikkelingen in de single molecule
optical tweezers: hoofdstuk 2 bespreekt een methode voor het verminderen van
meetruis door het combineren van signalen; hoofdstuk 3 beschrijft een nieuwe
binding strategie gebaseerd op het StrepTactin/StrepTag systeem voor het
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construeren van eiwit kettingen. Deze binding geeft een verbeterde mechanische
stabiliteit die essentieel is voor het maken van eiwit kettingen voor lange trek
experimenten.

Hoofdstuk 4 bespreekt de eiwit contact topologie. Het wiskundige concept
wordt geillustreerd door het leveren van simpele polymeer modellen met binaire
intramoleculaire contacten. Er blijkt hoe de topologie beperkingen oplegt voor de
paden waarlangs deze polymeren zich kunnen ontvouwen. Dit gegeven is dan
toegepast bij het bestuderen van het pad waarlangs Firefly luciferase zich ontvouwt,
een mode] eiwit met 550 aminozuren. Tot slot speculeren we hoe een chaperonne-
eiwit zoals Trigger factor de topologie van een eiwit zou kunnen regelen.

Hoofdstuk 5 richt zich op het misvouwen van eiwitten. Eerst laten we zien dat
ontvouwen luciferase een gevangen toestand heeft op het pad waarlangs dit vouwt
dat een limiet geeft op de opbrengst van het vouwen. Dan laten we zien dat
chaperonne-eiwitten toegang tot deze toestand onderdrukken. Het onderliggende
mechanisme wordt beschreven in de hierop volgende hoofdstukken (6 en 7). In
hoofdstuk 6 bespreken we hoe Trigger factor het landschap van een eiwit vervormt en
hoe dit het eiwit helpt om een misgevouwen toestand te vermijden. De Trigger factor
heeft een wisselwerking met de meeste nieuwe gesynthetiseerde eiwit kettingen en
beschermt ze van aggregatie. Nadat Trigger factor vrijkomt, verkrijgt het substraat
zijn geschikte vouw, of zal deze overgedragen worden aan het Hsp70 (Heat Shock
Protein 70) chaperonne-eiwit en co-chaperonne-eiwit Hsp40 (DnaK en Dna] in E. coli).
We hebben, gebruikmakend van optical tweezers, laten zien dat Trigger factor
geassocieerd kan blijven terwijl de eiwit ketting vouwt, langs een aantal
tussenliggende toestanden, waaruit blijkt dat het een meer ingewikkelde rol speelt
dan eerder is waargenomen.

In hoofdstuk 7 wordt het moleculaire mechanisme van het DnaK systeem
bestudeerd. Het DnaK systeem ondergaat ATP-gedreven cycli van substraat binding
en ontbinding. In de ATP gebonden toestand heeft DnaK een open conformatie met
hoge on en off rates. Hydrolyse naar ADP sluit de deksel en stabiliseert peptide
binding. DnaK werkt samen met de nucleotide uitwisselingsfactor en co-chaperonne-
eiwit DnaJ , welke DnaK werft aan substraten. Gebruikmakend van optical tweezers
bespreken we systematisch de rol van verschillende nucleotide toestanden van DnaK
en zijn co-chaperonne-eiwitten in het vouwen van een enkele MBP. We hebben
gevonden dat het DnaK systeem wisselwerking ondervindt met zowel de ongevouwen
stukken en gevouwen gebieden van het substraat eiwit We stellen een nieuw model
voor voor het functioneren van het DnaK systeem zowel gedurende de novo vouwen
als warmte stress respons.



In hoofdstuk 8 bestuderen we het Hsp90 chaperonne-eiwit en zijn invloed op
het pad waarlangs luciferase vouwt en ontvouwt. Het wordt geloofd dat het ATP
consumerende Hsp90 chaperonne-eiwit actie ondervindt downstream van Hsp70, en
wisselwerking heeft met bijna-geschikte eiwit toestanden. Eukaryoten bevatten een
grote scala aan Hsp90 chaperonne-eiwitten, waarvan men weet dat ze regelgevende
taken hebben. In deze scriptie keken we naar de E. coli variant, HtpG, omdat het het
enige Hsp90 chaperonne-eiwit is in E. coli en minder invloed heeft op regelgevende
taken. Er is niet veel bekend over de functie van Htpg, hoewel er recent is aangetoond
dat het een wisselwerking heeft met onvolledig gevouwen eiwitten, wat een rol als
chaperonne-eiwit zou kunnen suggereren in het sturen van het vouwen. We hebben
gevonden dat Htpg wisselwerking heeft met de ongevouwen ketting op een ATP
onafhankelijke manier. We vinden stappen tijdens het hervouwen en ontvouwen die
afhankelijk zijn van de HtpG en zijn ATPase taak Het verschijnen van stappen
suggereert wisselwerking van HtpG met de gevouwen regio’s van eiwitten of lus
inductie in polypeptide kettingen.

In hoofdstuk 9 bediscussiéren we het stressrespons proces op een breder
niveau. We richten ons op de rol van lipide membranen en suikers (bijv. trehalose) bij
stressresponsen. De invloed van trehalose op mechanische eigenschappen en de smelt
overgang van dubbelstrengs DNA worden verkend. Ook praten we over het eiwit vWF
welke een stress sensor is in de extracellulaire omgeving.
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