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ABSTRACT

Heat shock protein go is an abundant molecular chaperone essen-
tial for the maturation of a large set of client proteins. Structurally
the large Hspgo molecule is organized into three domains, where the
C-terminal domain facilitates dimer formation. How such large sys-
tems can fold and assemble is investigated using optical tweezers. By
manipulating one molecule at a time together with novel evaluation
methods it is possible to dissect the multiple pathways and states
of such a large system. While the C-terminal domain shows two-state
folding behavior, the larger N-terminal and middle domains populate
ensembles of misfolded states, which dominate and slow down the
folding process. Linking the Hspgo domains further impairs protein
folding by the formation of cross-domain misfolds. These intra- and
cross-domain misfolds decrease the effective folding time of Hspgo
from milliseconds to minutes and lead to the paradoxical effect that
folding rates increase with a small applied force. Since the propensity
of a protein to misfold increases with chain length, co-translational
protein folding is important. After folding, Hspgo assembles into its
dimeric form. The kinetics are of special interest, because C-terminal
dimerization may be an important feature in Hspgo’s chaperone cycle.
However, optical tweezers experiments show a stable dimerization
with dissociation rates on the minute timescale.

The fully assembled Hspgo system is very dynamic and linkers
connecting Hspgo’s domains facilitate the large conformational rear-
rangements needed for client chaperoning. A unique extended se-
quence between the N and M domains, called the Charged Linker,
is investigated by an integrated approach, comprising optical tweez-
ers, fluorescence and bulk experiments. Contrary to previous assump-
tions the Charged Linker is found not to be permanently unstruc-
tured but forms a structural motif by binding to the N domain. The
stabilizing energy is only 1.1 kg T, therefore the Charged Linker can
easily dissociate, allowing conformational rearrangement of the N-
terminal domains. The millisecond dynamics of the Charged Linker
modulate the much slower N-terminal opening and closing kinetics
of the dimer and the Charged Linker is necessary for reaching one im-
portant closed state of Hspgo. The N-terminal dynamics, which so far
could only be resolved in single molecule FRET experiments, are also
measured in optical tweezers. Contrary to other experiments a single
compact closed state, which is only populated in the presence of ATP
is found. These findings pave the way for measuring the complete cy-
cle of Hspgo with optical tweezers and, most important, understand
its role in client chaperoning.
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Part I

INTRODUCTION

In this part I provide the essential background informa-
tion about protein folding and the molecular chaperone
heat shock protein go. I also discuss the advantages and
disadvantages of using single molecule methods to study
biomolecular systems and give a short outline.






THE PROTEIN FOLDING PROBLEM

All cellular functions, such as metabolism, cargo transport, signal
transduction and movement are mediated by proteins. Therefore an
understanding of how proteins work holds the key in understanding
life itself. The human genome project identified about 20000 genes
that encode proteins [51]. The number of unique proteins is even
higher because genes are processed before translation and proteins
can be modified afterwards. The translation from genomic informa-
tion into proteins happens in the ribosome, a large molecular ma-
chine, which itself consists of different proteins. There the building
blocks of proteins, the 20 different aminoacid residues, are covalently
connected one after the other. The result is a linear polypeptide chain
with a defined sequence of aminoacids. Before proteins can fulfill
their functions in the cell they have to undergo a transition from their
linear form to a unique three dimensional structure, called the native
state. This process is called protein folding.

The native state is typically the global free energy minimum of the
aminoacid chain in its solvent. Although the protein backbone has the
same chemical composition for all proteins, the side chains of the ami-
noacids vary, leading to different folds from protein to protein. This
means that the native state is defined by the aminoacid sequence, also
called the primary structure. Folded proteins have similar substruc-
tures termed the secondary structure. The most prominent motifs are
alpha helices and beta sheets, which appear for almost all amino-
acid types, because they are stabilized by hydrogen bonds between
the proteins” backbone residues. The tertiary structure is the final ar-
rangement of the secondary structure elements that are connected
by tight turns or flexible loops. Larger proteins often consist of au-
tonomous folding units, called domains. After folding, identical or
different proteins can assemble into larger complexes referred to as
quaternary structures, which typically form the dynamic machines
essential to accomplishing cellular functions.

How a protein can successfully fold from the linear unfolded state
to its native state is a sophisticated problem. Typically a protein do-
main has an average length of 100 aminoacids [158] and the polypep-
tide chain and each residue have multiple degrees of freedom. The
Levinthal’s paradox illustrates the complexity of the conformational
search for the native state [174], as in the following example: assum-
ing a protein consists of 100 residues and each residue has only two
degrees of freedom, this yields 2'°° possible conformations. If a con-
formational change takes 1ps, it would take more than 10'° years to



THE PROTEIN FOLDING PROBLEM

sample all possible conformations. This shows that a random search
for the native state is not feasible. In experiments, folding rates range
from microseconds to minutes and folding transitions are highly co-
operative [155]. This led to the assumption that proteins fold along
distinct pathways without accessing their total conformational space.
Along these pathways, kinetically stable conformations referred to as
intermediate states can exist. On-pathway intermediates are en route to
the native state, while off-pathway intermediates involve non-native,
misfolded structures.

The modern view of protein folding that reconciles the single path-
ways theory with the endless conformational possibilities is the de-
scription of the folding process as an energy minimization in a funnel-
shaped energy landscape [99], as shown in Figure 1.1. The folding pro-
tein preferentially chooses one of multiple routes with minimal frus-
tration. It may be trapped in intermediates that appear as local min-
ima in the energy landscape. Multiple small barriers are interpreted
as the roughness of the energy landscape and can decrease folding
rates [88]. The funnel concept can describe the observed folding pro-
cesses well, but the exact shape of the energy landscape is hard to
map out experimentally. Nowadays it is possible, for small proteins,
to reproduce the folding process in all-atom molecular dynamics com-
puter simulations, advancing towards the ultimate goal of de novo
structure prediction from the aminoacid sequence [73, 66].

Although nature has optimized folding, by adopting smooth en-
ergy landscapes with a kinetically accessible native state [155], the
folding process in the crowded environment of a cell can be more
complicated. In the cell, the interaction between partially folded pro-
teins can form stable aggregates, that are not functional and implicated
in neurodegenerative diseases [127]. To minimize this problem a spe-
cial class of proteins called chaperones evolved. They actively assist
folding or prevent aggregation by binding to misfolded species and
keeping them in solution.
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Unfolded

Energy

Reaction coordinates

Figure 1.1: Protein folding in the energy landscape picture. The protein fold-
ing process from the unfolded state into the native state is driven
by an energy minimization in an energy landscape. Typically all
possible conformations are projected on one or a few reaction
coordinates that describe the essence of the folding process. On
the way to the native state local energy minima leading to inter-
mediate states can occur. This figure is adapted from [27].
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Heat shock proteins are a class of molecular chaperones that are up-
regulated in cells upon stress induced by non-physiological condi-
tions such as elevated temperature. Stress favors protein misfolding
and therefore aggregation and heat shock proteins are needed to
maintain proteostasis. The working mechanisms are different from
chaperone to chaperone, as reviewed in [81]. Heat shock protein 70
binds stretches of hydrophobic aminoacids, preventing hydrophobic
interactions and aggregation. Heat shock protein 60 protomers assem-
ble into a large complex forming a cavity that can isolate misfolded
proteins. Another chaperone, heat shock protein 100 forms rings that
are able to unravel already misfolded or aggregated proteins.

This work focuses on the molecular chaperone heat shock protein
90 (Hspgo). It is highly conserved from bacteria to human, is one of
the most abundant proteins of the cell and is essential in eukaryotes
[13]. Its clientele is functionally and structurally diverse, including
kinases, transcription factors, ligases and telomerases [144, 92, 108].
In yeast Hspgo interacts physically or genetically with 10% of the
genome [170], thereby influencing a wide range of cellular functions.
Unlike other chaperones Hspgo is more selective choosing its clients
maturing or regulating them at a very late step in the protein folding
process [56].

The following sections give an introduction to the current state-of-
the-art research into prokaryotic and eukaryotic Hspgo. They focus
on structural organization, ATP hydrolysis, conformational changes,
the interaction with co-chaperones and clients and the significance of
Hspgo in clinics.

2.1 STRUCTURE

Hspgo proteins are organized as dimers, within which each monomer
consists of three domains: the N-terminal domain (N), the middle do-
main (M) and the C-terminal domain (C). Figure 2.1 shows the crystal
structure of the yeast Hspgo homodimer [2].

The N domain consists of an eight-strand beta sheet, flanked by
alpha helices. A resulting cleft has been identified as the ATP binding
pocket [110], where ATP binds in an unusually kinked conformation.
Upon binding, closing of the so-called ATP lid (residues 94 to 125
in yeast) locally changes the surface of the N domain [133, 28]. This
evolutionary conserved fold with the special binding pocket makes
Hspgo a member of the GHKL super-family [31].

The numbers refer to
the molecular weight
of the respective
chaperone in
kilodalton.
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Figure 2.1: Crystal structure of the yeast Hspgo homodimer. Hspgo's three
domains are colored and domain sizes are indicated by the bar.
The second identical protomer is shown in gray. The N and
M domains are connected by an extended region, the so called
Charged Linker (CL), which was partly deleted and is not fully
resolved in the crystal structure. The same applies for the last 32
aminoacids at the C-termini. This crystal structure shows Hspgo
in a closed, compact conformation. It was co-crystallized with
the ATP analog (AMP-PNP) shown as red sticks and the co-
chaperone Sba1/p23, which is omitted for clarity.



2.2 CONFORMATIONAL DYNAMICS

The M domain can be divided into three subdomains, two alpha-
beta-alpha subdomains connected by a three-alpha-helix subdomain.
The N-terminal alpha-beta-alpha subdomain of the M domain com-
prises an important arginine (residue 380 in yeast) that is essential for
ATP hydrolysis. It points towards the ATP binding pocket stabilizing
the kinked ATP thereby enabling hydrolysis.

The C domain, the smallest Hspgo domain, is of globular shape
consisting of alpha helices and beta sheets. One pair of alpha helices
(residues 638 to 677 in yeast) of each protomer form a four helix
bundle, responsible for stable dimerization [46]. The unstructured C-
terminal part (last 32 residues in yeast) carries the MEEVD motif that
can bind tetratricopeptide repeats, an important binding site for co-
chaperones (see Section 2.3). The unstructured portion, as well as the
binding motif, are absent in prokaryotes.

The domains are connected by linkers enabling conformational re-
arrangements of Hspgo as discussed in the following section. Most
notable is the highly-charged linker connecting the N and M domains
that is significantly extended in eukaryotes (62 residues in yeast). Its
properties will be examined closely in Chapter 9.

2.2 CONFORMATIONAL DYNAMICS

Hspogo undergoes large conformational changes between N-terminally
unbound states (open) and N-terminally dimerized states (closed).
Several crystal structures were able to trap Hspgo in these different
conformations. The closed, compact conformation, where Hspgo pro-
tomers entwine each other was already shown in Figure 2.1. An E. coli
Hspoo structure reveals an open conformation where the N termini
are far apart [133]. The crystal structure of Grpg4, the Hspgo analog
in the endoplasmic reticulum, shows an open conformation where
the N domains are additionally rotated [28]. These diverse structures
indicate that Hspgo can adopt different conformations and is a highly
flexible molecule.

Earlier studies suggest that Hspgo’s conformations are strictly con-
trolled by nucleotide binding and hydrolysis, which are required for
chaperone function in vivo [97, 100]. In the nucleotide-free (apo) and
ADP states it populates open conformations, while in the ATP state it
adopts closed conformations [120]. The aforementioned remodeling
of the ATP binding pocket is believed to drive these conformational
changes by exposing different residues. The ATP turnover is slow, in
yeast about one ATP per minute is hydrolyzed, human Hspgo is even
slower by a factor of ten [122]. The reasoning behind the slow ATPase
rate is that hydrolysis can only occur in a closed state [112], likely the
state depicted in Figure 2.1, where the arginine residues of the M do-
main catalyze hydrolysis. In this model the rate limiting step for ATP

9

Recently the direct
stabilization of the
ATP by the arginine
has been questioned
[22].

Dimerization is
studied in Chapter
10.
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N-terminal
dynamics are studied
in Chapter 10.

No Hspgo
co-chaperones have
been found in
bacteria.

Co-chaperone names
are given for both
yeast and human if
different.

HEAT SHOCK PROTEIN 9O

hydrolysis is the conformational change into a hydrolysis-competent,
closed state [122].

More recent studies, however, show that eukaryotic Hspgo can ex-
plore open and closed states in all nucleotide conditions [87, 115]. The
conformational changes are faster than the observed ATPase rate, im-
plying that they are not tightly coupled to one another. The emerging
picture is that Hspgo can access and fluctuate between multiple open
and closed states under all nucleotide conditions until it reaches a
state in which it is committed to hydrolysis [42]. In eukaryotes, these
conformational states are controlled by other proteins presented in
the next section.

2.3 REGULATION BY CO-CHAPERONES

In eukaryotes, another effective layer of regulation assists the Hspgo
machinery. More than 20 proteins, the so called co-chaperones, inter-
act with the Hspgo dimer. Many of them stabilize distinct conforma-
tions and/or recruit clients, as reviewed in [126]. They can be divided
into two groups: co-chaperones that bind directly to one or more do-
mains and co-chaperones that bind to the C-terminal MEEVD amino-
acid motif of Hspgo via a tetratricopeptide (TPR) domain.

The key chaperones that drive Hspgo’s ATPase cycle are Sti1/Hop,
Aha1, Sba1/p23 and Cdc3y [135]. Sti1/Hop binds through a TPR do-
main and stabilizes the open conformation therefore inhibiting the
ATPase activity. It recruits clients together with Hspyo as described
in the following section. Another important recruiting co-chaperone
specific for kinases is Cdc3y, which binds directly to the M domains
and stabilizes an open conformation. The co-chaperone Aha1 greatly
increases ATPase activity by promoting closure of Hspgo and align-
ing the arginine residue in the M domain [86]. Structurally the N-
terminal domain of Aha1 binds to the M domains of Hspgo, while
the C-terminal domain interacts with the N domains [119]. Sba1/p23
recognizes and binds to the compact closed state of Hspgo between
both N domains, stabilizing this conformation and inhibiting Hspgo’s
ATPase activity [123, 2]. It competes with Aha1 for a similar binding
site. Figure 2.2, modified from [72], presents a possible ATPase cycle
involving co-chaperone interactions and a theoretical client.

The large set of co-chaperones that can bind simultaneously to the
Hspgo machinery or compete for different interaction sites leads to
numerous possible complexes that are important for cycle progres-
sion [71, 32]. Since Hspgo consists of two identical protomers, it can
bind in principal two nucleotides and two identical co-chaperones.
But most co-chaperones bind in a 1 to 2 stochiometry, leading to asym-
metric complexes. This asymmetry seems to play a critical role in ATP
hydrolysis and client binding [59, 68].
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Open conformation

is stabilized

Closed 2 conformation Closed 1 conformation
is stabilized is stabilized

Figure 2.2: A possible ATPase cycle of Hspgo deduced from multiple exper-
iments involving different co-chaperones and a theoretical client
[72]. Starting in the idle open conformation (left, top) Hspgo
binds ATP and Sti1/Hop. Sti1/Hop stabilizes the open confor-
mation and recruits Hspyo that has a potential client bound (or-
ange blob). In the next step the client is transferred to Hspgo,
Hspyo and Sti1/Hop leave the complex and Aha1 promotes clo-
sure of Hspgo (Closed 1). Then it adopts the closed compact state
(Closed 2) that is necessary for ATP hydrolysis. This state is be-
lieved to be similar to the crystal structure shown in Figure 2.1
and is stabilized by Sba1/p23. It is assumed that at some point
in this state client chaperoning occurs. After the release of co-
chaperones and ADP, the machinery can start over again.

11
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Clients are also
called substrates in
the literature.

A patch of the M
domain next to the
cleft spanned by the
Hspgo dimer seems
to be primarily
involved in client
binding.
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Another regulatory mechanism, recognized for Hspgo and its co-
chaperones in eukaryotes are post-translational modifications. Phospho-
rylation, acetylation and SUMOylation among others have been re-
ported changing various features of the Hspgo machinery (reviewed
in [82]). Remarkably, phosphorylation and dephosphorylation has
been shown to be sufficient to drive an Hspgo chaperone cycle [167].

Prokaryotic Hspgos lack co-chaperones and ATP binding and con-
formational changes are more tightly coupled [118]. It is assumed that
the additional regulation of Hspgo in eukaryotes is associated with an
evolutionary gain of functions. This immediately implies that there
are differences in the role of Hspgo between organisms, although the
aminoacid sequence is highly conserved [136].

2.4 CHAPERONING OF CLIENTS

Little is known how Hspogo interacts and chaperones its clients. The
different clients lack structural similarity and no common binding
motif has been identified. The only general feature is that clients show
a propensity to be unstable proteins. It is a common notion that the
broad range of states populated by the Hspgo machinery is necessary
to bind and chaperone its diverse clients. In vivo many clients depend
on Hspgo, but in vitro reconstitution experiments are challenging, be-
cause of client instability and the low affinity of clients to isolated
Hspgo. Whether the low affinities are a generic feature and other pro-
teins are needed to keep Hspgo in proximity, or Hspgo’s binding con-
formations are not fully achieved in these experiments, is unknown.
Recent NMR and hydrogen exchange experiments show that specific
clients have distinct binding sites through different residues, often
spanning multiple domains, as reviewed in [126, 82].

Some clients are recruited actively via different pathways. One major
pathway, also shown in Figure 2.2, is mediated by the co-chaperone
Sti1/Hop and Hsp7yo. At first the misfolded or unfolded client is chap-
eroned by Hspyo. Then the adapter protein Sti1/Hop binds Hspgo
and Hspyo via multiple TPR domains. At the same time Sti1/Hop
promotes an open Hspgo state that is competent for client binding.
This fits into the picture that Hspgo works in the late folding pro-
cess [58]. That this cooperation of Hspgo and Hsp7yo is beneficial has
been confirmed in vitro reactivating the artificial substrate luciferase
[38]. Another recruiting pathway specific for kinases is via the co-
chaperone Cdc37 [144].

One example of a client that is strictly dependent on Hspgo’s func-
tion in vivo is the glucocorticoid receptor (GR). A reconstitution ex-
periment investigating the hormone-bound ligand-binding domain
of GR shows that the GR binds to a partially closed state of Hspgo.
The affinity to the GR can be tuned by adding co-chaperones and the
overall ATPase rate is reduced in respect to the client-free system [74].
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Another GR study shows how Hspgo and Hspyo regulate GR activity
by changing its stability [61].

While eukaryotic Hspgos have many clients only very few proteins
that interact with prokaryotic Hspgos have been identified. Therefore
client studies with E. coli Hspgo exclusively used a partially folded
model protein called A131A, a fragment of staphylococcal nuclease.
This artificial client interacts mainly with two amphiphilic helices of
the C domains situated in a cleft spanned by the M domains [46].
Here client binding induces conformational changes and ATPase ac-
tivity is stimulated [140]. Interestingly, mutations of residues involved
in client binding in E. coli. reduce the chaperone function of yeast
Hspgo in vivo and in vitro [39].

The mechanism by which Hspgo activates and matures clients is
far from understood. Already the two examples given above show
differences suggesting that multiple chaperoning pathways are pos-
sible. How the ATPase cycle couples to the chaperone cycle and for
what reason ATP is consumed, remain enigmatic.

2.5 CLINICAL RELEVANCE

Many clients of Hspgo are involved in diseases making Hspgo an at-
tractive drug target. Most notable are the developments for cancer
treatment that are already in clinical trials. Cancer cells often show
highly elevated expression levels of Hspgos. This is related to the
stressed, abnormal environment in a cancer cell. Many oncogenic
proteins that are important for proliferation of cancer cells are chap-
eroned by Hspgo. Prominent examples are the tyrosine kinase Src
and the tumor suppressor protein p53, as reviewed in [160]. Since
oncoproteins are often mutated and therefore more dependent on
chaperoning, which is especially true in cancer cells, deactivating the
Hspgo machinery is more critical for cancer cells than for healthy cells.
Specific inhibition of Hspgo can be achieved by compounds binding
competitively to the ATP binding pocket of Hspgo. Inhibition leads
preferentially to ubiquitination of the client followed by proteasomal
degradation. Many competitive inhibitors that deplete oncogenic pro-
tein levels are already in clinical trials and novel inhibitors with dif-
ferent targeting strategies are planned [147, 102].

Additionally, in neurogenerative diseases, like Alzheimer’s and Par-
kinson’s, Hspgo maintains neuronal proteins of aberrant capacity, as
reviewed in [76]. Hspgo is also involved in viral replication and target-
ing Hspogo together with antivirals is believed to prevent development
of drug resistance, as reviewed in [172].
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SINGLE MOLECULE EXPERIMENTS

Biomolecular systems are usually dynamic and complex, as presented
in Chapters 1 and 2. To study their behavior at the nanometer scale,
typically spectroscopic experiments using purified protein compo-
nents are performed. In bulk assays millions of billions molecules
are observed simultaneously. Averaging the measurement signals of
the individual molecules gives a good signal-to-noise ratio, at the
expense of losing information about the individual molecules. This
ensemble averaging can lead to misinterpretations of experiments if
the system investigated has multimodal state distributions. A simple
illustration: a distance in a molecular system is measured. The system
equally populates two states, one with a short distance and one with
a long distance. Without further interpretation, the bulk experiment
would reveal an intermediate distance that never occurs naturally.

Extracting kinetic information from bulk experiments can be tricky
as well. To measure the transition rate from one state into another,
the system first has to be prepared in one state, then the conditions
must be changed in order to drive it to the other state. This relaxation
can be followed over time and allows the determination of the rate.
In protein folding experiments synchronization is typically achieved
by changing from a buffer containing denaturant to a buffer with-
out denaturant. In protein interaction experiments, ligands or other
binding partners are added. In these cases, the exact rates can only
be determined if the backward reaction is negligible. This shows that
even for a simple two-state system, the determination of rates is not
straightforward.

Single molecule (sm) experiments are powerful tools that can over-
come these limitations. Following a single molecule trajectory allows
the identification of different populated states and their lifetimes, es-
pecially rare or short lived states, as well as different states that return
a similar measurement signal. The direct observation also allows the
identification of the connectivity of the states involved in a system,
showing possible and impossible pathways without any need for syn-
chronization.

Depending on the goal of an experiment, different single molecule
methods are at hand, mainly classifiable in two groups, fluorescence-
and manipulation-based methods.

In sm fluorescence experiments, fluorophores are attached to the
system. After laser excitation the fluorescent light is collected at a
detector. Very sensitive cameras allow the localization of individual
fluorophores and therefore sm particle tracking both in vitro and in
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vivo [104]. A more detailed method used in this thesis is the sin-
gle molecule Forster resonance energy transfer (smFRET). FRET is
the radiation-free energy transfer between two fluorophores, termed
donor and acceptor. The efficiency of the energy transfer can be mea-
sured by the fluorescence signals of the fluorophores, which is very
sensitive to their distance making it a very useful tool to study con-
formational changes within proteins or protein-protein interactions.
FRET experiments are either performed in a confocal or in a total
internal reflection fluorescence (TIRF) setup. The first method mea-
sures freely diffusing molecules and provides detailed information
about the population of different states although with limited kinetic
information [70]. The latter allows observation of time trajectories of
immobilized molecules [128].

In manipulation-based experiments a single biomolecule is teth-
ered via defined anchor points between two surfaces. By moving
one of the surfaces force can be directly applied by stretching the
molecule. The main experimental approaches are atomic force mi-
croscopy (AFM), optical tweezers and magnetic tweezers, which vary
in their features and limitations, as reviewed in [93]. In AFM exper-
iments, molecules can be manipulated using a soft cantilever with a
sharp tip. The AFM was originally developed as a scanning probe
microscope and is suited for assays at high forces (10— 10000 pN).
In optical tweezers experiments, force is applied via moveable beads
held by laser traps. Optical tweezers are capable of measuring very
low forces (0.1 —100 pN) and they will be discussed in detail in Chap-
ter 5. Another bead-based assay with superparamagnetic beads held
by a magnetic field are magnetic tweezers experiments. Their unique
feature is the possibility to apply and measure torque at the single
molecule level.

In general, smFRET experiments are more powerful at acquiring
rates and populations at equilibrium. The biggest limitations are the
limited lifetimes and the sensitivity to the local environment of the
fluorophores. Mechanical experiments are more reproducible and the
active manipulation allows the population of states that are not acces-
sible without external perturbation. A disadvantage is that the direct
observation of a single molecule is only possible if force is applied. To
extract information about the force-free parameters, that one is often
interested in, models are necessary.

Although single molecule experiments are more demanding, their
capability of revealing hidden and complex multi-state processes has
greatly contributed to the understanding of molecular processes. They
have been successfully used to characterize DNA, RNA, protein fold-
ing and unfolding, protein-protein interaction and molecular motors,
as reviewed in [25].



OUTLINE

¢ Chapters 5 and 6 introduce the optical trap and give the neces-
sary tools and developments to evaluate the measured data.

¢ Chapter 7 analyzes the unfolding pattern and the structure of
yeast Hspgo using optical tweezers.

¢ Chapter 8 gives detailed information how large proteins, such
as yeast Hspgo, fold and what problems they encounter.

¢ Chapter 9 shows how linkers between domains can modulate
intra-monomer conformations affecting the whole system using
many different experimental approaches.

¢ Chapter 10 gives insights into the kinetics of the C-terminal
dimerization and the nucleotide-dependent N-terminal dynam-
ics using artificial dimers.

¢ Chapter D compares the E.coli to the yeast variant, highlighting
important differences and similarities.

Protein folding

N-terminal
dynamics

/N

Monomer Co-solutes
dynamics

Nucleotides
Co-chaperones

Clients

Figure 4.1: Graphical outline. Crystal structures are taken from [2, 133].
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Part II

METHODS AND THEORY

In this part I explain the principles of how proteins can be
manipulated and investigated using optical tweezers and
how the physical properties of the investigated molecules
can be determined by different theoretical approaches. I
especially concentrate on the investigation of large pro-
teins and developments made by myself.






OPTICAL TWEEZERS

Small solid objects can be spatially trapped by light. This was first
shown by Ashkins in 1970, by capturing micron-sized latex beads us-
ing two opposing laser beams [4]. Several years later Ashkins and col-
leagues achieved trapping with a highly-focused, single-beam optical
trap [6], laying the groundwork for modern optical tweezers experi-
ments. Initial experiments on biological samples like viruses, bacteria
and cell organelles were performed by directly capturing the sample
inside the laser spot [5, 7]. Nowadays using micro-sized beads held
by optical traps as force probes allows quantitative measurements of
the force response of biological systems, such as the elastic properties
of biopolymers like DNA [154], the folding [17, 139] and the ligand
binding [137] of proteins. Of special interest are biological systems
that generate forces in vivo, such as molecular motors [64, 16] or pro-
teins that are naturally under force, such as force sensors [125].

5.1 OPTICAL TWEEZERS PRINCIPLES AND SETUP

A dielectric particle trapped in a focused laser spot experiences two
predominant forces [143]. A scattering force acting in the laser beam
direction and a gradient force pointing towards highest laser intensity.
This gradient force is used for trapping and can be explained qualita-
tively by considering the momentum change of refracted beams by a
transparent sphere using ray optics, as illustrated in Figure 5.1.

In fact the ray optics picture is only valid for particles whose radius
is much larger than the wavelength of the laser. In the other limit, the
Rayleigh regime, where the radius of the particle is much smaller
than the wavelength, the particle can be considered as a single dipole
in an electric field gradient. In this case the Lorentz force also drives
the particle to the trap focus. In typical optical tweezers experiments
the laser wavelength is similar to the particle size and calculation of
the forces involved is difficult but can be achieved using generalized
Lorenz-Mie theory [94].

To realize the traps and measure forces, a custom-built, high-reso-
lution dual-trap optical tweezers setup with back-focal plane detection,
designed by B. Pelz [152], is used. In this setup, light from the TEMoo
mode of a Nd:YVO, solid state laser is split into its two polarization
components, forming two beams. One of these beams can be steered
using a piezo mirror stage. The beams are recombined and expanded
to overfill the back aperture of the high-numerical-aperture trapping
objective. Behind the specimen plane, the forward scattered light is
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Figure 5.1: Optical trapping explained by ray optics. (A) A sphere is dis-
placed from the trap center (dashed circle). If the sphere has
a higher refection index than the surrounding medium, incom-
ing rays are refracted in the same direction as the displacement,
leading to a restoring force (black arrow) due to conservation of
momentum. (B) The same restoring force arises if the sphere is
displaced along the laser direction due to focusing or defocusing
of the refracted light. (C) For a steep light gradient the scatter
forces are lower than the gradient forces and the sphere can be
stably-trapped shortly behind the laser focus.

collected by an identical objective, split into its polarization directions
and monitored on two quadrant photodiodes.

In single-trap setups, one of the beads is held by a micropipette
or one end of the sample is directly linked to the surface. In a dual-
beam setup, the sample is clamped between two beads. Forces are
applied by moving one bead and measured by the differential sig-
nal of both beads. The main advantage of this design is a reduction
of noise and drift by mechanically decoupling the sample from the
rest of the setup [90]. Additionally, external perturbations likely af-
fect both traps similarly further reducing drift.

In this study spherical silica beads with a diameter of T ym and a re-
fraction index of 1.47 are used. For small bead displacements from the
trap center restoring forces are linear, like that of a Hookian spring.
Prior to the measurements, trap stiffnesses and detector sensitivities
are calibrated using a method that manages without assumptions on

Only for certain ~ bead size and shape [146]. Dependent on the chosen laser intensity,
corrections further  trap stiffnesses of 0.2 — 0.4 pN/nm are used. Data are acquired at a
assumiptions about sampling frequency of 100/150 kHz and downsampled to 20/30 kHz

the system are )
necessary. for analysis.
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5.2 FORCE EXERTION ON A PROTEIN IN THE DUMBBELL ASSAY

To exert force on a protein in the dual-trap optical tweezers setup a
symmetric sample with a shape similar to a dumbbell is constructed.
Figure 5.2 illustrates this bead-DNA-protein-DNA-bead design. The sam-
ple assembly involves multiple stages: in a first step cysteine residues
are genetically inserted into the protein (for details see Section B.1.1).
They serve as defined attachment points for force application. The
thiol groups of the cysteine residues are coupled to maleimide-modified
DNA oligonucleotides. The nucleophile addition between the thiol and
the maleimide groups is a faster and an easier-to-use reaction than
the traditionally used disulphide bond formation (see Section C.1).
Approximately 181 nm-long (545 basepairs) DNA handles are synthe-
sized by PCR with a single-stranded overhang at one side, which
is complementary to the DNA oligonucleotides attached to the pro-
tein, allowing stable hybridization. At the opposite side, the DNA
handles have three biotin or three digoxigenin modifications. Amino-
terminated silica beads coated via EDC/NHS chemistry with BSA
and either streptavidin or anti-digoxigenin can bind to the biotin- or
the digoxigenin-modified DNA handles, respectively. This yields a
symmetric dumbbell, where the laser trapped beads are well separated
from the protein by long DNA handles. The protocols used are de-
tailed in the Section B.2.1.

Streptavidin
Biotin
/ ___ DNAhandle
(‘uC\L‘uTQ?Q?QnQﬁ,,\\% . Protein A~
0000000, acsssssveverersing
V4 ./<;)C3?"' v
Cysteines Oligonucleotide
Fixed trap Mobile trap

Figure 5.2: To exert force on a protein, DNA handles are attached at specific
protein residues. The other ends of the handles bind via their
biotin or digoxigenin modifications to streptavidin-coated (left)
or anti-digoxigenin-coated (right) beads, which are held in laser
traps.

It is also possible to synthesize the DNA handles as one piece, with-
out using oligonucleotides and the single-stranded overhang [18], but
the two-step protocol introduced by Gebhardt [139] and the use of
maleimide oligonucleotides increase reaction efficiency (see Section
C.1) and therefore experimental yield.
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OPTICAL TWEEZERS

5.3 EXPERIMENTAL DRIVING PATTERNS

By means of optical tweezers proteins can be manipulated by chang-
ing the distance between the traps thereby applying different forces.
Since the time course of the trap distance can be chosen almost freely,
different driving patterns can be employed that are adapted to the prob-
lem investigated. Often repetitive patterns are used to investigate a
property of the protein system multiple times and gather statistics.
The driving patterns used in this thesis are summarized in Figure 5.3
and their applicability is described in the following.

In constant velocity cycles the trap distance is increased and de-
creased with a defined velocity, allowing proteins to be driven repeat-
edly from the fully folded state to the fully unfolded state and back.
Force-extension traces are calculated that show all unfolding and re-
folding features of the protein over a large force range. These traces
also reveal the sizes of the structural elements and their mechanical
stabilities.

To gain insight into energetic and kinetic parameters, constant dis-
tance or passive mode experiments are the first choice. In these assays
the trap distance is held constant and the force response is investi-
gated. This approach is feasible if the system is populating and de-
populating different states at equilibrium on a measurable timescale.
It allows the full characterization of the energetics and kinetics of the
system by the measurement of the force-dependent populations and
lifetimes.

If the protein doesn’t access all states of interest in constant distance
experiments, jump experiments can help to increase transition rates,
by lowering or increasing the force rapidly. Employing the jumps re-
peatedly makes it possible to collect force-dependent lifetimes of the
involved states.

For some questions it can be useful to combine jumps with ramps,
which provides the benefits of both patterns like in double-jump ramp
experiments. They will be motivated and discussed in detail in Section
8.4.
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Figure 5.3: Main force exertion patterns employed in optical tweezers exper-

iments: constant velocity (A), constant distance (B), jump (C) and
double-jump ramp (D) patterns.

(A) In constant velocity experiments many unfolding (red) and
refolding (blue) force-extension traces are obtained and thereof
the stability and size of the unfolding (***) and refolding events,
which are typically collected in scatter plots. Here an example of
a protein with two structural elements is shown.

(B) Keeping the trap distance constant allows the force fluctua-
tions between different states to be followed over time and their
population probabilities and lifetimes to be extracted, as shown
here for a two-state system (with states a and b).

(C) If the folding and the unfolding rates are too slow at equi-
librium, jump assays enable the exploration of different force
regimes, where rates are faster and lifetimes can be determined.
(D) In double-jump ramp experiments, an example of a more
complex pattern, constant velocity unfolding traces probe the dif-
ferent states of the system after spending a defined time at low
force.
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DATA ANALYSIS

In this chapter, the necessary tools to evaluate the energetic and ki-
netic properties of protein systems measured in optical tweezers are
provided and the underlying theories are discussed.

6.1 ELASTIC BEHAVIOR OF BIOPOLYMERS

Flexible polymers favorably adopt random coil conformations if equi-
librated. Increasing the end-to-end distance of such polymers typi-
cally reduces the conformational entropy and results in a restoring
force. The understanding of how such polymers respond to force is
crucial for the correct interpretation of the optical tweezers experi-
ments.

A model, called the worm-like chain (WLC) model, is successful in
describing semi-flexible polymers. In contrast to other models that
consider the polymer as a chain of stiff monomers that can rotate
against each other, the WLC model describes the polymer as a contin-
uous and isotropic rod that is bent by thermal energy. The stiffness
or flexibility of the rod is defined by a material parameter called the
persistence length, which is the decay length along the contour of the
rod after which the tangent vector direction correlation drops below
1/e. In other words two points that are separated further than the
persistence length are uncorrelated.

It is possible to calculate the mean squared end-to-end distance (ex-
tension) of the WLC polymer, but no analytical expression of how
force applied to the ends changes the end-to-end distance can be
given. However, calculating the linear entropic behavior at the low
force limit as well as the high force limit is feasible. A frequently
used analytical expression derived by Marko and Siggia [78] that in-
terpolates between these two limits, can describe the force-extension
F(x) behavior of an unfolded protein chain well. Using the contour
length 1,0t and the persistence length py1ot of the unfolded protein
chain as well as the thermal energy kgT, the interpolation formula
can be written as:

kgT (1 < x )2 1 x
F X) = (1= ——+ 6.1
WLC( ) pprot <4 ]vprot 4 ]vprot ( )

At intermediate forces around kg T/pprot, the interpolation model
overestimates the force by up to 10% compared to the numerical so-
lution [154, 79]. Typical average persistence lengths for unfolded pro-
tein chains are around 0.3 to 0.75nm, slightly higher than the bond
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length of an individual aminoacid residue. However, interactions of
different neighboring aminoacids can also modulate the persistence
length [19, 69], meaning that an aminoacid chain with an atypical av-
erage residue composition or extreme buffer conditions might show
a different persistence length.

The WLC model characterizes unfolded protein chains well, but for
double-stranded DNA the model fails at higher forces. The reason
behind this is the double helix nature of the DNA. At high forces the
double helix is distorted, leading to additional elastic contributions.

An extension of the WLC model, called the extensible worm like chain
model (eWLC), can take this behavior into account by introducing an
elastic stretch modulus K. The modified interpolation formula reads

as [154]:

kgT [1 < x F>2 1 x F
F xX) = - 1— + = — =+ v 6.2
ewtc(x) PDNA <4 lpna K 4 lpna K (6:2)

The literature values of the persistence length ppna and the stretch
modulus K for B-DNA are around 50nm and 1100 pN, respectively
[154]. In the dumbbell assay used (see Section 5.2), lower values for
pPonA and K are observed. There are multiple causes that explain the
reduced stiffness: First, the finite DNA length, the free DNA ends,
as well as rotational fluctuations of the beads attached to the DNA
decrease the persistence length significantly, as shown in simulations
[131]. Second, because of the biochemical nature of the dumbbell as-
say, there are nicks in the DNA handles and just one strand is at-
tached to the beads, which further decreases DNA stiffness. Finally,
ignoring unstructured regions in the protein construct can render the
DNA parameters inaccurate, as shown in the following section.

6.1.1  Fitting WLC models to complex proteins

Folding, unfolding or other conformational transitions of proteins un-
der force typically change the proteins” end-to-end distance. To evalu-
ate these protein transitions and their contour lengths changes WLC
models are fitted to force-extension traces (see Section 5.3). In addi-
tion they allow the determination of all DNA parameters that are
necessary for further analysis.

Figure 6.1 A shows typical force-extension traces expected for a
protein with two structural units. The first rising slope of the unfold-
ing trace is due to stretching of the DNA handles alone. An eWLC
fit (Equation 6.2) to this slope enables the determination of the DNA
parameters (ppna, lbna and K) of the tether. The contour length
gains of the following protein events are then evaluated one after the
other by fitting WLCs (Equation 6.1) in series with the previously
determined eWLC.
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Figure 6.1: WLC fits (dashed lines) to unfolding (blue) and refolding (red)
force-extension traces of a fictional two domain protein in the
dumbbell assay.

(A) The first fit (1.) to the completely folded protein describes the
stretching of pure DNA (eWLC). The second and third fit (2. and
3.) are WLCs in series with the previously determined eWLC,
which yield the contour length gains due to protein unfolding.
(B) For a protein with unstructured regions, the first slope con-
tains already unfolded peptide. In this case globally fitting all
slopes allows the determination of all the DNA and protein pa-
rameters simultaneously (black WLC fits) as well as the consid-
eration of unstructured regions (0.). If the unfolded regions are
not accounted for and fitted as in Fig. A, poor fits and incorrect
DNA and protein parameters are obtained (gray WLC fits).

Large multi-domain proteins often contain unstructured regions and
linkers connecting the domains. If the regions have significant length,
the approach illustrated above is not practicable, because the first
rising slope of the force-extension trace already contains stretched
unstructured protein. For that reason a global fit routine that allows
the simultaneous fitting of all slopes in a multi-domain unfolding
pattern is implemented.

This provides two advantages: The first is that all slopes of the
force-extension trace contribute to the evaluation of the DNA param-
eters, therefore increasing their accuracies. The second is that an addi-
tional contour length, which accounts for the unstructured parts can
be easily considered as shown in Figure 6.1 B. Neglecting unstruc-
tured parts leads to an apparent lower DNA persistence length and
longer DNA and protein contour length gains. These incorrect pa-
rameters may lead to misinterpretation of the involved structure and
errors in the evaluation of energetic and kinetic properties, which will
become obvious in the next sections.

The force-extension traces in this thesis are fitted explicitly using
the global fit method described. The protein persistence length is
fixed to 0.7nm, which gives the best results for the proteins inves-
tigated. Expected average DNA persistence lengths of around 20 nm
and DNA contour lengths of around 370nm are found. For fitting,
the elastic stretch modulus is fixed to values between 300 to 700 pN.
To include unstructured regions typically a fixed contour length is
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assumed, which is estimated from the structure or from traces of mis-
folded protein molecules. It is also important to note, that most reli-
able contour length gains between two WLCs are obtained if similar
force regions are fitted. This reduces the errors dramatically since in-
correct DNA parameters and the deviations by the WLC interpolation
formula affect the fits similarly.

6.1.2 Relating contour length gains to structure

The contour length gains measured for unfolding or refolding events
have to be related to the structural parts that unfold or refold. Calcu-
lating the number of aminoacids involved provides a structural inter-
pretation, which is especially useful for identifying the native pattern
of the protein as well as interpreting non-trivial events, such as the
structure of intermediates. However, the calculation of the number of
aminoacids from the observed contour length gain requires detailed
knowledge of the end-to-end distance of the structure in its folded
state. This information can be obtained from protein structures with
atomic resolution, which allow the determination of the initial dis-
tance in the folded state dij 014 between two residues i and j. Sub-
tracting the initial distance from the average distance per aminoacid
lqq times the total number of aminoacids unfolded nqq =j —1 yields
the expected contour length gain 1;:

lij = Naalaa — dijfola (6.3)

Comparing the theoretical with the measured contour length gains
enables the validation or falsification of structural models. If multiple
models fit the data, truncation mutants or different pulling directions
help to identify the right one.

The exact value for the average contour length gain per aminoacid
has to be chosen carefully, since the contour length gains obtained
from WLC fits depend on the protein persistence length used. There-
fore it is reasonable to determine the average contour length gain per
aminoacid for a certain persistence length, from contour length gains
with a clear structural interpretation. For example, from the contour
length gain from the folded to the completely unfolded state. In this
thesis, the length per aminoacid is assumed as 0.365 nm for a protein
persistence length of 0.7 nm.

6.2 STATE ASSIGNMENT WITH HIDDEN MARKOV MODELS

Trajectories of a single protein that populates multiple distinct states
in equilibrium, for example folded and unfolded, can be recorded in
constant distance experiments (see Section 5.3). These different states
are typically separated by contour length and/or kinetics. To obtain
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thermodynamic and kinetic information of the protein system, the in-
dividual points of the trajectory have to be assigned to the states ob-
served. Especially at low forces, the amplitude of the thermal noise
is much larger than the signal change and a simple threshold crite-
rion to discriminate the states can not be employed without strongly
smoothing and therefore impairing the data.

A powerful and elegant approach to assign the observed states to
an unfiltered trajectory are Hidden Markov Models (HMM). They use
probabilistic arguments to associate the individual data points of the
trajectory (07,02,...,07) to hidden states xi. The hidden states and
their transition probabilities are defined by a Markov process and
each hidden state has a certain emission probability to create a certain
observable value.

After initialization, a forward-backward algorithm allows the determi-
nation of the most probable state of the hidden network for each point
of the trajectory. It does so by recursively calculating the forward vari-
able «¢(i,07...0¢), which tells the probability to be in a certain state
i at data point t after having observed the measured sequence of ob-
servables (o7,...,0¢). Similarly the backwards variable (¢(i,o0¢...oT)
starting from the last point of the trajectory is calculated. Using them
together with Bayes’ rule allows the determination of the probabili-
ties P to be in the hidden states x; at a certain time point t for the
totality of all measured observables.

P(xilo1,...,01) < &¢(i,07...0¢) B+ (i, 0¢...0T) (6.4)

A maximum likelihood estimate can be implemented for the HMM
by the Baum-Welch algorithm, which improves the values by maximiza-
tion of the individual observation probabilities. The initial values for
the transition and the emission probabilities can therefore be opti-
mized by running the forward-backward and Baum-Welch algorithm
iteratively.

To evaluate constant distance data, the traces are discretized into
50 to 200 emission force bins. The number of states and their initial
emission probabilities are determined by fitting Gaussians to the force
histogram of the evaluated trace. Transition probabilities between the
hidden states are set to the timescale of the observed kinetics. The
emission probabilities are then optimized by repeatedly running the
forward-backward and Baum-Welch algorithms whilst keeping the
transition probabilities fixed. After convergence, each data point is
assigned to the state with the maximum observation probability. Af-
ter assignment the force-dependent populations and lifetimes of each
state can be extracted easily (see also Section 5.3).
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63 ENERGY CONTRIBUTIONS OF THE SYSTEM

If a protein changes its state, the free energy of the system is altered
due to additional or lost enthalpic or enthropic contributions. Exam-
ples are the protein folding free energy, which is the free energy dif-
ference between the unfolded protein state and the folded one, or the
binding free energy for a ligand-bound or ligand-free protein. Figure
6.2 A illustrates the energy difference of a simple two-state system.

In the dumbbell assay (see Section 5.2), the protein is examined by
measuring the force via the displacement of the beads from their trap
centers. To evaluate the energetic and kinetic properties of the protein
states the consideration of all dumbbell components is important. Re-
laxation times of all components are fast, therefore the symmetric
dumbbell system can be modeled as a single bead-DNA-protein sys-
tem, with an effective trap stiffness and a single DNA handle with
twice the length. The total free energy of the dumbbell system G; at a
force F is the sum of four components: First, the free energy of the
protein E; in the state i. Second, the free energy stored in the beads
Gb¢ads Third, the free energy of the stretched DNA, GPNA, and fi-
nally, the free energy of stretched unfolded protein GP™®", which is
dependent on the protein state 1.

Gi(F) = E; + G4 (F) + GPNA(F) + GP™(F) (6.5)

Under force, the beads are displaced in the harmonic potential of
the traps. Because the same force F acts on both traps the sum dis-
placements of the individual beads is x(F) = (qu + kK NF = k;JfF
with k¢ and k., being the spring constants of the fixed and the mo-
bile trap. The expression can be simplified using the effective spring
constant k¢ and the free energy of the beads can be written as:

GPeeds(F) = %kgf‘sz (6.6)
The energy stored in the stretched DNA handles can be calculated

by integrating Equation 6.2:

xewtrc (F)

GONA(F) — L Fewtc(x')dx! (6.7)

If the protein in state i is partially or fully unfolded, the free energy
of the stretched unfolded peptide using Equation 6.1 is

. xwic(F)
Gfro (F) == J FWLc(X/)dX/ (68)
0
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Figure 6.2: (A) A simple energy landscape with two states i and j (i.e. folded
and unfolded) that are separated by the energy difference E; —E;
is shown. (B) Force-extension traces of an example protein with
a folded state i and an unfolded state j. Assuming the protein
unfolds at a force F; the unfolded state will be at force F; if the
trap distance is held constant. (C) The energy contributions of the
beads, the DNA and the unfolded protein dependent on force.
If the protein transitions from state i at a force F; to state j at
a force Fj the energy contributions change. Together with the
free energy E; — E; of the protein the energy difference of the
complete system is determined.

Figure 6.2 shows an example of the individual energy contributions
for a simple protein with two states.

The energy difference of the complete system Gi;(Fi, Fj) = Gj(F;) —
Gi(Fi) between two protein states i and j with corresponding forces
F; and Fj, that are separated by the free energy of E; can be expressed
by the energy differences of the individual components:

Gij(Fi, Fj) = By + G IS (Fy, Fy) + GQNA(FiIFj) + G%mt(Fi/ F;) (6.9)

64 ANALYSIS OF ENERGIES FROM POPULATION PROBABILITIES

To determine the free energy between protein states Ejj, the experi-
mentally accessible state populations are evaluated. At equilibrium
the population ratio between two protein states P;(F;) and P;(F;) is
related to the free energy difference of the complete dumbbell system
(see Equation 6.9) by the Boltzmann distribution:

Pi(F) exp (_GU]EFH'_FJ)> (6.10)
F. B
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For multiple states the sum of all state probabilities is unity and
the force-dependent population P;(F;) can be expressed by summing
up all Boltzmann factors:

1

Pi(Fi) =
Gy (Fu |y
1 +Zl§£] exp (—%>

(6.11)

Equilibrium state occupancies in this thesis are usually evaluated
at fixed trap distances (see Section 5.3). This distance drqp defines
the force of each state Fi(d¢rqp). The free energy differences between
the protein states Ei; are calculated from the state probabilities P;(F;)
by rearranging Equation 6.11 using the previously determined force-
dependent energy contributions of the dumbbell. In principle, they
can be calculated from one trajectory at one trap distance, but vary-
ing the trap distance enables the exploration of the force dependence
of these probabilities. A global fit to all state probabilities at all mea-
sured forces using Equation 6.11 minimizes the errors of the energy
calculation.

65 THEORY OF RATES

The timing of reactions is of great importance to understand the work-
ing mechanism of biological systems. Biological processes can often
be thought of as a network of states with rates populating and depop-
ulating these states. Two states are usually separated by an energy
barrier, the height of it is also called activation energy, which must be
overcome to transition from one state into the other (see also Figure
6.2 A).

The first description (for a first order reaction) of the relationship
between the reaction rate k and the activation energy Ea was found
by Arrhenius [3, 65].

_Ea
KArrhenius = Ae B! (6.12)

The preexponential factor A is called the attempt frequency and
can be interpreted as the frequency of transition attempts, while the
exponential factor discriminates the attempts that have enough en-
ergy to overcome the barrier.

A more elaborate model which relies more on physical principles,
is the transition state theory (TST) [65]. The transition state is the peak
of the energy barrier and TST assumes that the initial, ground state
and the transition state are in quasi equilibrium. Once the transition
state is reached, the system transitions to the final state. TST allows
the quantitative description of the preexponential factor and can be
extended to higher order reactions. The first order reaction rate from
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a state i to j is, similarly to Arrhenius, defined by the free energy
difference between the ground state i and the transition state T on
the way to the final state j.

kgT _Gitr
KTsT,imj = }BL e sl (6.13)

The preexponential factor derived by TST is % with h being the
Planck constant. It is valid for chemical reactions of small inorganic
educts and is on the order of picoseconds. For diffusive protein dynam-
ics, the prefactor is several orders of magnitude smaller. Typically an
attempt frequency between 10°s and 107 s is assumed [67, 168, 107].

The approach that maybe best reflects the reality for transitions in
proteins is the theory introduced by Kramer in 1940 [62, 45]. Here the
transition rate is obtained by considering Langevin particles diffus-
ing in a double well energy potential U(x). Using the Fokker-Planck
equation, the first passage times for a stationary particle flux from one
dwell into the other are calculated. In the high friction (over-damped)
limit the transition rate can be calculated considering the diffusion
coefficient D of the particle:

1 1 [Xmex Uy [(* U
:J exsT U ‘fe kpT dx] dx (6.14)

Kisi D Joinf

This expression is valid for any energy landscape shape U(x). The first
integrand mainly depends on the shape of the initial state while the
second integrand mainly depends on the shape of the energy barrier.
Expanding the potentials around the initial state and the transition
state, integrating, and using the Einstein relation the Kramer’s rate
simplifies to [62]:

w: W _U.(xT)fu(xi) w; W _GiT
hadUhadl PR T — T T (6.15)
27y 21y

ki =

Although the formula is similar to the previously obtained results
(see Equations 6.12 and 6.13), the new important features in Kramer’s
theory are that the preexponential factor depends on the shapes (cur-
vatures) of the initial w; and the transition state w and on the fric-
tion coefficient .

The rate theories introduced above show which factors determine
the speed of transitions. The form of the energy landscape is of great
importance. With high-resolution single molecule experiments (see
Chapter 3) it is possible to directly probe the energy landscape of
a protein [163, 105]. Unfortunately, these experiments are typically
limited to simple systems along one reaction coordinate and struc-
tural interpretation can be challenging [21]. Because protein chains
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have many degrees of freedom and therefore high-dimensional en-
ergy landscapes, the projection of the whole energy landscape on one
reaction coordinate may be an oversimplification, which should be
kept in mind when analyzing protein transitions.

6.5.1 Detailed balance

For a system with two states i and j that are in equilibrium the rates
are related to the energy difference Gy;.

Kivj _ o=t (6.16)
Kj_i
If a system is at equilibrium and a transition from state i to state j
involves several different microscopic intermediate states, the reverse
reaction has to populate the same intermediate states. This microscopic
reversibility is called detailed balance. An important consequence is
that the transition state of the forward rate k;_,; has to be on the
same position for the backward rate kj_,;.

6.6 RATES UNDER FORCE

In optical tweezers experiments the investigated systems are usu-
ally under load. Forces deform the energy landscape and as a con-
sequence change the equilibrium populations and the transition rates
between states. For biological systems the intrinsic rates of the unper-
turbed system, i.e. the rates at zero force, are often of interest. In this
section models that describe the force dependence of rates and allow
extrapolation to zero force are discussed.

6.6.1 Bell-Evans model

The first phenomenological description of force-dependent rates in
a biological system was given by Bell in 1978 [11]. In this cell adhe-
sion study the force-dependent receptor ligand dissociation between
two cells is theoretically investigated. Later Evans et al. provided the
theoretical framework and several extensions starting from Kramer’s
theory (see Section 6.5) [35].

In their model, an external force F perturbs the energy landscape
U(x) along the reaction coordinate x by a mechanical potential —Fx.
This tilts the energy landscape as illustrated in Figure 6.3 A. In the Bell-
Evans model, which can be seen as an expansion of TST (see Section
6.5), the transition state energy barrier is lowered by Fxit with F be-
ing the applied force and x;1 representing the distance between the
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initial and the transition state. Therefore the force dependence of a
transition rate is (compare to Equation 6.13):

—(GiT—FxiT) i

ki_>j(F) = Ae kpT = ki_n'(F:O)ekgiT (6.17)

Figure 6.3 shows the change of the energy barrier if force is ap-
plied for a dissociation (or an unfolding) event as well as the force-
dependent rate in the Bell-Evans model. Measuring rates at different
forces allows the extrapolation to zero force and the determination of
the distance to the transition state.
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Figure 6.3: (A) The energy landscape for a dissociation process of a force-
free system is shown in black. If force is applied to the system,
the mechanical potential —Fx (red dashed) tilts the energy land-
scape (red) lowering the energy barrier and favoring the transi-
tion. Here, the transition state position xT is force independent.
(B) In the Bell-Evans model the logarithms of the rates show a
linear force-dependence (see Equation 6.17). Measuring the dis-
sociation rates at different forces allows the determination of the
rate at zero force and the distance to the transition state, which
is defined by the slope.

This simple model has severe drawbacks. The distance to the tran-
sition state stays constant and doesn’t change with force. If some pro-
tein state involves unfolded regions, this distance can be very force-
dependent (see Section 6.1), which has to be considered (see also Sec-
tion 6.6.3). Additionally, if the assay contains flexible tethers like DNA
or moveable beads, such as the dumbbell system, the effective transi-
tion state distance of the whole system is measured rather than that
of the protein system alone [33].

These drawbacks lead to errors in extrapolating rates to zero force.
Dissociation or unfolding rates are typically underestimated, while
folding rates are overestimated. However, if the transition state is very
close to the initial state, as is generally the case for dissociation or
unfolding transitions, the Bell-Evans model can perform reasonably
well.
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6.6.2 Dudko-Hummer-Szabo model

A frequently used and more elaborate model is the one presented by
Dudko, Hummer and Szabo [29]. Using Kramer’s theory they derive
a model that considers the shape of the potential in every point as
well as the transition state position change due to the mechanical
potential —Fx. For energy landscapes, that have a cusp-like or a linear-
cubic form, analytical expressions for the force-dependent rates can
be deduced.

The Bell-Evans model just depends on two parameters k(F=0) and
xiT (see Equation 6.17). To account for the changes of the energy land-
scape the Dudko-Szabo-Hummer model additionally depends on the
height of the energy barrier at zero force Ei1 and a parameter account-
ing for the shape of the energy landscape. Therefore the measured
rates have to be fitted with four parameters, which may lead to overfit-
ting and inaccurate results. Nevertheless the models of the cusp-like
and linear-cubic energy potential perform better than the Bell-Evans
model and don’t overestimate unfolding rates at zero force [29]. In a
different publication they also provide an analytical correction term
to consider the effect of flexible linkers [30].

6.6.3 Berkemeier-Schlierf model

The main model employed in this study is an energetic model to de-
scribe protein folding and unfolding rates developed in the Rief lab.
It was introduced by Berkemeier and Schlierf for AFM experiments
[129] and adapted by Gebhardt [37] for optical tweezers experiments.
In this model, the force-dependent position of the transition state is
described by a WLC separated from the initial state by a fixed contour
length. This means that the actual transition state distance increases
with force (see Figure 6.4 A) for both unfolding and refolding transi-
tion. The influence of force on the barrier height is calculated taking
into account the energy difference of all components involved in the
dumbbell between the initial state and the transition state Gi1(F;, Fr),
with F; and Fr being the forces at the initial state and the transition
state, respectively.

GiT(Fi, Fr) = GRE98(Fy, Fr) + GBNA(F, Fr) + GPIOY (Fy, Fr) (6.18)

The individual contributions are explained in Section 6.3. The force-
dependent rate constant is then:

GiT

Kisi(F) = ki (F=0)e ' (6.19)

Figures 6.4 B and C show an example of the force-induced en-
ergy increase or decrease of the transition state and the related force-
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dependent rates for a folding and an unfolding transition of a simple
two-state folder with typical system parameters.
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Figure 6.4: (A) The position of the transition state (TS) for a protein with a
folded state i (blue) and an unfolded state j (red) is described by
a WLC. Therefore the distance to the transition state depends on
the force, where the transition happens. (B) The energy barrier
is changed by the energy difference between the initial state and
the transition state of the complete system. The force-dependent
contributions expected for unfolding (blue) and refolding (red)
are described by Equation 6.18. (C) The non-linearity of the en-
ergy differences shown in Fig. B lead to force-dependent unfold-
ing and refolding rates that deviate from the exponential behav-
ior. To compare this model to the Bell-Evans model, hypothetical
measurement points are fitted with the Bell-Evans model. The in-
adequacy of the Bell-Evens model leads to large errors, especially
for refolding rates.

In this approach, the elasticity of the complete system and the different
distances of the transition state due to the force-dependent protein
extension are fully considered. This leads to significant deviations
from the Bell model (see Figure 6.4 C), especially if rates are measured
under force and extrapolated to zero force.

Like the Bell-Evans model, this model only depends on two un-
known parameters, namely the contour length of the transition state
position x1 and the intrinsic rate k(F=0). All other parameters that
are needed to calculate the energy contributions such as the trap stiff-
ness, DNA and protein parameters can be obtained beforehand from
calibration and WLC fits. In this thesis exclusively this model is used
to describe the force-dependent transition rates.
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6.7 ANALYSIS OF RATES

Different methods exist to extract rates in optical tweezers experi-
ments, depending on the investigated system and the applied mea-
surement procedure. The following three subsections are devoted to
this problem.

6.7.1 Rates from constant distance or jump experiments
If the protein states of interest are populated at a constant trap dis-
tance (see Section 5.3), HMM analysis as described in Section 6.2 is
a good choice to read out the lifetimes of different protein states di-
rectly. These lifetimes are pooled into histograms and the off-rates of
all populated states are determined by fitting single exponentials.
Most systems in this thesis just populate two states at the given
pre-tension. In this case the off-rates of both states are the on-rates
into the respective other state. If more than two states are present, the
off-rate of a certain state k; is the sum of all off-rates from this state
into all other states ki = Zm# ki—sm. The individual transition rates
ki_j can be calculated by Equation 6.20 using the probabilities p;;
to go from states i to states j. They are determined by counting the
number of transitions into each state.

kij = kipyj (6.20)

If the distribution of lifetimes is close to the temporal resolution of
the experimental setup (around 1ms), missed events have to be con-
sidered. This is important because missing many transitions affects
both rates significantly. They can be taken into account by introduc-
ing cutoffs in the lifetimes fits, which are then used in a simulation
of the complete transition network to correct the transition rates for
missed events [138].

Changing the trap distance allows the measurement of the rates at
different forces and extrapolation to zero force (see Section 6.6). If the
states don’t exchange rapidly in constant distance experiments, they
can be evaluated similarly in jump experiments (see Section 5.3).

6.7.2  Rates from constant velocity experiments

Kinetic information can also be extracted from unfolding and refold-
ing force-extension traces. The unfolding or refolding force measured
is determined by the respective force-dependent rate. Force distribu-
tions p(F) of many unfolding or refolding events are easily obtained
by recording multiple force-extension cycles. These force distribu-
tions approximately have a skewed Gaussian shape, which is skewed
to low forces for unfolding events and high forces for refolding events,
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because rates change with force. Force-dependent rates k(F) can be
calculated from force distributions using [30]:

F(F)p(F)

A critical parameter is the force-loading rate F(F), i.e. the change of
force with time, which depends on the pulling speed. In assays with-
out flexible elements, the force-loading rate is linearly proportional
to the pulling speed, but for tethered assays the force-loading rate is
a function of the force itself.

By changing the pulling speed, different force regions can be ex-
plored and rates can then be fitted with one of the models described
in Section 6.6. Alternatively, analytical expressions that already con-
sider the force dependence of the rates in some way can be used.
Then the rate at zero force is directly obtained from a fit to a force
distribution or from the force maxima at different loading rates.

A very similar model that avoids the complication of calculating
the force-loading rate is a method presented by Oberbarnscheidt et
al. [95]. In this approach the force-extension traces are divided into
small force bins. For each force bin AF the occurrence of the transition
as well as the time spent in the bin is evaluated. Taking multiple
traces allows the determination of the force-dependent rates for each
bin k(AF) by the number of transitions observed n(AF) divided by
the total time spent at that force At(AF), when the system has not
transitioned yet.

(6.21)

_ n(AF)
~ At(AF)

k(AF) (6.22)

This approach can be seen as a constant distance experiment, where
the constant distance trace at a certain force is reconstructed from
small parts of multiple constant velocity traces in the same force re-
gion. The zero force rates can then be determined using one of the
models described in Section 6.6.

6.7.3 Determination of rates from probabilities

An indirect way to measure the force-dependent transition rate from
state i to j is to measure the probability P;(F;,t) to observe a certain
state j after a certain time t at a certain force F;, if the system has
been prepared in state i (P;(F;, t=0)=0). For a first order reaction
with one force-dependent rate k;_,;(F;), the transition rate is related
to the transition probability:

Pi(Fi,t) =1 —e Fimi(Fut (6.23)
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If the reverse reaction ki_,; is also possible, solving the coupled
differential rate equations yields the probability of finding the system
in state j after it had been prepared in state 1i:

kji(F5) (k1 (Fy) 4K (F
P. F.’F.,t — )] (‘I —e (k]—>1(F))+k1—>)(FL))t) 6.2
(P bt Kj—i(Fj) 4 ki (Fi) (624
Fitting these equations to unfolding or refolding probabilities ob-
tained e.g. by jump experiments allows the determination of the rates.
This is very useful for probing transitions at almost zero force, where
no signal can be obtained directly in optical tweezers experiments.



Part III

RESULTS, DISCUSSION AND OUTLOOK

In this main part I present and discuss the results obtained
using different experimental methods. The first two chap-
ters deal with the structure and the folding behavior of
Hspgo and the following two concentrate on the dynamic
properties Hspgo. At the end I give a short outlook to
guide the future direction of single molecule Hspgo mea-
surements.






THE MECHANICAL FINGERPRINT OF HSPgo

In this chapter the complex unfolding properties of yeast Hspgo are
introduced. The mechanical response of different Hspgo monomer
and isolated domain constructs are measured, which, taken together,
provide a detailed structural interpretation of Hspgo. This is the basis
for more elaborate work described in the following chapters.

7.1 UNFOLDING THE HSP9O MONOMER

To determine the mechanical fingerprint of Hspgo, i.e. the mechanical
unfolding pattern of the natively-folded molecule, the Hspgo monomer
is expressed as a fusion protein with two ubiquitins, one at each ter-
minus, which serve as spacers between the protein and the DNA
handles and allow force exertion directly on the N- and C-termini
[139, 125]. An illustration of the Hspgo construct in the optical tweez-
ers assay is shown in Figure 7.1 A. By slowly moving the beads apart
with constant velocity Hspgo is driven from the completely native
state to the fully unfolded state and typical Hspgo force-extension traces
are obtained (see Figure 7.1 B).

The trace shows three consecutive unfolding events, where the cooper-
ative unfolding of the structural units leads to sudden drops in force
followed by stretching of the unfolded polypeptide chain. The size
of the folded elements, which are obtained by WLC fits, correspond
very well to those expected for unfolding of the three Hspgo domains
(see Section 7.4). The first and smallest event is the unfolding of the
structured part of the C domain, followed by the N domain at higher
forces. Finally the M domain unfolds, showing the longest contour
length gain and a comparable unfolding force to the N domain. Af-
ter these unfolding events Hspgo is completely unfolded and further
stretching doesn’t result in further unfolding events since the still
folded ubiquitins usually don’t unfold at the forces applied.

At low forces, where all Hspgo domains are still intact, rapid tran-
sitions due to the Charged Linker, which is discussed in detail in
Chapter 9, are observed. The stretching behavior of the DNA and the
unfolded protein are well described by WLC models (see Section 6.1),
if unstructured and unstable regions are considered. To allow for the
fact that parts of the C domains are unfolded and that the Charged
Linker is unstable an additional contribution of 48 nm contour length
for WLC fitting is assumed (see Section 6.1.1).

To gather statistics constant velocity experiments are performed at
a speed of 500 nm/s. Plotting the unfolding forces against their asso-
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Figure 7.1: (A) Schematics of the construct Hspgo-diUbi, clamped between

two beads held by optical tweezers. (B) The unfolding pattern of
Hspgo-diUbi obtained by moving the beads apart at a speed of
10nm/s. The force-extension trace shows three peaks that mark
the unfolding of the C (purple to green), the N (green to blue)
and the M (blue to orange) domain. The main unfolding se-
quence is sketched above the trace. After each unfolding event
the length of the unfolded protein chain increases. The stretch-
ing behavior of the currently unfolded peptide is described well
by WLC fits shown as dashed lines. Their contour length gains
are shown and the first one accounts for stretching of unstruc-
tured and unstable regions within Hspgo. The unfiltered force-
extension curve is shown in gray, while the colored trace is
smoothed with a sliding average.



7.2 UNFOLDING BY INTERNAL FORCE EXERTION

ciated contour length gains of multiple native unfolding traces yields
a scatterplot as shown in Figure 7.2. As expected three distinct pop-
ulations corresponding to Hspgo’s domains are found. Their mean
values are presented in Table 7.1.

30+
20 C
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Unfolding force [pN]

O_
T T T T T
20 40 60 80 100
Contour length gain [nm]

Figure 7.2: Scatterplot of the unfolding forces versus the contour length
gains of Hspgo-diUbi at a pulling speed of 500 nm/s. The three
distinct populations mark the unfolding of the three Hspgo do-
mains (N, M and C). Data are from 11 different molecules, a
totality of 76 traces.

DOMAIN CONTOUR LENGTH UNFOLDING FORCE

N 67.6nm =+ 3.1nm 14.9pN £ 1.7pN
M 85.3nm £ 2.1nm 17.7pN £ 1.2pN
C 42.3nm £+ 2.8nm 2.9pN +2.3pN

Table 7.1: Average contour length gains and unfolding forces for Hspgo-
diUbi domains calculated from 76 unfolding traces of 11 different
molecules. Mean values and SD are determined by Gaussian fits.
Note that unfolding force histograms are only Gaussians in the
first approximation (see Section 6.7.2).

7.2 UNFOLDING BY INTERNAL FORCE EXERTION

To examine the Hspgo monomer without ubiquitins and without the
unstructured portion of the C domains, the residue at position 61
located in the N domain and the residue at position 560 at the begin-
ning of the C domain are chosen as force-exertion points by mutat-
ing them to cysteines (see Section A.1). Figure 7.3 shows an example
unfolding trace at a slow pulling speed of this variant, as well as a
scatterplot of the unfolding events of multiple traces at a high pulling
speed, similarly to the previous section.

As expected the contour length gain measured for the N domain
is shorter than in the N- and C-terminal-pulled construct (compare
to Section 7.1). In addition an N domain intermediate is significantly
more populated. The observed pattern for the M domain is identi-
cal to that observed in Hspgo-diUbi, since the pulling geometry is the
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These positions were
also altered in
fluorescence
experiments
[87,115].

A similar
intermediate is also
present in
Hspgo-dillbi, but
shorter-lived.
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Figure 7.3: (A) Unfolding force-extension trace of Hspgo_61C_560C, an

Hspgo monomer pulled at aminoacids 61 and 560 with a velocity
of 10nm/s. Due to the different pulling geometry the unfolding
event for the N domain (Npart) is shorter compared to the full
length variant (see Figure 7.1) and shows a long-lived interme-
diate, whereas the M domain remains identical. The flipping in
all slopes at forces between 10 and 15pN is unfolding and re-
folding of the C domain (see inset). The contour length of this
transition is significantly lower since only a few aminoacids are
under tension. WLC models (dashed lines) are fitted to the major
unfolding events.
(B) A scatterplot of the unfolding forces versus the contour
length gains of the shortened N domain and the M domain at
a pulling speed of 500 nm/s is displayed. Data are from 46 traces
of 13 different experiments.



7.3 UNFOLDING OF THE INDIVIDUAL DOMAINS

same. Although the N and M domains have unfolded, transitions
with a short contour length change of around 4 nm at forces between
10 and 15pN are still observed. These are due to the unfolding and
refolding of the C domain, which has dramatically changed unfold-
ing characteristics in this pulling geometry. The unfolded part of the
C domain is not between the force exertion points, therefore a con-
tour length of only 28 nm accounts for the unstable Charged Linker
during WLC fitting.

Table 7.2 shows the average contour length gains and unfolding
forces of this construct obtained from the data shown in Figure 7.3
B. Comparing these values to Table 7.1 shows that the N domain
is around 15nm shorter, due to the different pulling geometry. In
addition, higher unfolding forces and a broader force distribution are
measured, indicating a lower force sensitivity.

DOMAIN CONTOUR LENGTH UNFOLDING FORCE
Npart 53.7nm £ 1.5nm 20.3pN £4.8pN
M 85.6nm + 1.1nm 17.6 pN £ 1.1 pN
Cpart ~4nm 10—-15pN

Table 7.2: Average contour length gains and unfolding forces for
Hspgo_61C_560C calculated from 46 unfolding traces of 13 dif-
ferent molecules.

7.3 UNFOLDING OF THE INDIVIDUAL DOMAINS

Apart from the major unfolding transitions, Hspgo monomers show
many smaller, but observable transitions. For many of them it is not
obvious, to which domain they belong. Therefore isolated single do-
main constructs of the N domain, the M domain and the C domain
flanked by ubiquitins are designed (see Section A.1). Figure 7.4 dis-
plays force-extension unfolding traces of the three constructs, one ex-
ample curve each for pulling speeds of 10nm/s and 500 nm/s.

For the N domains (see Figures 7.4 A and B) the DNA fit deviates
from the traces at high forces before the N domain unfolds completely.
Some structure can unfold and refold rapidly (flipping) before the major
unfolding transition sets in. This effect is clearer in the faster pulled
traces. This preflipping involves more than two states and the con-
tour length between the shortest and the longest state is around 9 nm.
Furthermore the major unfolding transition passes through multiple
short-lived (around 1ms) states (not shown explicitly).

The M domains (see Figures 7.4 C and D) also show preflipping.
Unlike that seen for the N domain, this preflipping seems to be just
between two states, which are separated by 7.5nm in contour length.
In the major unfolding transition, the M domain passes through a
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In principle the
transitions could
also arise from
rebinding of some
structure to the not
completely unfolded
N domain, but this
scenario is excluded
by other
measurements.
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This intermediate is
further investigated

in Section 8.6.2.

The refolding
behavior of the C
domain is addressed
in more detail in
Section 8.7.
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Figure 7.4: Example force-extension traces of N-diUbi at a pulling speed of
10nm/s (A) and 500 nm/s (B) show rapid transitions (red arrows)
before the major part of the domain opens.

Example force-extension traces of M-diUbi at a pulling speed of
10nm/s (C) and 500nm/s (D) show two-state preflipping (red
arrows) before the domains unfold. Additionally a stable unfold-
ing intermediate I due to the subdomain structure (region II)
is observed in the fast-pulled traces as well as in the slow pulled
traces (see zoom).

Example force-extension traces of C-diUbi at a pulling speed of
10nm/s (E) and 500 nm/s (F) show no additional intermediates,
only the unstructured regions (region I) have to be considered
for the WLC fits.

long-lived intermediate (I), which seems to be obligatory (on-path-
way) since it is observed in all unfolding traces. The contour length
gain of the stable intermediate is shown in Table 7.3.

The C domains (see Figures 7.4 E and F) don’t show any unfolding
intermediates, but unlike the N and M domains it can refold in the
range of the unfolding forces on the timescale of the experiment, as
already observed in the monomeric constructs.



7.4 STRUCTURAL INTERPRETATION

The total contour length gains of all domains as well as the contour
length gain of the prominent M domain intermediate (I1) are evalu-
ated for multiple molecules at a pulling speed of 500 nm/s. Averages
and SDs are shown in Table 7.3. For identical pulling speeds the un-
folding forces (not explicitly shown) are similar to those observed for
the monomer (see Table 7.1).

DOMAIN CONTOUR LENGTH

N 70.35nm + 2.06 nm
M 85.92nm + 1.68 nm
Im 28.42nm £ 1.09 nm
C 39.26 nm £+ 1.47 nm

Table 7.3: Average contour length gains of the individual domain con-
structs. The displayed values are means and SDs of 158 traces
(11 molecules) for the N domain, 176 traces (8 molecules) for the
M domain and 174 traces (7 molecules) for the C domain.

7.4 STRUCTURAL INTERPRETATION

This section gives a detailed structural interpretation by taking into
consideration the unfolding events observed for the different Hspgo
variants described in the last three sections.

The main unfolding peaks observed for the monomer construct
(Hspgo-diUbi) clearly match the unfolding events observed for the
individual domain constructs (N-diUbi, M-diUbi and C-diUbi) and
therefore validates the domain assignment. Table 7.4 compares the
observed contour length gains of the individual domain constructs
with the expected ones based on the number of aminoacids and the
distances in the Hspgo crystal structure [2]. For details see Section
6.1.2. The numbers for the N and M domains agree very well, only
the C domain is shorter than expected (see interpretation below).

DOMAIN  DISTANCE IN CS EXPECTED MEASURED

N (2-208) 6.52nm 69.04nm  70.35nm 4+ 2.06 nm
M (273-527) 6.54nm 86.53nm  85.92nm + 1.68 nm
C (538-671) 3.87nm 45.04nm  39.26 nm £+ 1.47 nm

Table 7.4: The theoretically expected contour length gains of the different
domains calculated from the number of aminoacids (regions in
brackets) and the initial end-to-end distances in the folded state
of the crystal structure (pdb id: 2cgg) are compared to the contour
length gains obtained from WLC fits.
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N-terminal deletion
mutants of Hspgo
(up to aminoacid 24),
are also stable in
biochemical
experiments [121].

Changing the C
terminus of the M
domain influences

the folding
properties of this
intermediate (see
Section C.3.4).
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On a closer inspection the domains themselves show multiple states
such as preflipping or unfolding intermediates, as described in Sec-
tion 7.3. A structural interpretation of these events is given in Figure

7-5-

N domain C domain

Figure 7.5: The crystal structures of the N, M and C domains are shown
(pdb id: 2cgg). Different colors code for different features in the
force-extension traces shown in Figure 7.4. The regions in red
give rise to the preflipping observed for the N and M domains
(red arrow). The yellow part of the M domain is the structure
of the unfolding intermediate Iy;. The last alpha helix of the C
domain seems to be unfolded if not dimerized (red).

The N domain preflipping is observed for the full length construct
(Hspgo-diUbi) and the individual domain construct (N-diUbi), but it
is absent in the construct pulled at aminoacid 61 (Hspgo_61C_560C).
It follows that the preflipping arises from aminoacids at the N-termi-
nus. The contour length is around 9 nm, which is slightly higher than
expected, if these transitions result from aminoacids 1-27. That ami-
noacids beyond residue 27 contribute to the preflipping is unlikely
since they are buried within the domain. Therefore minor contri-
butions from the C-terminal part of the domain cannot be fully ex-
cluded, but the contour length gain measured for the Npart domain
(Hspgo_61C_560C) is 53.7nm =+ 1.5nm, which is very close to the
value of 52.4nm expected for a fully folded C terminus.

The unfolding intermediate (Iy) observed for the M domain is ex-
plained by the smaller alpha-beta-alpha subdomain at the C termi-
nus of the M domain. The measured contour length gain is 28.4 nm +
1.1nm, which matches the expected one of 27.9nm. This suggests
that the preflipping observed for the M domain is due to some struc-
ture at the N-terminal end. Indeed the N-terminal alpha helix fits the
contour length gain perfectly.

The length estimate for the folded part of the C domain in the
crystal structure is around 6 nm longer than the measured value (see
Table 7.4). Folding and unfolding of the C domain is observed in
the Hspgo_61C_560C construct with a contour length of 4nm. Since
force is applied at aminoacid 560 this corresponds approximately to



7.5 DISCUSSION

residues 538 and 560. Therefore the missing 6 nm likely result from
the C terminus. The missing contour length can be explained by the
last alpha helix which is not folded if the Hspgo is in the monomeric
form. This assumption is verified in Section 10.2.

7.5 DISCUSSION
7.5.1 Structure of the Hspgo monomer

The single molecule tweezers assay allows the investigation of the
mechanical denaturation process of the large multi-domain protein Hspgo
with high structural and temporal resolution.

The contour length gains obtained by force-extension traces match
the expected ones of the N, the M and the C domains well (see Section
7.4). However, the sum of all domain contour length gains is shorter
than the contour length gain expected if all 709 aminoacids of Hspgo
are fully structured. This is resolved by multiple regions of Hspgo that
are found to be unstructured or unstable: First, the Charged Linker
located between the N and M domains, which appears as rapid tran-
sitions at low forces in slowly-pulled force-extension traces, doesn’t
contribute to the domains. Second, the large unstructured part of the
C domain is stretched without any force signal. Finally, the linker be-
tween the M and C domain with a length of around 10 aminoacids
appears to be unstructured as well. These unstructured or unstable
regions have to be considered to extract reliable contour length gains
for the domains as discussed in Section 6.1.1.

Unlike the C domain, the N and the M domains show multiple
intermediates, meaning that mechanically stable states during the un-
folding process exist. Measuring different Hspgo mutants and using
different pulling directions permits the characterization of these in-
termediate states in high detail and allows the structure of the inter-
mediates to be resolved (see Section 7.4).

Yeast Hspgo is also characterized by a completely different experi-
mental method. In AFM experiments the contour length gains of the
individual domain constructs could be measured precisely as shown
in Section C.2. The AFM data are in very good agreement with the
optical trap data. However, measuring the force response of the full
length Hspgo monomer in the AFM is tedious, mainly because the as-
say used relies on non-specific adhesion to the cantilever. The exper-
iments get more and more challenging with increasing protein size.
Another limitation is that the force range interesting for Hspgo is at
the resolution limit of the AFM experiments. With the optical trap
and the dumbbell assay these limitations can be overcome, offering a
perfect way to study Hspgo in mechanical experiments.

By comparing the unfolding pattern of Hspgo from different organ-
isms, it is possible to draw conclusions how the protein’s structure

53

First experiments
with a loop insertion
mutant (see Section
A.1) indicate no
significant
stabilization between
the M and C
domains.



54

These are moderate
unfolding forces
compared to other
proteins.

Due to the different
unfolding rates there
is still a most likely
unfolding sequence.

The
Hspgo_61C_560C
construct has wild

type ATPase activity
(see Section 9.5).
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has evolved. This is done in Chapter D showing unfolding experi-
ments with E.coli Hspgo.

7.5.2  Mechanical stability of the domains

The unfolding stabilities of Hspgos domains are in the range of sev-
eral to tens of piconewtons. As detailed in Section 6.7 the unfolding
forces depend on the force-loading rate and therefore on the pulling
speed. Increasing unfolding forces with increasing force-loading rates
are observed for all investigated constructs.

Also changing the force-exertion points and therefore the pulling
direction can modulate the unfolding forces [26], which is the case
for the N and C domain in the Hspgo_61C_560C construct. For the
C domain this behavior is clearly evident. If it is pulled slowly at its
termini, it unfolds (and refolds) at forces of around 4 pN (see Figure
7.1). If it is pulled at the N-terminus and residue 560, only 20 amino-
acids are under force and unfolding (and refolding) forces are around
12pN (see Figure 7.3). This increase of unfolding force with reduced
length suggests that the energies are similar and that by just pulling
on one helix the whole C domain is unfolded.

Comparing the unfolding forces of the domains in the monomeric
construct and the forces of the isolated domain constructs does not
show any major difference. This suggests that at higher forces no
significant domain-domain interactions occur [44]. This is supported by
two observations: First, the sequence of unfolding events may change,
meaning that the unfolding transitions of all domains in the monomer
are independent of the other domains. Second, the structural model
suggests unstructured aminoacids between the domains, therefore
the domains are connected by flexible and not rigid linkers.

Although studied extensively, no measurable changes could be in-
duced by adding an excess of nucleotides or cochaperones to the
monomer. Nucleotides ATP, ADP and AMP-PNP as well as co-chaper-
ones p23/Sba1 and Ahai are tested with Hspgo_61C_560C. This is
somewhat surprising because Kps for nucleotide binding are low
[85, 115, 110] and some stabilization of the N domain can be ex-
pected. The reason why no stabilization is observed might be that
the reaction coordinate probed, is not sensitive to nucleotide binding.
However, if Hspgo monomers are present in solution and dimers are
formed, nucleotide-sensitive changes are observed (see Section 10.5).



FOLDING BEHAVIOR OF HSPgo

Large proteins consist of long aminoacid chains, often comprising
many hundreds of residues and multiple domains. While the folding
process of small single-domain proteins is well understood [52, 20,
132, 139, 49], studying such large systems remains challenging. Bulk
experiments can only provide limited information about the folding
process of large multi-domain proteins, because these systems typically
populate numerous states including on- and off-pathway intermedi-
ates [34, 162, 15]. Therefore kinetics on different time scales and paral-
lel processes are expected. In addition, the structural interpretation of
the states and intermediates observed in bulk experiments is not triv-
ial. With optical tweezers experiments these limitations can be over-
come by actively manipulating one molecule at a time and measuring
with high temporal and spatial resolution.

In this chapter the folding behavior of the yeast Hspgo monomer
is investigated in vitro. The influence of multiple domains on protein
folding is elucidated by comparing the monomer to the isolated do-
main constructs. Already the N and M domains show unexpected
folding behavior, and the effect of tethering the domains changes the
folding process significantly. Finally, the implications of the results on
in vivo expression and folding are discussed [53].

8.1 FOLDING OF THE HSP9O MONOMER

The Hspgo monomer is forced into the completely unfolded state by
slowly moving the trapped beads apart. Then the refolding process
of the polypeptide chain is observed in real time by measuring the
force while moving the beads together. Such experimental traces are
shown in Figure 8.1 for three consecutive unfolding and refolding
force-extension cycles of the same molecule.

First refolding events of the completely unfolded chain are mea-
sured at forces around 5 pN. With decreasing force many transiently
populated states are observed, especially before larger refolding tran-
sitions take place. The traces of the major refolding events usually
overlap with the unfolding traces, suggesting that the domains have
fully refolded and the preferential domain refolding sequence is re-
verse to the unfolding sequence.

The curves show that Hspgo populates a network of many differ-
ent states, some of them close to equilibrium, before it reaches its
native state, where all domains are natively-folded. That Hspgo in-
deed found its native state is supported by the fact that consecutive
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Figure 8.1: Unfolding (gray) and refolding (purple) force-extension traces of

Hspgo-diUbi at a pulling speed of 10nm/s. WLC fits to the un-
folding traces mark the three domains (N, M and C). Refolding
sets in at forces around 5 pN and after some large refolding tran-
sitions the refolding trace has the same contour length as the
unfolding trace indicating that a complete domain has refolded.
But also many rapid transitions, especially with shorter contour
length gains are observed. At extensions smaller than 340 nm the
unfolding and refolding trace overlap and the Charged Linker
fluctuations (#) are observed. Unfolding the monomer again
shows the completely native pattern, which proves that Hspgo
has fully refolded. The contour length gains of the domains
shown above the uppermost trace are taken from Table 7.3.



8.2 FOLDING OF THE N DOMAIN

unfolding traces always have the completely native pattern and that
the Charged Linker fluctuations at an extension of around 340 nm are
observed (see Chapter ).

At slow pulling speeds of 10nm/s the Hspgo monomer always re-
folds, but for increased speeds, the protein is given less time to fold
and the native pattern is not always recovered. Figure C.3 shows ex-
ample traces at a pulling velocity of 500nm/s. There only 36% + 7%
(238 traces of 5 molecules) of the unfolding force-extension traces
show the fully native pattern. The time spent at forces that allow re-
folding is around 1s. Using Equation 6.23, which assumes two-state
behavior and neglecting the force dependence, gives a first estimate
of 2.5s7 " for the folding rate from the unfolded to the native state.

8.2 FOLDING OF THE N DOMAIN

While the monomer refolds, it populates many different states. To
delineate their origins the refolding behavior of isolated domain con-
structs (see also Section 7.3) is investigated in the following, begin-
ning with the N domain.

8.2.1  The N domain shows folding intermediates

Figure 8.2 A shows example force-extension traces at a slow pulling
speed of 10nm/s for the unfolding and the refolding of the isolated
N domain. Before the N domain reaches its native state, where the
refolding trace lies on top of the folded state in the unfolding trace,
numerous short-lived (transient) intermediates are populated. They
seem to be heterogeneous involving different contour lengths.

For slow pulling and relaxing, molecules always end up in the na-
tive fold, but for higher speeds this behavior changes, as shown in
Figure 8.2 B. Two possible patterns for the unfolding traces are found:
Either the protein has completely folded back into its native state or
it is trapped in some non-native intermediate state. Surprisingly, the
completely unfolded state is never observed, suggesting it is rapidly
depopulated at low forces.

The non-native traces show different contour length gains and sta-
bilities, very different to the defined unfolding properties observed
for the native state. This is visualized in the scatterplot shown in Fig-
ure 8.2 C. The heterogeneity of the non-native states suggests that the
intermediates are an ensemble of different states. It stands to reason
that they are identical or very similar to the states observed during
slow refolding in Figure 8.2 A. To investigate the nature of these in-
termediates and their effect on protein folding the next two sections
deal with possible effects of intermediates and a new measurement
protocol to investigate force-dependent protein folding.

57

The distance
traveled in this
region is around 500
nm.

For details on N
domain unfolding
see Section 7.3.

That slowly-relaxed
N domains always
end up in the native
state is expected
because Hspgo
monomers show the
same behavior (see
Section 8.1).
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Figure 8.2: (A) Unfolding (gray) and refolding (blue) of N-diUbi (Inset from

pdb id: 2cgg) at a pulling speed of 10nm/s. The folded and the
unfolded states are marked by WLC fits. Before the N domain
refolds, it populates many transient intermediates, indicated by
the red arrow. More example traces are shown in Figure C.4.

(B) Ten consecutive, offsetted cycles at a pulling speed of
500nm/s. Natively-folded unfolding traces are colored in blue,
non-native unfolding traces in red and refolding traces in gray.
(C) A scatterplot of the unfolding events obtained from 73 traces
of an individual molecule. Native unfolding events show a well
defined cluster (blue), while non-native events show very diverse
contour length gains and unfolding forces (red).
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83 INFLUENCE OF INTERMEDIATES ON PROTEIN FOLDING

Intermediates are kinetically stable states, which can occur during
the folding process. On-pathway intermediates are along the folding
pathway and have native intramolecular contacts, while off-pathway
intermediates are not along the folding pathway and typically contain
non-native contacts. Generally, off-pathway intermediates decrease
the effective folding rate. How on-pathway intermediates influence
the folding speed is less clear and depends on the system [151]. How-
ever, with increasing number of intermediates, the number of possible
transition rates rises, complicating the characterization and interpre-
tation of such systems.

Kinetic protein folding studies are typically performed by perturb-
ing the system with chemical denaturants and measuring relaxation
rates in a stopped-flow apparatus. The measurement signal is tryp-
tophan fluorescence or circular dichroism amongst others. The num-
bers of intermediate states and their nature are deduced from the
denaturant-dependent rates [161, 10]. In these experiments often burst-
phase intermediates, which are structures that form within the dead
time of the experiment, are observed [113]. They can lead to so-called
roll-overs, which are deviations from the linearity in rate chevron plots
at low denaturant concentrations [8, 60, 10].

Like chemical denaturant, force can be used to elucidate the na-
ture of intermediates. The effect of force on a rate between two states
is described in Section 6.6. If additional on-pathway intermediates
are present, force may depopulate them, leading to a further decrease
of the overall refolding rate. The opposite is true for off-pathway or
misfolded intermediates that can be depopulated by applying force,
thus accelerating folding kinetics. In contrast to chemical denaturant
experiments, single molecule optical tweezers also provide detailed
structural information about the intermediates simplifying the inter-
pretation of the experiment. However, the exact force dependence of
the effective folding rate depends on the force sensitivities of all states
involved.

84 DOUBLE-JUMP RAMP EXPERIMENTS

In constant velocity experiments the force that is applied to the pro-
tein changes with time, therefore these experiments are not well-
suited to study the force dependence of the refolding process. To
overcome this limitation and measure refolding probabilities after de-
fined times at defined forces, a special mechanical double-jump protocol,
similar to the one in [130], is established (see also Section 5.3).

This assay is illustrated in Figure 8.3 A. Starting from the com-
pletely unfolded peptide, the chain is relaxed to a certain low force
value by decreasing the trap distance very rapidly (jump down). For
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Figure 8.3: (A) Illustration of the repetitive doublejump ramp pattern,
which allows the measurement of refolding probabilities with
defined refolding parameters. (B) A part of such a double-jump
ramp experiment with the isolated N domain shows the mea-
sured trap distance (top) and the force response of the N domain
(bottom).

this trap distance the "waiting force" is defined, as the force that acts
on the unfolded chain. After the protein is given a certain time to
refold, the "waiting time", the force is increased rapidly to 5 to 12pN
(jump up). This quenches the refolding process, but does not yet un-
fold native structure or stable intermediates. Directly after jumping
up the protein state is probed by an constant velocity unfolding ramp.
An example for a typical force response of the protein is shown in Fig-
ure 8.3 B. This assay is especially useful for complex systems that have
multiple structural units and/or multiple states, such as the Hspgo
constructs, because the unfolding force-extension traces allow the de-
tailed characterization of the different protein states.

To determine refolding probabilities for a wide range of waiting
times and waiting forces, large datasets are generated. To ease eval-
uation a deterministic classifier is programmed, which is described in
detail in Section B.2.2. In short, unfolding force-extension traces are
transformed into contour length space and histogrammed. Using a
peak finding routine allows the determination of the contour lengths
of the states in the system. Related unfolding forces are found by
searching for the local maximum in the force-extension trace. If the
found contour length gains and unfolding forces match those ex-
pected for the native states within some tolerance, the events are clas-
sified as native.

In addition to the unfolding force-extension traces, the force signals
during the waiting time, where the traps are at constant distance (see
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also Section 5.3) are recorded. If the forces are high enough to obtain a
signal, it is possible to follow the refolding process directly, as shown
in Figure 8.3 B. In this limited force range, force-dependent refold-
ing lifetimes can also be read out without determining the refolding
probabilities.

8.5 FOLDING OF THE N DOMAIN - CONTINUATION
8.5.1  Force-dependent folding experiments

Employing double-jump ramp experiments, as described in the previ-
ous section, the refolding probabilities for different refolding times and
refolding forces of the isolated N domain are determined. Figure 8.4
A shows the measured refolding probabilities in a 3D representation
as black dots. The same data are presented in simplified plots with
averaged probabilities in Figures 8.4 B and C. There the probabilities
are plotted against waiting time and the different waiting forces are
color-coded and the other way around.

The orange markers in Figure 8.4 B show the refolding probabil-
ity against time at almost zero force. After around two seconds 70%
of the molecules have folded, meaning that the effective folding rate
is around 0.5s™". Interestingly, applying small forces (up to 3.5pN)
during refolding, increases the refolding probability and therefore the
refolding rate (from orange, over red, purple to dark blue markers).
For higher waiting forces (light blue and teal markers) the refolding
probability decreases as expected. This unusual force dependence be-
comes even more apparent in Figure 8.4 C, where the probabilities
peak around 3.5 pN.

This atypical increase of the refolding rate with increasing force can
only be rationalized by the depopulation of the off-pathway intermediates
as reasoned in Section 8.3. Therefore the ensemble of intermediates
observed for the N domain in constant velocity experiments (see Fig-
ure 8.2) constitutes mainly misfolded intermediates. The following
decrease of the refolding rate at higher forces resembles the normal
behavior, where force disfavors folding into the native state, as de-
scribed in Section 6.6.

8.5.2 N domain model

A minimal kinetic model with only three states is enough to quantita-
tively describe the observed refolding probabilities of the N domain.
The unfolded ensemble of folding-competent states [U] is in equilib-
rium with an ensemble of misfolded, folding-incompetent states [M].
Folding to the native state [N] is just allowed from the unfolded state
ensemble [U] and is irreversible. This means that the folding process
can be seen as a competition between the population of the misfolded
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Figure 8.4: (A) Refolding probabilities dependent on time and force of N-
diUbi obtained from double-jump ramp experiments are shown
as black dots. Probabilities are determined from 11,570 traces of
45 molecules. The colored surface shows the best fit of the model
described in Fig D.

(B, C) The same data are shown in a different representation with
averaged probabilities. Fig. B shows the probabilities depending
on the waiting time with the waiting force color-coded. Fig. C
shows the probabilities depending on the waiting force with the
waiting time color-coded. For uncertainties see Section B.2.3. At
low forces an unexpected increase of the refolding probability
with increasing waiting forces is observed, which identifies the
previously observed intermediates as misfolded states. For solid
and dashed lines see Fig. D.

(D) A three-state model quantitatively describes the observations.
In this model unfolded states [U] are in equilibrium with mis-
folded states [M]. The native state [F] can only be accessed from
the unfolded states. Numbers displayed are from the fit of Equa-
tion 8.1 to the data and from estimates. The fit is shown as a
colored surface in Fig. A and as solid lines in Figs. B and C. If
the misfoled states would be absent, the refolding probability
would behave like the dashed lines in Figs. B and C.



85 FOLDING OF THE N DOMAIN - CONTINUATION

states and the native state. Since the unfolded and misfolded ensem-
bles are assumed to be in rapid equilibrium and the unfolding of the
native state at the forces investigated is almost impossible, the system
can be described by only four parameters.

¢ The zero-force folding rate from the unfolded states to the na-
tive state ky .

¢ Its force dependence xy1, which is the contour length between
the unfolded states and the transition state (T) on the way to the
native state.

* The average equilibrium free energy between the misfolded and
the unfolded states Eypm.

e Its force dependence xyn, which is the mean contour length
gain between the unfolded states and the misfolded states.

The probability of observing the native state Pr depending on the
waiting time t and the waiting force Fy; according to the model is (see
also Section 6.7.3):

PF(t, Fu) = ] — eiPU(FU)kUAF(Fu)t (81)

ku—r(Fu) is the force-dependent rate, which is described by Equa-
tion 6.19 and contains the first two fit parameters. Py (Fu) is the prob-
ability being in the unfolded, folding-competent states. It contains
the other two fit parameters and can be written, similarly to Equation
6.11, as:

1

Pu(Fu) = (8.2)

—Eum (Fu,Fm)
1 +e kT

The model described by Equation 8.1 fits the measured folding
probabilities very well. The fit is shown in Figures 8.4 A-C. An av-
erage free energy of 7.3(£0.1) kgT between the unfolded and the mis-
folded ensemble and a fast folding rate from the unfolded ensemble
to the native state at zero load of 954(+65)s™* are found. These fit
results are summarized in Figure 8.4 D. The average contour length
of the misfolded states xp1 and the position of the transition state
xT are fixed to constrain the fit. Varying these parameters show that
xm = 33nm and x1 = 39nm give the lowest value of x2.

To apply the model, average DNA and protein parameters are
needed to determine the energy of the complete dumbbell system
(see Section 6.3). They are obtained by WLC fits to constant velocity
traces prior to the double-jump ramp experiments. The parameters
used in the fit are ppna = 18.3nm, Ipna = 359.5nm, K = 400 pN,
Pprot = 0.7nm, the contour length of the folded protein xf = 0nm,
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the contour length of the unfolded protein xyy = 70.6nm and ke¢s =
0.176 pN/nm.

If misfolded states are excluded from the model and the same fold-
ing parameters are assumed, the force-dependent refolding probabil-
ities would follow the dashed lines shown in Figures 8.4 B and C.
Comparing them to the measured ones, highlights the tremendous ef-
fect of misfolding at low forces.

8.5.3 Validation of the model

In constant velocity refolding traces with a slow pulling speed (see
Figures 8.2 A and C.4 A) the misfolded states are observed as tran-
sient intermediates. They appear at forces around 4 pN along a dis-
tance of roughly 20nm. Thus their energy is approximately E =
4pN-20nm/2 = 40pNnm = 9.8kgT, which is in good agreement
with the value obtained from the fit, that solely depends on the re-
folding probabilities to the native state.

The model assumes that the misfolded states and the unfolded
states are at equilibrium. This is reasonable, because very fast rates
into the misfolded states are observed. This can be seen in the refold-
ing force-extension traces at fast and slow speeds (see Figure 8.2), but
also in double-jump ramp experiments after the jump down to low
forces (see Figure C.5). Furthermore, if the average rate into the mis-
folded states would be on the order of the refolding rate, a biphasic
force dependence would be expected. This is clearly not the case and
all probabilities plotted against time (see Figure 8.4 B) follow single
exponentials as the model demands.

To estimate the fast misfolding rate directly, constant distance traces
similar to the one shown in Figure C.5 C are evaluated. The typical
average lifetime of the unfolded state is 5ms at 3.8 pN. Equation 6.19
with average DNA and protein parameters and a transition state po-
sition right in the middle between the unfolded and misfolded states,
yields a zero-force misfolding rate estimate of ky_m > 12600s7".
From this rate the reverse rate is easily determined as km_u >
8.557 " using Equation 6.16.

Having determined or estimated all rates of the model (see also
Figure 8.4 D) simulation of force-extension refolding traces is possible.
They reproduce the measured traces well, as shown in Figure C.4 B.

Finally, the heterogeneity of the misfolded states (see Figure 8.2) is
also observed in the constant distance part of the double-jump ramp
experiments, as shown in Figure C.5. Analyzing such a trace with
HMM suggests that conversion between different misfolded states is
possible (see Figure C.6).
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8.6 FOLDING OF THE M DOMAIN

Based on the experiments of the N domain in Sections 8.2 and 8.5,
the isolated M domain is investigated.

8.6.1 The M domain shows different folding intermediates

Figure 8.5 A shows an example constant velocity cycle at 10nm/s
of the isolated M domain. Like the N domain (see Figure 8.2), the
M domain populates transient intermediate states during refolding.
Aside from that, a long-lived refolding intermediate is observed. It
is reasonable for now to presume that it is the same intermediate
observed in unfolding curves in Section 7.3.

If the pulling speed is increased, the M domain has less time to
fold and the unfolding traces do not always exhibit the completely
native pattern. As Figure 8.5 B shows, either native or non-native,
but never completely unfolded traces are observed. Additionally, a
significant number of partially folded traces are populated, where
the aforementioned intermediate has successfully refolded but the
remaining part hasn’t. Alike the N domain, the intermediates show
heterogeneous contour length gains and unfolding kinetics, which is
best seen in a scatterplot of fast pulled unfolding traces (see Figure
8.5 C).

8.6.2 The stable intermediate is on-pathway

Different findings indicate that the stable M domain intermediate ob-
served in unfolding and refolding traces is an on-pathway unfolding
and refolding intermediate: first, the intermediate is present in all
unfolding traces (see Section 7.3). Second, on the resolution of the ex-
periment, an intermediate with very similar contour length, is always
populated in refolding traces (see Figures 8.5 A and C.7 A). Third, the
intermediate can be observed individually in rapidly-pulled constant
velocity experiments with slightly lower unfolding stability compared
to the completely native M domain (see Figures 8.5 B and C). Finally,
a truncation mutant, which lacks 10 aminoacids at the C-terminal end,
decreases the stability of the intermediate, which leads to the reduc-
tion of the overall folding rate (see Section C.3.4). The intermediate
destabilization is in good agreement with the structural interpreta-
tion given in Section 7.3, proving that the intermediate’s structure
corresponds to the C-terminal subdomain of the M domain (residues
444-527). The influence of this on-pathway intermediate on the over-
all folding properties is further discussed in Section C.3.5.
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Figure 8.5: (A) Unfolding (gray) and refolding (orange) of M-diUbi (Inset

from pdb id: 2cgg) at a pulling speed of 10nm/s. The refolding
protein populates many transient intermediates (red arrow) and
a stable refolding intermediate (black arrow) that corresponds to
the C-terminal subdomain (region II in inset). WLC fits to the
unfolding trace are shown as dashed lines and additional traces
are shown in Figure C.7.

(B) Consecutive, offsetted cycles at a pulling speed of 500 nm/s.
Natively-folded unfolding traces are shown in orange and non-
native ones in red. If just the stable M domain intermediate is
folded (black arrows), it is colored in yellow. Refolding traces
are in gray.

(C) A scatterplot of the unfolding events obtained from 53 un-
folding traces of an individual molecule at a speed of 500 nm/s.
Native unfolding events are colored in orange. Depending on
the lifetime, the classification algorithm (see Section B.2.2) either
picks up the stable intermediate or not. Therefore native events
with the full contour length or native events consisting of two
unfolding events with shorter contour length gains are observed.
If only the intermediate is folded, markers are colored yellow.
Apart from these events, many non-native events (red) with dif-
ferent lengths and stabilities are present.
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8.6.3 Force-dependent folding experiments

To determine whether the unstable intermediates of the M domain ef-
fect folding similarly as the intermediates of the N domain, the force-
dependence of the refolding process is evaluated using double-jump
ramp experiments, as described in Section 8.4. Figure 8.6 shows a 3D
plot of the force-dependent refolding probabilities as well as simplified
projections where the probabilities are plotted versus refolding time
or refolding force.

The refolding probabilities at almost zero force, displayed as or-
ange markers in Figure 8.6 B, show that after 3 seconds almost 70%
of the molecules have refolded. Therefore the effective folding rate is
around 0.34 s~". The refolding rates increase with increasing force up
to 3.5pN, identifying the transient intermediates as misfolded states.
This behavior is identical to that observed for the N domain, only the
effect by small forces on the refolding probabilities of the M domain is
even higher (compare Figure 8.6 C to Figure 8.4 C), suggesting more
stable off-pathway intermediates.

8.6.4 M domain model

The observations made for the M domain in constant velocity traces
and force-dependent refolding probabilities show that folding is dras-
tically slowed down by an ensemble of misfolding intermediates as it is
the case for the N domain. Therefore the three-state model with the
unfolded, misfolded and native states presented in Section 8.5.2 is
also applied to quantify the M domain refolding probability data.

The best fit displayed in Figures 8.6 A-C shows the applicability
of the model for the M domain. The transition rate between the un-
folded states and the folded state ky_r is 7651(£714)s~*. The free
energy difference between the unfolded and misfolded states Eym is
9.9(4£0.1) kgT. The model and determined numbers are summarized
in Figure 8.6 D. Lowest x? is obtained by fixing the contour length of
the misfolded states xp to 37nm and the position of the transition
state between the unfolded and the folded states x1 to 46 nm.

By fitting WLCs to multiple molecules, average DNA and protein
parameters are determined to calculate the energy contributions of
the system (see Section 6.3). For the model following parameters are
used: ppna = 17.0nm, Lpna = 371.1nm, K = 656 pN, pprot =
0.7nm, contour length of the folded state xp = 0 nm, contour length
of the unfolded state xyy = 86.5nm and ke¢s = 0.174 pN/nm.

The misfolding free energy determined by the model is even higher
for the M domain than for the N domain. If these misfolds are ex-
cluded from the model, the force-dependent refolding probabilities
would follow the dashed lines shown in Figures 8.6 B and C.
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Figure 8.6: (A) Refolding probabilities dependent on the waiting time and

the waiting force of M-diUbi obtained from double-jump ramp
experiments are shown as black dots. They are determined from
7,927 traces of 14 molecules. The colored surface shows the best
fit of the model described in Fig. D.

(B, C) The same data are shown in different representations with
averaged probabilities. Fig. B shows the probabilities depend-
ing on the waiting time with the waiting force color-coded. Fig.
C shows the probabilities depending on the waiting force with
the waiting time color-coded. For uncertainties see Section B.2.3.
The increase of the refolding probability with increasing waiting
force marks the transient intermediates as misfolds. For solid
and dashed lines see Fig. D.

(D) A three-state model quantitatively describes the observations.
In this model unfolded states [U] are in equilibrium with mis-
folded states [M]. The native state [F] can only be accessed from
the unfolded states [U]. Numbers displayed are derived from the
fit of Equation 8.1 to the data and estimates made in the text. The
fit is shown as a colored surface in Fig. A and as solid lines in
Figs. B and C. If the misfolded states would be absent, the re-
folding probability would follow the dashed lines in Figs. B and
C, showing the severe influence of the misfolded states at low
forces.
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The misfolding free energy can also be estimated from the slowly-
relaxed refolding traces (see Figures 8.5 A and C.7 A). Since the tran-
sitions are very similar to those found for the N domain (see Section
8.5.3), an energy of around 10 kgT is expected, which is in good agree-
ment with the value obtained from the model.

The heterogeneity of the intermediate states is also observed in con-
stant distance experiments during the waiting time (see Figure C.8).
However it is more difficult to estimate the misfolding rate from these
experiments because the on-pathway and the off-pathway intermedi-
ates mix. Hence a different approach is used: The measured refolding
probabilities shown in Figure 8.6 B, don’t significantly deviate from
single exponential fits. Therefore the unfolded and misfolded states
are already in equilibrium for waiting times greater than 0.5s. This
implies that both rates of the process are faster than 2s™*. Since the
average free energy of the misfolded states is 9.9 kgT, the misfolding
rate ky_,m can be estimated to > 40,000s™" using Equation 6.16.
With these rates the full system is simulated and refolding traces can
be reproduced (see Figure C.7).

87 FOLDING OF THE C DOMAIN

In this section the refolding properties of the isolated C domain are
elucidated. With 172 aminoacids it is the smallest domain of Hspgo.
Around one third of the domain is unstructured, as detailed in Sec-
tion 7.4. However, the folded part is still larger than the typical aver-
age domain size of around 100 aminoacids [158].

8.7.1  The C domain shows two-state folding behavior

Figure 8.7 A shows slowly-pulled force-extension traces of the iso-
lated C domain. At forces around 4 pN the protein can unfold and
refold multiple times during stretching and relaxation. At higher
pulling speeds (see Figure 8.7 B), the C domain always folds into its
native state, indicating a fast refolding rate. Unlike the N and M do-
mains, the C domain doesn’t show any stable refolding intermediates
(see Figure 8.7 C). Only the folded or unfolded states are populated
at the forces investigated, which is characteristic for a two-state folder.

8.7.2  Force-dependent folding experiments

The C domain’s refolding behavior is very different to those of the
N and M domains. To compare them quantitatively the double-jump
ramp experiments (see Section 8.4) are repeated for the C domain.
Figure 8.8 A shows the refolding probabilities depending on waiting
time and waiting force as black dots. For Figures 8.8 B and C proba-
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Figure 8.7: (A) Unfolding (gray) and refolding (green) of C-diUbi (Inset of

pdb id: 2cgg) at a pulling speed of 10nm/s. WLC fits are drawn
as dashed lines and consider the unfolded portion of the C do-
main (region I). More force-extension traces are displayed in Fig-
ure C.11.

(B) Consecutive, offsetted unfolding traces (green) at a pulling
speed of 500 nm/s always show the native pattern. The transition
from the unfolded state into the native state is also resolved in
the refolding traces (gray).

(C) A scatterplot of the unfolding events obtained from 35 traces
of an individual molecule shows a well defined native popula-
tion without any intermediates.
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bilities are pooled and plotted versus waiting time and waiting force,
respectively.

In agreement with the constant velocity experiments, fast folding
rates are found. Even for very short waiting times the refolding prob-
ability is close to one at low waiting forces. For longer waiting times
(> 0.1s) the unfolding rate becomes more and more dominant and
the refolding probability saturates at its time-independent equilib-
rium value (see Figure 8.8 B). In contrast to the N and M domains,
the C domain shows decreased refolding rates for increasing waiting
forces in all regimes, as expected for a system that is not influenced
by misfolds.

8.7.3 C domain model

The experiments indicate that the C domain is a two-state folder that
unfolds and refolds at forces of interest. Therefore the folding behav-
ior is investigated with a model, comprising an unfolded state [U]
and a folded state [F] with the respective force-dependent transition
rates. The refolding probabilities expected for such a system are de-
scribed by Equation 6.24 in Section 6.7.3. The force-dependent transi-
tion rates are described by the model in Section 6.6.3, which depends
on the zero-force rate and the distance to the transition state. Since
the transition state position should be the same for unfolding and
refolding (see Section 6.5.1), the model contains three parameters.

The fit yields zero-force folding and unfolding rates of 218(£16)s*
and 0.154(40.029) s~ ", respectively. Fixing the transition state posi-
tion xT to 44nm gives the lowest value of x2. The fit is displayed in
Figures 8.8 A-C and the results are summarized in Figure 8.8 D.

The average DNA and protein parameters to calculate the energy
contributions of the dumbbell system used in the fit are: ppna =
17.9nm, lpna = 367.4nm, K = 711pN, pprot = 0.7nm, contour
length of the folded state xf = 22.0nm, contour length of the un-
folded state xy = 62.7nm and kefs = 0.177 pN/nm.

8.7.4 Equilibrium experiments

In constant velocity experiments the C domain can unfold and refold
on the timescale of the experiment (see Figure 8.7 A). Therefore the
system is perfectly suited for constant distance experiments (see Sec-
tion 5.3), where the C domain fluctuates between the unfolded and
the folded states at a given pre-tension.

Figure 8.9 A shows example traces of the isolated C domain for dif-
ferent trap distances. Equilibrium transitions between the folded state
at higher forces and the unfolded state at lower forces are observed.
Increasing the trap distance and therefore the pre-tension shifts the
equilibrium from the native to the unfolded state. All data points are
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Figure 8.8: (A) Time- and force-dependent refolding probabilities of C-diUbi

obtained by double-jump ramp experiments are shown as black
dots. They are determined from 6,157 traces of 9 molecules. The
colored surface shows the best fit using the model described in
Fig. D.

(B, C) The same data are shown in different representations with
averaged probabilities. Fig. B shows the probabilities against the
waiting time with the waiting force color-coded. Fig. C shows
the probabilities against the waiting force with the waiting time
color-coded. For uncertainties see Section B.2.3. For solid lines
see Fig. D.

(D) A two-state model with force-dependent folding and unfold-
ing transition rates, is used to describe the data. Numbers pre-
sented are the result of fitting Equation 6.24 to the refolding
probabilities. The best fit is shown as a colored surface in Fig.
A and as solid lines in Figs. B and C.
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Figure 8.9: (A) Example constant distance traces of C-diUbi allow the ob-
servation of the folding kinetics in real time. If the trap distance
is increased (top to bottom), the average pre-tension rises and
the populations are shifted from the folded state (blue) to the
unfolded state (red).

(B) Individual (red and blue markers) and averaged (black mark-
ers) force-dependent population probabilities of both states de-
rived from constant distance traces of 15 different molecules. The
occupancies are well described by a global fit (dashed lines) with
a folding energy of around 10 kgT.

(C) Folding and unfolding rates are determined from the life-
times of multiple experiments. Fitting the model (solid lines) de-
scribed in Section 6.6.3 to the averaged data (black markers) per-
mits extrapolation to zero force. The folding and unfolding rates
are 3700s™" and 0.23s7 7, respectively.
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assigned to one of the two states by HMM, as described in Section
6.2.

From such constant distance trajectories, the occupancies and the life-
times of both states at different forces can be read out directly (see
Chapter 6). They are shown in Figures 8.9 B and C. Because the tran-
sitions are relatively slow, it is difficult to collect meaningful lifetime
histograms for one single molecule for the accessible force range in
one experiment. Therefore force-dependent probabilities and rates of
15 different molecules are pooled.

The population probabilities of both states are fitted globally using
Equation 6.11 and the folding free energy is determined to 10.4(£0.1)
kg T. Both rates are modeled using Equation 6.19 and zero-force fold-
ing and unfolding rates of 3700(+1600)s~* and 0.23(£0.16)s™ ", re-
spectively, are found. Additionally, the fit yields the contour length
differences from the initial states to the transition states, which are
35.9(£3.8) nm for folding and 5.9(£3.0) nm for unfolding. Their sum
matches the contour length of the folded C domain (see Table 7.3),
which supports the validity of the rate fits. However, the folding
rate is around an order of magnitude higher than the one derived
in double-jump ramp experiments (see previous Section 8.7.3). This
discrepancy is revisited in the discussion.

To fit the probabilities and the rates average DNA and protein pa-
rameters of all investigated proteins are calculated: ppna = 12nm,
lpna = 375nm, K = 650 pN, pprot = 0.7nm, protein contour length
of the folded state xp = 18.0nm, protein contour length of the un-
folded state xy = 62.4nm and Kkess = 0.182 pN/nm.

Furthermore, very similar rates and energies for the C domain
are obtained from an independent experiment using the full length
Hspgo construct (Hspgo-diUbi), which can also be held at constant
distance at forces where the C domain unfolds and refolds, while the
N and M domain remain folded (data not shown).

8.8 CROSS-DOMAIN MISFOLDING

As found in Section 8.1, slowly relaxed monomer chains always reach
the completely native state, but rapidly relaxed ones don’t. After the
folding properties of the isolated domains are well characterized and
understood, the question arises, whether the refolding properties of
the Hspgo monomer are described by its individual domains or if the
presence of neighboring domains influences the folding process.

To address this question, the time- and force-dependent refolding
probabilities of the Hspgo monomer are investigated, employing the
double-jump ramp protocol (see Section 8.4). Figure 8.10 compares
scatterplots of the unfolding events observed at two different refold-
ing forces after a waiting time of 1s. Examples of individual force-
extension traces are shown in Figure C.13.
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Figure 8.10: Example scatterplots of unfolding forces against contour length

gains obtained in double-jump ramp experiments with the
same Hspgo-diUbi molecule. The protein is given 1s to fold
at a low (A) and a high (B) waiting force. The scatterplots
are determined from 60 and 45 unfolding traces, respectively.
Blue, orange, and green circles mark the unfolding events of
the native N, M, and C domains, while red markers show non-
native events. The misfolded events vary significantly in con-
tour lengths and stabilities and many of them are even longer
than the contour length of the largest Hspgo domain (to the
right of the gray line), suggesting misfolds across domains. At
higher waiting forces, as shown in Fig. B, the fraction of mis-
folded to native events is greatly reduced and cross-domain as
well as high-stability misfolds are almost absent. The stable M
domain intermediate (at around 30 nm), which is significantly
populated at low waiting force is also colored red for simplicity.
More scatterplots at low and high refolding forces for different
waiting times are shown in Figure C.14 B.
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As expected from the isolated domain experiments (see Sections
8.5.1 and 8.6.3), more natively-folded N and M domains are observed
at higher refolding forces. However, a novel feature are the non-native
intermediates with contour length gains longer than the largest Hspgo
domain (M domain, 68 nm). Their lengths demand that two or even
all three domains of Hspgo are involved in the formation of these
intermediates. These cross-domain intermediates are preferentially
populated at low waiting forces and almost absent if the refolding
force is increased. This suggests that small forces can successfully
prevent cross-domain misfolding by keeping distant regions of the
unfolded polypeptide chain apart.

In addition, the misfolds observed for the monomer are more stable
than those of the isolated N and M domains (compare Figure 8.10 A
to Figures 8.2 C and 8.5 C). Some of them don’t even unfold during a
single unfolding ramp and multiple cycles are needed to disintegrate
the intermediate (for examples see Figure C.14 A).

To investigate the time dependence of the refolding probability of
the individual domains within the monomer qualitatively, scatter-
plots like those displayed in Figure 8.10 are measured for waiting
times of 0.5s and 3 s for both low and high refolding forces (see Fig-
ure C.14 B). Therefrom refolding probabilities of the individual do-
mains for different waiting times at low and high force are calculated,
which are shown in Figure C.14 C. The N and M domains’ refolding
probability doesn’t change significantly over this time range at low
forces, but at higher forces a steep increase is observed. Also the C
domain seems to be involved in forming cross-domain misfolds, be-
cause its refolding probability is significantly reduced (down to 50%),
although almost 100% refolding efficiency is expected from the iso-
lated domain.

8.8.1  Comparison of the monomer with the isolated domains

To quantify the impact of the cross-domain misfolds on folding speed
of the Hspgo monomer, the probabilities of observing the completely
native Hspgo in the unfolding ramp after the double-jump are eval-
uated for different refolding times and forces. Figure 8.11 shows av-
eraged refolding probabilities plotted versus waiting time for a low
(0.3 —0.8pN) and a high (1.8 —2.2pN) waiting force range. Non-
averaged data are shown in Figure C.14 D.

Refolding into the completely native state is very slow for the low
force range, but already small forces can speed up folding signifi-
cantly. The overall rates, characterized by single exponential fits to
the time-dependent probabilities, are 0.024 £+ 0.013s™" for low forces
and 0.54 £0.07s™" for high forces. The small additional force speeds
up the overall folding rate by a factor of 25, although folding is more
difficult at higher forces. This factor is much larger than the one ob-



8.8 CROSS-DOMAIN MISFOLDING

1.0 -
Low waiting force
— 308 ® (0.3-0.8pN)
© . .
>95 06- o High waiting force
=% (1.8-2.2 pN)
Q
85 04 ___ Single
DQ_ _§ 0.2 — exponential fits

— — Lower Estimates
~ 7 indep. folding

o
?

Waiting time [s]

Figure 8.11: Time-dependent probabilities of observing the completely re-
folded Hspgo monomer (Hspgo-diUbi) in double-jump ramp ex-
periments. Red and blue dots mark the average refolding prob-
abilities for a low and a high waiting force range, respectively.
Data are from 1,067 unfolding traces of 10 different molecules,
for uncertainties see Section B.2.3. At low forces even long re-
folding times yield poor refolding behavior, while at slightly
higher forces folding is greatly accelerated. Single exponential
fits are shown as solid lines. To compare the measured refold-
ing probabilities to those expected from the isolated domain
constructs, lower limit estimates of the refolding probabilities
are shown as dashed lines. For high refolding forces the esti-
mate lies below the measured probabilities, indicating indepen-
dent folding and only little influence of cross-domain misfolds.
In contrast, at low forces, the estimate lies well above the data,
revealing severe influence of cross-domain misfolds.

served for the refolding of the isolated domains (see Figures 8.4 B
and 8.6 B), highlighting the tremendous assistance of force in avoid-
ing cross-domain misfolds.

To show this more rigorously, the expected minimal refolding prob-
abilities assuming independent folding of the individual domains are
estimated for both force ranges. Since the waiting force refers to the
force of the completely unfolded peptide, and folding of the domains
increases the applied force, while the protein is held at constant trap
distance the force ranges accessible to the proteins are determined
from the average protein and DNA parameters. For the lower force
range (0.3 — 0.8 pN) the accessible force range is 0.3 — 0.99 pN. For
the higher force range (1.8 — 2.2pN) the accessible force range is
1.8 —3.13pN. For a lower limit estimate the smallest refolding proba-
bilities of all isolated domains are taken in the respective force range.
Therefore the minimal refolding probability Pnamc(t), assuming in-
dependent folding of all domains (N, M, C), at low forces is

Pnmc(t) = Pt F=0.3pN)Ppm(t, F=03pN)Pc(t,F=2.2pN) (8.3)
and similarly at high forces:

Pch(t) = PN (t,F:18pN)PM(t,F:18PN)Pc(t,F:3]3pN) (84)
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The estimates are directly calculated from the isolated domain mod-
els (see Sections 8.5.2, 8.6.4 and 8.7.3) and are shown as dashed lines
in Figure 8.11. For high refolding forces the lower estimate lies below
the measured probabilities, indicating independent refolding and no
or little effect of the cross-domain misfolds, while at low forces the
lower estimate is well above the data, showing severe disturbance of
folding by the stable cross-domain misfolds.

8.9 DISCUSSION

Interesting insights into protein folding are obtained by studying the
multifaceted folding properties of the large three-domain protein Hspgo
with optical tweezers. The highlights are the reduction of the folding
speed by misfolding intermediates of the large N and M domains,
the on-pathway intermediate of the M domain, which speeds up fold-
ing, the effect of the cross-domain misfolds on multi-domain protein
folding and the fact that applied force can speed up protein folding.
These points are discussed here and related to the existing literature.
Ultimately, the impact on in vivo protein folding is elucidated.

8.9.1 Folding of the individual domains and intradomain misfolds

Protein folding is typically studied for proteins with only one domain
[23, 66, 169, 125]. Some of these proteins, especially the smaller ones,
show two-state folding behavior. Others populate kinetically stable
intermediates, which can be on-pathway or off-pathway and happen
during an early or a late stage of the folding process. Whether an
observed intermediate promotes or hinders protein folding and its
structural bases are difficult to investigate and hence remain mostly
unclear [151]. However, the investigation of exactly such intermedi-
ates is essential to further study protein folding and to understand
protein aggregation, which is relevant for many diseases [15].

Hspgo has three non-homologous domains, which are all studied in-
dependently. The smallest Hspgo domain, the C domain with slightly
more than 100 structured residues, folds in a two-state manner within
milliseconds without populating any detectable intermediates. The
folding behavior of the larger N (211 residues) and M domains (266
residues) is dominated by a broad range of intermediates. Measuring
the force-dependent folding rates revealed that these intermediates
are off-pathway. Therefore the entire refolding behavior is quantified
by a three-state model comprising unfolded, misfolded and native
states. The determined average free energies of the misfolded states
are considerable, 7.3 kgT for the N and 9.9 kgT for the M domain. The
population of the misfolded states reduces the folding speed by a fac-
tor of 1000 to 10000, from 950s™ ! to 0.5s™ ! for the N domain and
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from 7700s™" to 0.34s™ " for the M domain. All folding rates deter-
mined are summarized in Table 8.1.

DOMAIN EFFECTIVE RATE DIRECT RATE
N 0.5s71 95051
M 0.34s71 7700571
C (double-jump) n.a. 220571
C (const. dist.) n.a. 375087t

Table 8.1: Refolding rates of the isolated Hspgo domains. Effective rates for
the N and M domains include the effect of misfolds, while the
direct rates show the rate from the unfolded states to the native
states, which is the rate if misfolds are absent. For the C domain
the measured rates for double-jump ramp experiments and con-
stant distance (CD) experiments are displayed. Possible reasons
for the slight deviation are discussed in Section 8.9.1.2.

The misfolded states of the N and M domains are very dynamic
(especially under force) and get populated rapidly. Estimates suggest
misfolding rates greater than 12,600s™* for the N and 40,000s™* for
the M domain, which is in agreement with the concept that only the
native or misfolded states are observed, but never the completely un-
folded peptide. A similar competition between folded and misfolded
states has already been observed in optical tweezers experiments with
calcium binding proteins NCS-1 [47] and calmodulin [139]. The off-
pathway intermediates observed for these molecules are very few (1-
2) and have characteristics of defined states. This is clearly different
for the N and M domains of Hspgo that show large heterogeneity of
the misfolded conformations with different contour length and kinet-
ics. Because of this heterogeneity a structural interpretation is difficult
and it cannot be excluded that the misfolded states contain many na-
tive contacts. Under force these misfolded states are very dynamic
and interconversion between different misfolded states is possible.

For the three isolated Hspgo domains the effect of misfolding inter-
mediates increases with domain size. It stands to reason that the num-
ber of misfolds observed is to some extent correlated to the length of
the polypeptide chain. The misfolds observed for the N and M do-
main are likely the same that other groups report as heterogeneous
burst-phase intermediates in refolding bulk experiments of larger pro-
teins like MBP and Tim barrel protein [153, 165]. These burst-phase
intermediates can manifest in roll-overs, which are a common and
little-understood feature in the chevron plots of folding experiments
with chemical denaturants [8].

Of great interest is also the effect of the stable M domain on-path-
way folding intermediate. Destabilization of the intermediate leads
to impaired folding of the complete M domain. However, the slightly
reduced folding rate of this intermediate is likely not responsible for
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the impaired folding of the complete domain. Rather the propensity
to form misfolds with the remaining part of the M domain is favored,
which can lead to a much stronger decrease of refolding speed. This
suggests a possible role for on-pathway intermediates, that form to
avoid off-pathway intermediates.

8.9.1.1 Native structure and folding speed

The folding behavior of the isolated domains is examined in great
detail and it is possible to calculate the direct rates from the unfolded
states to the native states without misfolds. Possible determinants of
the direct rates like the native structure are discussed here.

The structural complexity of a protein can be described by its con-
tact order (CO), a measure of the average sequence distance between
native contacts. The contact order is typically used to predict the fold-
ing speed of two-state folders [106]. Table 8.2 compares the predicted
folding rates calculated from the individual domains of the crystal
structure (pdb id: 2cgg) to the measured ones without misfolds.

DOMAIN cO RELATIVE CO PRED. RATE MEAS. RATE

N 21.6 0.103 6548s™ " 9505
M 12.5 0.0488 32513651 770087 "
C 10.5 0.0744 51328s™*  220s7 /375087 "

Table 8.2: Contact order, relative contact order and predicted rates compared
with measured rates. For the N and M domains the direct rates
without misfolds and for the C domain the refolding rates deter-
mined by double-jump ramp and constant distance experiments
are shown.

The N domain shows a high relative contact order reflecting the
complex fold, which is described in Section 2.1. The M domain con-
sists of multiple small subdomains, which are arranged linearly (see
Section 2.1). Therefore the M domain has a much lower relative con-
tact order than the N domain. The complexity of the C domain lies in
between these extremes.

The rates predicted generally overestimate the rates observed. For
the N and M domains this is not surprising because the rate predic-
tion is based on proteins smaller than 100 residues and the CO is
normalized by the numbers of residues (relative CO). In addition the
N and M domains likely populate short-lived on-pathway intermedi-
ates during folding, as the transition state positions are not very close
to the folded states (see Sections 8.5.2 and 8.6.4). Qualitatively, the
predicted rate is faster for the M domain which has a much simpler
architecture and is divided into two independently folding subunits,
which might explain the fast direct folding rate for the large protein
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domain. Apart from that the direct folding rate of the N domain is
not far from the rate predicted.

Since the C domain folds in a two-state manner, the contact or-
der prediction should be valid, although slightly different rates be-
tween the double-jump ramp and the constant distance experiments
are measured. Nevertheless the CO prediction overestimates the re-
folding rate by 1 to 2 orders of magnitude.

The comparison shows that contact order may capture some deter-
minants of the folding speed but cannot fully describe it. Also chain
length and free energy of the protein should play an important role
[9]. For similar off-rates the productive folding rate should increase
with free energy. But higher free energies should also increase the
propensity of misfolding. This is exactly what is observed for the lim-
ited dataset of three protein domains.

8.9.1.2  Comparison of equilibrium and double-jump rates

The refolding rate of the C domain determined by double-jump ramp
experiments is 220s™ " (see Section 8.7.3), while in constant distance
experiments a refolding rate of 3750s™ " is found (see Section 8.7.4).
To investigate the discrepancy of one order of magnitude the force-
dependent rates of both experiments are plotted on top of each other
in Figure 8.12. Therefore the measured refolding probabilities of the
double-jump experiments with a waiting time of 10 ms are converted
into rates using Equation 6.23.
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Figure 8.12: Red and black markers show the measured force-dependent
folding rates obtained by double-jump ramp experiments and
constant distance experiments. The respective fits are shown as
dashed lines.

Double-jump ramp experiments explore the force dependence close
to zero force, while constant distance experiments yield rates at higher
forces. The measured data points overlap at 3.5pN suggesting that
both experiments give correct rates. However the curvature is too
strong to fit the combined data with the model of Section 6.6.3. This
is also seen in the difference of the transition state position. In con-
stant distance experiment the transition state is much closer to the
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native state (6nm) than in double-jump ramp experiments (22nm).
Since the transition state position is typically close to the native state
and the rate predicted by contact order is very fast, it is likely that ad-
ditional processes slow down the folding rate at low forces. Scenarios,
which can explain the observed effect, are listed in the following:

* A likely reason is the population of misfolded states at very low
forces, similar to the N and M domain, but far less pronounced.
These misfolds would have to decay fast (< ms) under force,
since no misfolded states are observed in the unfolding ramps.
This theory is supported by the fact that Figure 8.8 C shows
slightly lower refolding probabilities at 0.5pN than 1.5pN for
all waiting times greater than 10 ms.

¢ The shift in the transition state position can also be explained
by a pathway change, meaning that the protein folds along dif-
ferent pathways with different transition states depending on
the force applied.

* Also non-equilibrium effects can’t be fully excluded, for exam-
ple new states introduced by force-jumps, as shown in [50].

8.9.2  Cross-domain misfolds

Most proteins, especially eukaryotic proteins, consist of multiple do-
mains [44]. The organization of the protein chain into multiple do-
mains is a key property for protein folding [159]. Domains can sta-
bilize each other, speeding up folding [44], but cross-domain mis-
folds between identical or homologous domains can also greatly slow
down protein folding. It is easy to imagine, that swapping of sec-
ondary structure for very similar domains can lead to stable misfolds,
which has been reported for the long immunoglobulin domain chains
of the muscle protein titin [12, 96], poly-fibronectin [103] and poly-
ubiquitin [166]. How non-homologous unfolded proteins influence
each other is unclear. To address these questions the refolding prop-
erties of the full-length, three domain protein Hspgo are examined.

If the completely unfolded, 709-amino-acids polypeptide chain is
relaxed rapidly to almost zero force, more misfolded conformations
are formed. They have large heterogeneity in contour length and
many of them exceed the length of the largest Hspgo domain, indi-
cating that misfolds involve multiple domains. These cross-domain
misfolds are more stable than those observed for the isolated do-
mains. Comparing the refolding probabilities of the monomer and
the isolated domain shows the drastic effect on folding of these inter-
mediates. The mere fact that the three domains are tethered together
slows down the refolding process from seconds to minutes.

This is in agreement with the prediction made in the last section
that with growing chain length, the number of misfolded states will
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increase [9]. For small single domain proteins, nature may found a
way to optimize the sequence for a smooth energy landscape without
stable misfolds, but with ever growing length chain these misfolds
will become inevitable. This suggests that for large proteins, such
as Hspgo, cross-domain misfolds are a general feature, which limit their
folding rates. To what extent intradomain misfolding triggers inter-
domain misfolding can not be answered at this point, but if one of
the domains reaches its native state it doesn’t contribute to misfold
formation and can speed up folding indirectly. A simplified energy land-
scape [98] summarizing the folding properties of the Hspgo monomer
is shown in Figure 8.13.

C domain
M domain

N domain

Figure 8.13: Simplified energy landscapes for folding of Hspgo. Since the
Hspgo domains don’t stabilize each other directly, their fold-
ing process can be described by three individual energy land-
scapes with their global minima representing the native states
[En, Fm and Fc]. The N and M domain populate intra-domain,
off-pathway intermediates [My, My] which decrease refold-
ing speeds from milliseconds to seconds. If the full-length
monomer is unfolded, stable cross-domain misfolds [Mpp,
Mic] are formed, which further slow down folding to the min-
utes timescale. Small forces greatly change the energy land-
scape and favor folding. To explain the effect, the cylindrical
coordinate system shown for the C domain applies for all do-
mains. G refers to the free energy. The inverse of the radial co-
ordinate describes the nativeness of the system. The inverse of
the absolute value of the angular coordinate is interpreted as the
average distance between residues in misfolded conformations.
This distance depends on force and small forces can restrict the
conformational search to the red shaded areas, helping to avoid
misfolded intermediates. This effect is especially strong for the
cross-domain misfolds. After folding of the C domains, Hspgo
can assemble into a functional chaperone [Dcc], as discussed in
Chapter 10.
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8.9.3 Chaperoning by force

Forces applied to proteins tilt the protein folding energy landscape,
increasing the height of the transition state barrier and therefore de-
crease protein folding rates (see Section 6.6). In some experiments
however, the at first glance impossible behavior of increasing rates
with increasing forces is found. This observation can be reconciled
by assuming off-pathway states, which trap the protein in folding-
incompetent states hindering folding. Small forces can effectively de-
populate these misfolds. Although the protein still has to fold against
higher forces, the avoidance of misfolded states dominates the fold-
ing process. For the isolated N and M domains this effect speeds up
folding by a factor of around two. It is more drastic for the full-length
Hspgo, where small forces prevent the formation of cross-domain mis-
folds, which involve distant regions of the protein chain. An average
force difference of only 2pN can increase the refolding speed of the
Hspgo monomer by a factor of 25. Therefore force can "chaperone" the
protein by restricting the energy landscape during the folding process.
This is illustrated by the red shaded areas in Figure 8.13.

Generally, measuring the force dependence, is a powerful approach
to get insights into complex systems. It can reveal processes and states
that can not be identified otherwise. Correct modeling of the data
allows the determination of rates that are otherwise inaccessible.

8.9.4 Relevance in vivo

The ribosome synthesizes the protein chain sequentially by append-
ing one aminoacid after the other. In yeast, the synthesis rate is a
few aminoacids per second [59]. Since all Hspgo domains are able to
fold within seconds, the individual domains can fold, in the absence
of the not yet synthesized peptide chains of the other domains. This
co-translational folding process [36] is a very effective way to avoid
cross-domain misfolds. The translational speed can be modulated by
the DNA sequence itself by rare codons that effectively stall the ri-
bosome [148]. This could give domains that fold slower than Hspgo
additional time for folding. Interestingly, there is also evidence that
folding of protein structures generates forces on the nascent chain,
which can control the speed of the translation process [40]. In optical
tweezers experiments co-translational folding can be mimicked by the
application of small forces to the protein, keeping distant regions of
the protein apart.

After Hspgo is fully folded, the domains may transiently unfold,
but the condition where the whole chain is unfolded and may misfold
is very unlikely to happen again. Therefore Hspgo is a very robust
protein, which is somewhat expected for a protein that has to work
under cellular stress conditions.
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Chaperones are essential for the folding of many client proteins.

Some of them, GroEl/GroES [134], ClpX [77] or Hspyo[24], can exert
force by different means to unravel misfolded clients and favor their
native folding, similarly as in optical tweezers experiments. Another
mechanism for avoiding cross-domain misfolds is the stabilization of
partially folded intermediates by chaperone binding, as shown for
trigger factor [80].
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HSPg9o’S CHARGED LINKER

Hspgo’s domains are connected by linkers, which facilitate the global
rearrangements of the Hspgo dimer during its chaperone cycle. A unique,
extended linker connects the N and M domains. It consists mainly of
charged residues and is therefore named the Charged Linker (CL).
This elongated linker is exclusive to eukaryotic Hspgos and spans ami-
noacids 211-272 in yeast. While large parts are dispensable [75] and
only lead to smaller deficiencies in client chaperoning, complete dele-
tion is lethal in vivo [43]. Interestingly, a small artificial linker can
revert lethality [43]. Although studied intensively in vitro and in vivo,
the biological role of the Charged Linker is still far from understood
[149, 157, 150, 173, 142].

The crystal structure of the yeast Hspgo dimer (see Figure 2.1)
could only be obtained by deleting a large part of the Charged Linker
[2]. This and the fact that no structure is suggested by any biochem-
ical assay led to the common assumption that the Charged Linker
is unstructured. However, in mechanical experiments with Hspgo a
weak force signal associated with the Charged Linker is picked up.
Using this as a starting point, the structural and dynamic proper-
ties of the Charged Linker are investigated in optical tweezers exper-
iments. The effect of the CL on the large N-terminal conformational
rearrangements is measured by single molecule FRET experiments.
Together with other biochemical assays the Charged Linker and its
influence on the Hspgo chaperone is elucidated [54].

9.1 IDENTIFICATION OF THE CHARGED LINKER

The unfolding force-extension traces of the Hspgo monomer shown in
Chapter 7, show rapid transitions with significant contour length at
very low forces prior to domain unfolding. Since all domains match
the expected contour lengths (see Table 7.1), the Charged Linker is
a likely candidate causing these transitions. To show this directly
Hspgo-diUbi, which is described in detail in Figure 7.1, is compared
to a Charged Linker deletion mutant (HspgoACL-diUbi; see Section
A.1), as shown in Figure 9.1.

The CL-dependent transitions shown in Figure 9.1 C seem to pop-
ulate only two states. The one with shorter contour length at higher
forces, which is observed as short-lived events, is a state where the
CL’s end-to-end distance is very short and the N and M domain are
in close proximity. This state is called the docked state for reasons that
will become clear in the next section. In the other state with longer
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Figure 9.1: (A,B) Unfolding force-extension traces at a pulling speed of 10
nm/s of Hspgo-diUbi in Fig. A and HspgoACL-diUbi in Fig. B
show identical domains (N, M and C) fitted with WLCs (dashed
lines). However, the low force regions before the domains unfold
marked by arrows show only transitions for the wild type. (C)
An expansion of the low force region of Fig. A. suggest that two
states get populated. (D) The Charged Linker region in the crys-
tal structure (pdb id: 2cgg). The resolved aminoacids of the CL
between the N domain (blue) and the M domain (orange) are
colored in purple.

contour length, the Charged Linker is extended and behaves like an
unstructured protein chain.

Fitting a WLC directly to the short-lived events of the docked state
is difficult, hence the contour length is estimated. Assuming a contour
length of 28 nm, which is approximately the length expected for the
62-aminoacids Charged Linker, fits well (see Figure 9.1 C).

9.2 THE CHARGED LINKER FORMS STRUCTURE

The measurements above show that a stable state exists, where the
CL is not unstructured and the N and M domains are in spatial prox-
imity. However, it is not obvious which parts of Hspgo interact to
stabilize this conformation. To get a structural interpretation of this
state different CL substitution and deletion mutants are tested.

9.2.1 Substitution mutants

The crystal structure of the Hspgo dimer in the twisted, closed state
[2] suggests direct contacts between the N and the M domains (see
Figure 9.1 D). Also the C-terminal part of the Charged Linker (ami-
noacids 264-272), which is still resolved, seems to associate with the
N domain via a small beta-strand that proceeds the large beta-sheet
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of the N domain. To test whether these interactions are eligible to
explain the observed transitions, two Charged Linker substitution
mutants, where aminoacids 211-263 (Sub211-263) or aminoacids 211-
272 (Sub211-272) are replaced by glycine-glycine-serine (GGS) repeats
of identical length, are prepared. These mutants have force-exertion
points at aminoacid positions 61 and 560 like the construct Hspgo-
_61C_560C shown in Section 7.2. For details on the constructs see
Section A.1.

A Wild Type B Substitution C Substitution

Sub211-263 Sub211-272

/ /
4 . _“~ |2pN
W Force
20 nm

Extension

Figure 9.2: Close-up views to the low force regime of unfolding force-
extension traces of Hspgo_61C560C (A) and the substitution mu-
tants Sub211-263 (B) and Sub211-272 (C). While the wild type
protein shows Charged Linker transitions, both supplementation
mutants do not. Therefore neither the interactions between the N
and M domains nor the interactions between the N domain and
the C-terminal part of the Charged Linker facilitate the docked
state. Full length traces as well as constant distance traces of the
low force regions are shown in Figures 7.3 and C.15.

Surprisingly, no stabilization between the N and M domains is observed
if the Charged Linker is substituted partly (Sub211-263) or completely
(Sub211-272) by unstructured aminoacids (see Figure 9.2). Only the
stretched, undocked conformation, where the tethered N and M do-
mains can move freely apart is populated. In other words, neither the
interactions between the domain surfaces, nor the interactions of the
N domain with the C-terminal part of the Charged Linker are strong
enough to explain the docked state. This implies that the sequence
or at least residues between aminoacids 211 and 263, which are com-
monly considered as unstructured, are crucial for the observation of
the docked state.

9.2.2 Deletion Mutants

The docked state is not facilitated by domain-domain interactions.
Therefore two reasonable possibilities remain: Either the Charged
Linker forms a stable domain itself, or it binds to the N or the M
domain, or to both of them simultaneously. This question is resolved
by two different Hspgo domain-deletion mutants. The first comprises
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only the Charged Linker and the M and C domains (AN), the second
only the Charged Linker and the N domain (AMC). For details see
Section A.1.

Figure 9.3 shows, that the construct, where only the N domain
and the Charged Linker are present, shows similar transitions at low
forces as the wild type. The possibility that the CL forms the docked
state on its own, is ruled out by the other deletion mutant. Consequen-
tially the docked state is the Charged Linker forming a stable struc-
tural element together with the N domain. Docking depends on some or
all aminoacids ranging from 211 to 263, as follows from the previous
section.

A Wild Type B  Deletion C  Deletion
AN AMC
5 / & / é / \
/

“ 2 pN
.M, J Force
L 20 nm

Extension

Figure 9.3: Zooms into the low force regimes of unfolding force-extension
traces of the wild type construct Hspgo_61C_560C (A) and the
domain deletion mutants AN (B) and AMC (C). If the N domain
is absent, the docked state is not populated. But already the N
domain with the Charged Linker alone shows the docked state.
Hence the docked state results from the Charged Linker binding
to the N domain. Full length traces as well as constant distance
traces of the low force regions are shown in Figures 7.3 and C.16.

9.3 ENERGETICS AND KINETICS OF THE DOCKING TRANSITION

Already small forces strongly depopulate the docked state. To quan-
tify the free energy of docking as well as the rates involved, con-
stant distance experiments (see Section 5.3) are employed. Figure 9.4
A shows the force response of the Charged Linker in a typical ex-
periment. Stepping up the trap distance, increases the average force
applied to the molecule and shifts the equilibrium towards the un-
docked state. This is best seen in small sections of the trajectory at two
different trap distances shown in Figure 9.4 B. Although the thermal
noise is very large at these low forces, it is still possible to use HMM
(see Section 6.2) to assign the datapoints to the two states observed.
With this it is possible to directly read out the state occupancies at
different pre-tensions. They are shown for a single example molecule
in Figure 9.4 C. The energy difference between the docked and the
undocked state is determined by globally fitting Equation 6.11 to
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both probabilities. The energy contributions of the dumbbell system
are calculated from the DNA and protein parameters of the respec-
tive molecule (see Section 6.3). Analysis of multiple molecules yields
a very low stabilization free energy of 1.1kgT & 0.4kgT (34 molecules;
4315 seconds of analyzed constant distance traces; Error is SD be-
tween experiments). This energy is so small that even at zero force
the molecule is able to populate the undocked state 25% of the time,
while it stays docked 75% of the time.
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Figure 9.4: (A) A typical constant distance experiment at low forces with
the Hspgo monomer (Hspgo_61C_560C) to determine the energy
and the rates of the docking and undocking transitions. Measur-
ing at different trap distances (piezo signal) enables the explo-
ration of the transitions at different pre-tensions. The force trace
is displayed unfiltered (red) and filtered (black). (B) One second
sections of the constant distance trajectories at a low (top) and
a high (bottom) pre-tension. Higher forces shift the equilibrium
from the docked (blue) to the undocked (red) states. (C) Force-
dependent probabilities to occupy the docked and the undocked
state of a single molecule (markers) are fitted to determine the
equilibrium free energy between the states. The average of 34
molecules yields a free energy of 1.1kgT, hence the docked state
of the unperturbed system is populated 75% of the time. Proba-
bility errors are calculated as in [139].
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From the same data the transition rates between the docked and
the undocked states are extracted. Figure 9.5 A shows the integrated
lifetime histograms of both states at different forces for the example
experiment. The lifetimes have single exponential distributions, indicat-
ing that docking and undocking is a two-state process. By fitting the
lifetime histograms the force-dependent rates are determined, which
are plotted in Figure 9.5 B. As expected the docking rates decrease
with force, while the undocking rates increase.

A force-dependent rate model described by Equation 6.19 fits the
measured docking and undocking rates well and determines the rates
at zero force. Averaging over 34 experiments, a zero-force docking
rate of 17357 " +£102s™ " and a undocking rate of 75s™* £41s™ " are
found. The contour length changes to the transition state are 20.8 nm
from the undocked state and 8.5nm from the docked state. The en-
ergy contributions of the dumbbell components, necessary for the
fit, are precalculated from the DNA and protein parameters of the
respective molecule.

>
w

— Docking rates
: — Undocking rates
8 1000
oy ", 100
. ° 10
€ ©
= Average force 14
(<} 4 ss—— 1
z ) low high T T T T T 1
0.0 ‘et . . 0 1 2 3 4 5
0.001 0.01 0.1 1 Force [pN]

Lifetime [s]

Figure 9.5: (A) Integrated lifetimes histograms for the docked (blue) and the
undocked (red) states at different forces derived from a single
molecule. Single exponential fits (orange to green) describe the
lifetimes well, indicating that the Charged Linker dynamics are a
two-state process. (B) The force-dependent docking and undock-
ing rates derived from Fig. A. A force-dependent model yields
zero force rates of around 100s™" for both docking and undock-
ing.

The thermodynamic and kinetic analysis shows that the Charged
Linker mediates very dynamic conformational changes within the Hspgo
monomer, which are also relevant if the system is not under load.
The values measured are summarized in a simple energy landscape
shown in Figure C.17. Notably, the transitions are not directly influ-
enced by the nucleotides ATP, ADP, ATPyS or AMP-PNP (not explic-
itly shown).
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9.4 CL SUBSTITUTION MODULATES N-TERMINAL DYNAMICS
9.4.1 Single molecule FRET experiments

The Hspgo dimer undergoes large conformational changes between
the N-terminally open and closed states, which are important for the
function of Hspgo in vivo (see Chapter 2). Whether the intra-monomer
dynamics between the docked and the undocked state influence the
N-terminal inter-monomer dynamics is investigated by single mole-
cule FRET experiments. In these experiments the distance between
two dyes, termed donor and acceptor, can be determined via their
FRET efficiency (for a short introduction see Section B.3.1). The FRET
efficiency is very sensitive to small distance changes, therefore the
open and closed states of Hspgo can be discriminated easily. The con-
formational changes are evaluated in a confocal setup, where snap-
shots of the conformations of different single Hspgo dimers are ob-
tained, as well as in a surface-based TIRF assay, where trajectories of
individual molecules are measured.

An established donor-acceptor pair for the Hspgo dimer, which is
described in [87], is used. The donor is attached to position 61 in the N
domain of one monomer and the acceptor at position 385 in the M do-
main of the other monomer. To avoid dissociation of the Hspgo dimer
at the picomolar concentrations needed for single molecule experi-
ments, a C-terminal motif which forms a stable coiled-coil with the
opposing monomer is included in the constructs [87]. The Charged
Linkers” influence on N-terminal dynamics is measured by compar-
ing wild type homodimers of Hspgo to heterodimers, where one wild
type monomer is replaced by a CL substitution mutant, which cannot
populate the docked state. The substitution mutants used, Sub211-
263zip_61C and Sub211-272zip_61C, have the same glycine-glycine-
serine repeats as those used to characterize the Charged Linker in
the optical tweezers assays (see Section 9.2). For more details on the
constructs and labeling see Sections A.2 and B.3.2.

Figure 9.6 A shows a schematic representation of the fluid cham-
ber in the confocal smFRET experiments. If a labeled molecule dif-
fuses through the confocal volume, its fluorophores are excited by
pulsed lasers. The efficiency of the distance-dependent FRET process
is then determined by comparing the fluorescence intensities of both
dyes. For details see Section B.3.3. A large number of molecules is
measured for each construct in different nucleotide conditions and
collected in FRET histograms (see Figures 9.6 B-D).

Replacing one wild type monomer with one, where the Charged
Linker is substituted by GGS repeats, results in a shift from the open
states to the closed states as shown in Figure 9.6 B. Interestingly,
the shift seems to be larger for the complete substitution mutant
(Sub211-272). Preincubating the sample with 2mM ATP further shifts
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Figure 9.6: (A) Hspgo molecules diffusing through the confocal spot re-
sult in fluorescence bursts. The ratio between donor and accep-
tor fluorescence determines the conformation of the molecule.
(B-D) All FRET efficiency histograms of the wild type homo-
dimer (WT/WT in black) and the GGS substitution heterodimers
(Sub211-263/WT in blue and Sub211-272/WT in orange) show
two populations. Low FRET values correspond to N-terminally
open states, high FRET values correspond to closed states of
Hspgo. Each histogram contains a minimum of 923 (up to 5,565)
FRET events. Data are measured and evaluated by Bjorn Hel-
lenkamp. (B) FRET histograms show that the substituion mu-
tants are shifted towards the closed states in the absence of nu-
cleotides (apo). (C) Addition of ATP equally shifts all dimer con-
structs dimers further into the closed state. (D) The ATP analog
ATPyS further stabilizes a closed state. All constructs can reach
this state and it seems to be identical.

all constructs similarly towards the closed states (see Figure 9.6 C).
This effect has already been reported for wild type protein [87]. The
unnatural ATP analog ATPyS partially traps Hspgo in some stable
closed state [48]. This is shown in Figure 9.6 D, where the FRET
histograms for samples preincubated with 2mM ATPyS, have high
peaks at high FRET efficiency. In addition, the shapes of the peaks
differ from those in experiments without nucleotide or ATP, suggest-
ing a different closed state.

To confirm the findings that the undocked state shifts the equilib-
rium to the N-terminally closed states the same constructs as above
are measured in single molecule TIR-FRET experiments in the ab-
sence of nucleotide. For this assay individual Hspgo dimers are addi-
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tionally biotinylated and immobilized on a PEG surface (see Figure
9.7 A). The donor is excited in the evanescent field and donor and ac-
ceptor fluorescence are recorded over time until the dyes bleach. For
details see Section B.3.3.

Figure 9.7 E shows FRET histograms derived from FRET trajecto-
ries, which are calculated from donor and acceptor intensities (see
example traces in Figures 9.7 B-D). In the FRET histograms, the het-
erodimers carrying the substitution mutant are shifted to the closed
states, verifying the confocal experiments. In addition all constructs
show the characteristic opening and closing dynamics on the second time-
scale that were observed previously for the wild type variant [87].
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Figure 9.7: (A) Hspgo is immobilized in the evanescent field of the exci-
tation laser. By measuring the donor and acceptor intensities
over time, the transitions between the open and the closed states
are observed. (B-D) Example traces of the measured donor (or-
ange) and acceptor (red) fluorescence intensities and the calcu-
lated FRET efficiencies (black) for the WT dimer (B), the Sub211-
263/WT dimer (C) and the Sub211-272/WT dimer (D). They all
show the typical N-terminal opening and closing behavior ob-
served previously. (E) Collecting multiple FRET efficiency traces
in histograms show that the substitution mutants are shifted to
the closed states, confirming the previous experiments. Each his-
togram contains a minimum of 34 molecules.
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9.4.2 Ensemble fluorescence experiments

The transition from the open states to the closed states of Hspgo can
be measured in ensemble FRET experiments, using a similar FRET
system as in the single molecule experiments above [48]. Surprisingly,
the shift caused by the natural substrate ATP is not enough to give
a measurable signal in these assays. Only the addition of ATPYyS or
AMP-PNP, which efficiently trap Hspgo in a closed state makes it
possible to observe the closing dynamics.

To investigate the influence of the CL with this assay the Hspgo con-
structs prepared for single molecule experiments are used (see Sec-
tion 9.4.1). However, controls show that the fluorescence of the donor-
only constructs as well as the acceptor-only constructs increases dras-
tically upon the addition of ATPyS or AMP-PNP. This effect can only
be explained, if the dyes have different quantum yields for differ-
ent Hspgo conformations. In other words, if Hspgo isn’t in the state
trapped by ATPyS or AMP-PNP the protein environment quenches
the dye. If Hspgo is in the compact, trapped state, the dye has a differ-
ent protein environment and is de-quenched. This finding can be used
as a direct and easy readout for the conformation of Hspgo, which is
shown in the following.

The de-quenching experiments are carried out with zipped homod-
imers of Hspgo WT, Sub211-263 and Sub211-272. All mutants are la-
beled at aminoacid position 61 (see Section B.3.2). For experimental
details see Section B.3.4. The fluorescence de-quenching experiments
for ATPYS are shown in Figure 9.8 A. All constructs get trapped in
the ATPYS closed state as observed for the heterodimers in smFRET
experiments (see Figure 9.6 D). De-quenching has similar kinetics for
all constructs but the substitution mutants show a greater increase in
fluorescence. If the experiments are repeated with AMP-PNP (see Fig-
ure 9.8 B), WT and Sub211-263 show slower but identical behavior to
ATPyS. However, the complete CL substitution mutant (Sub211-272)
shows no kinetics and doesn’t reach the AMP-PNP state. However,
if one monomer of the complete CL substitution mutant is replaced
by an unlabeled wild type monomer, the heterodimer can reach the
AMP-PNP state although less efficiently (see Figure 9.8 C). These find-
ings suggest that the C-terminal end of the Charged Linker (amino-
acids 264-272) is important to reach the AMP-PNP closed state, which
is different from the ATPYS closed state.
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Figure 9.8: (A) Fluorescence signal after the addition of 2mM ATPYS to N-

terminally labeled, zipped homodimers of WT (black), Sub211-
263 (blue) and Sub211-272 (yellow). The nucleotide-dependent
shift into the closed conformation increases the dyes fluorescence
(de-quenching). The effect is larger for the substitution mutants
indicating that the orientational freedom of the N domains leads
to increased quenching.

(B) Same experiments as in Fig. A, using the nucleotide AMP-
PNP. While the WT and Sub211-263 dimers show similar be-
havior as for ATPyS, the substitution mutant, where the CL
is replaced completely (Sub211-272) doesn’t show any kinetics.
Hence aminoacids 264-272 are necessary to reach the closed
AMP-PNP state.

(C) If one monomer of the substitution mutants Sub211-263 and
Sub211-272 is replaced by WT, the Sub211-272/WT heterodimer
can be partially rescued and AMP-PNP can shift it into the closed
state. All experiments have been repeated multiple times.
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9.4.3 Cross-linking experiments

Finally, the flexibility of the N domains is tested by cross-linking ex-
periments. Cysteines in both N domains at positions 61 of wild type,
Sub211-263 and Sub211-272 are allowed to form cross-links mediated
by the short, cysteine-specific cross-linker BM(PEG);. For experimen-
tal details see Section B.4.

The degree of cross-linking in the presence of different nucleotides
is analyzed by SDS-PAGE comparing the fraction of dimers and mono-
mers, as shown in Figure 9.9. Although the cysteines in the N do-
mains point away from each other in the closed crystal structure
cross-linking is still possible for the wild type protein, where the
Charged Linkers are mainly docked. For both substitution mutants,
which just populate the undocked state, the cross-linking propensity
is increased significantly. Since cross-linking should be impossible in
the open states, because the N domains are well separated, the data
suggest the existence of closed states, where the aminoacids at posi-
tion 61 point at least transiently towards each other.

On a closer inspection the effects of the added nucleotides are
also seen. Preincubation with ATPyS decreases cross-linking for all
proteins, presumably by trapping them in the closed, compact state,
where cross-linking is impossible. The same is observed for AMP-
PNP for Sub211-263, but not for Sub211-272. The cross-linking re-
sults are in excellent agreement with the optical tweezers experi-
ments, which suggest rotational freedom of the N domains, especially
if the CL is permanently undocked, and with the fluorescence de-
quenching experiments, which suggest no influence of AMP-PNP on
the complete CL substitution variant.
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Figure 9.9: N-terminal cross-linking of Hspgozip_61C, Sub211-272zip_61C
and Sub211-263zip_61C without nucleotide (X-linker), ATPYS or
AMP-PNP. In the control lanes no cross-linker is added. If the
N domains cross-link, dimers (upper band) are formed, if not,
monomers are observed (lower band). Cross-linking is possible
for wild type, but significantly increased for both substitution
mutants. Preincubating the sample with ATP analogs traps the
proteins in closed conformations, avoiding some cross-links.
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9.5 THE CHARGED LINKER AFFECTS HSP90’S ATPASE CYCLE

How Hspgo’s ATPase activity couples to Hspgo’s conformations has
been studied intensively in bulk assays [120, 119, 48, 71]. There the
hydrolysis rates of different Hspgo mutations and the effect of co-
chaperones are evaluated. One proposed ATPase cycle is presented
in the introduction (see Figure 2.2). To characterize how the Charged
Linker kinetics and the impossibility of reaching the AMP-PNP in-
duced, closed state affects the ATPase cycle, WT, Sub211-263 and
Sub211-272 (see Section A.1) are compared in ATPase and analytical
ultracentrifugation assays.

The ATPase activity measured with a coupled enzymatic assay (see
Section B.5) shows a mild increase for Sub211-263 and a mild decrease
for Sub211-272 compared to the wild type (see Figure 9.10 A).

The co-chaperone Aha1 can stimulate the ATPase activity of Hspgo
significantly, presumably by facilitating the closing of Hspgo [101,
119]. This effect is significantly reduced for the substitution mutants,
by a factor of three for the partial CL replacement (Sub211-263) and
by a factor of ten for the complete CL replacement (Sub211-272), as
shown in Figure 9.10 B. To exclude the possibility that the reduced
activation is due to impaired binding of Ahai, analytical ultracen-
trifugation experiments (for details see Section B.6), where labeled
Aha1 can form complexes with the Hspgo variants, are performed.
Figure 9.10 C shows that all mutants bind Aha1 at the concentrations
used. The reason why Aha1 can’t deliver its full potential may be due
to important residues of the CL necessary for the correct interaction
of Hspgo and Ahaz.

The co-chaperone Sba1/p23 can inhibit ATPase activity by binding
to and stabilizing the AMP-PNP, closed state of Hspgo, observed in
the crystal structure [135, 123, 2]. ATPase inhibition is observed for
wild type and Sub211-263, but not for Sub211-272 (data not shown).
The reason therefore is that Sbai/p23 can’t bind to Subz11-272 as
shown in ultracentrifugation experiments in Figure 9.10 D. This sug-
gests that the complete CL substitution variant cannot reach the state
necessary for Sba1/p23 binding upon addition of AMP-PNP, which
is also the case in bulk fluorescence experiments (see Section 9.4.2).
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Figure g.10: (A) ATPase activity of Hspgo wild type, Sub211-263 and Sub211-
272. The values are normalized to wild type, whose hydrolysis
rate is 0.36(£0.01) min—*.
(B) The concentration-dependent activation of the ATPase by
Ahaz1 is reduced for both GGS substitution mutants. The stim-
ulation is normalized to the ATPase activities shown in Fig. A
and the fits follow Michaelis-Menten equation.
(C) Ultracentrifugation experiments show that all Hspgo con-
structs can bind labeled Aha1, which is rationalized by the shift
between Ahai-only and the Ahai-Hspgo complexes in dc/dt
plots.
(D) dc/dt plots show that labeled Sba1/p23 can form com-
plexes with wild type and Sub211-263, but not with Sub211-272.
ATPase assays were performed together with Alexandra Rehn
and ultracentrifugation runs were done by Klaus Richter.
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9.6 DISCUSSION

The integrated approach, combining single molecule force and flu-
orescence experiments with biochemical assays, gives great insight
into the previously unresolved structure, dynamics and function of
the Charged Linker.

9.6.1  The Charged Linker regulates the flexibility of the N domain

Optical tweezers experiments revealed that the Charged Linker is not
as unstructured as previously assumed. The Charged Linker can dock
to the N domain forming a stable state, where the N and M domains
are in close proximity. However, this conformation is stabilized by a
free energy of only 1.1kgT, meaning that thermal fluctuations can de-
populate this state easily. In the dissociated (undocked) state, which
is populated around 25% of the time, the Charged Linker acts like
a random coil, giving additional translational and rotational freedom to
the N domain. This is also confirmed by cross-linking experiments.
The intradomain transitions between the docked and the undocked
states are on the millisecond timescale, much faster than all previously
observed kinetics of Hspgo. Such unstable and rapid conformational
changes of native structures usually remain undetected in bulk stud-
ies, although they are very important for the function of proteins

[164].
9.6.2  The Charged Linker modulates N-terminal dynamics

The N-terminal conformational changes between the open and closed
states are influenced by the Charged Linker. In single molecule FRET
experiments, mutants that only populate the undocked CL state show
a higher probability to be in the closed states. This suggests that the
increased flexibility of the N domains facilitates reorientations nec-
essary to reach the closed states. That rotation of the N domains is
necessary for closure has already been suggested for E. Coli Hspgo
[141]. On the contrary, the docked state seems to prevent formation of
contacts between the N domains, suggesting that the Charged Linker
acts as some kind of return spring. This is consistent with hydrogen
exchange experiments, where similar substitution mutants show de-
creased protection of the N-domain and increased protection of the
M-domain compared to WT [150].

Cross-linking between the N-terminal residues, which are pointing
away from each other in the closed crystal structure, is possible for
the wild type Hspgo and even more likely for the mutants that can
only populate the undocked state. This suggests that the undocking
and docking transitions are also possible in the N-terminally closed
states.
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Aminoacids within
residue region
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HSPQO’S CHARGED LINKER

9.6.3 The C-terminal part of the Charged Linker is essential for reaching
the AMP-PNP closed state

During Hspgo’s ATPase cycle Hspgo seems to populate multiple closed
states (see Figure 2.2). The so-called Closed 1 state [72], is a semi-
closed state, which is stabilized by the co-chaperone Aha1 [119] and
is maybe the same that can be reached without nucleotides in single
molecule FRET measurements [87]. The twisted, nucleotide-depen-
dent closed state, that has been crystallized in the presence of AMP-
PNP [2], is the binding-competent conformation of the co-chaperone
Sba1/p23 and called Closed 2. Since AMP-PNP cannot be hydrolyzed
by Hspogo it is believed to be the hydrolysis competent state. ATPyS,
which is hydrolyzed very slowly, is believed to stabilize the same
state [48].

The experiments presented here show significant differences be-
tween the partially (Sub211-263) and complete substitution (Sub211-
272) mutants that only differ in the last 9 aminoacids of the Charged
Linker. If these aminoacids are also replaced by GGS repeats, ensem-
ble fluorescence experiments show that AMP-PNP can’t promote N-
terminal closure, cross-linking propensity is not reduced by AMP-
PNP and ultracentrifugation experiments show the impossibility of
Sba1/p23 binding. Therefore this region is important for reaching
the AMP-PNP Closed 2 state. It might be that the interaction between
this region and the N domain, which is suggested by the crystal struc-
ture (see Figure 9.1 D), is only important in the Closed 2 state, which
would mean that the N-M domain interface may be completely dif-
ferent in the absence of nucleotide, as it is the case for E. Coli Hspgo
in the presence of ADP [133].

Surprisingly, the complete CL substitution mutant (Subz11-272),
which cannot reach the Closed 2 state shows only a mild decrease
in ATPase activity. On the other hand the ATP analogue, ATPYS,
readily shifts all Hspgo mutants into a closed state, as observed in
smFRET experiments as well as in de-quenching fluorescence experi-
ments. This implies that that ATPyS and AMP-PNP induce different
Hspgo states and that hydrolysis is not limited to the AMP-PNP state.

9.6.4 Hspgo states mediated by the Charged Linker

Figure 9.11 summarizes the findings of the different experiments. Op-
tical tweezers experiments show that the Charged linker facilitates a
docked and an undocked state. While Hspgo is in its open confor-
mation, 56% of the time both Charged Linkers will be docked (Open
1a), but almost equally likely, 38% of the time, one of both CLs is in
the undocked state (Open 1b). Cross-linking experiments suggest that
docking and undocking is also possible in the Closed 1 state, there-
fore it is renamed to Closed 1a and Closed 1b. To reach the AMP-
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PNP-induced Closed 2 state aminoacids within positions 264-272 are
essential.

The new states facilitated by the Charged Linker are rapidly ex-
changing and could be easily stabilized by co-chaperones or sub-
strates. This would enable new stable global conformations of Hspgo,
which may be important in the chaperone cycle. Such small modula-
tions may also hold the key to chaperoning different sets of substrates
as is the case for Hspgo.

Open 1a Closed 1a

ﬁ % @ % Closed 2
1l

1l

Open 1b Closed 1b P
V4 -

<=5

Figure 9.11: The Charged Linkers facilitate docked (Open 1a and Closed 1a)
and undocked (Open 1b and Closed 1b) states in the Hspgo
dimer, which exchange rapidly. Because undocked states fa-
vor the N-terminal closed states, the CL modulates the much
slower N-terminal dynamics of Hspgo (Open and Closed). The
C-terminal region of the Charged Linker is essential for reach-
ing the nucleotide-dependent Closed 2 state.
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N-terminal opening
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DIMERIZATION AND N-TERMINAL DYNAMICS

The biologically active form of Hspgo is the Hspgo dimer, whose for-
mation is mediated by the C domains. After the dimer is assembled,
Hspogo can transition between its N-terminal open and closed states,
which are essential for client chaperoning (see Chapter 2). To investi-
gate these important protein-protein interactions with optical tweez-
ers, dimeric Hspgo constructs are designed. They permit the investiga-
tion of the C-terminal dimerization kinetics in great detail and are
promising for the study of the N-terminal dynamics.

10.1 DESIGN OF HSP9O DIMERS FOR OPTICAL TWEEZERS

To design dimers for optical tweezers experiments, the constructs
measured in single molecule fluorescence experiments (see Sections
A.2 and 9.4.1) are used as a starting point. They contain alpha helices
at the C-termini, which form coiled-coils between the two opposing
monomers. However, these coiled-coils are not stable enough to keep
the monomers together during optical tweezers experiments, since
they readily dissociate at forces of around 10pN [14]. To increase
their stability, cysteines that can covalently cross-link the coiled-coils
are introduced at the N-termini of the alpha helices. The positions
of the cross-linking cysteines are critical. First attempts to insert them
between Hspgo and the coiled-coil didn’t result in disulphide bridges.
However, mutation of the first a-position in the heptad repeats of the
coiled-coil yields rapidly-formed and stable disulphide bonds.

The second challenge is finding optimal cysteine positions for DNA
attachment within the proteins. The dimers contain four cysteine
residues, two for cross-linking, which have to react, before the other
two, which are used for oligonucleotide attachment (see also Section
5.2). Therefore only cysteine positions can be chosen that are well-
separated in the dimer and form disulphide bonds slowly. This ex-
plains the impossibility to construct dimers, where force is exerted at
the N domains via cysteines at residue 9. However, two other amino-
acid positions, 61 in the N domain and 452 in the M domain, give
excellent results. These two constructs, which permit force exertion
on both N domains or both M domains, while the monomers are
linked covalently at their C termini are discussed in the following.
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To avoid interaction
with streptavidin
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These constructs are
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10.7 and 10.2.
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Notably, N domains
pulled at aminoacids
61 show worse
refolding properties
than those pulled at
the N-terminus.
This suggests that
the N-terminal
force-free part
hinders refolding, in
agreement with the
observations made in
Chapter 8.
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10.2 N-TERMINALLY PULLED DIMERS

Figure 10.1 shows unfolding and refolding force-extension traces of
the yeast dimer construct slowly pulled at both N domains at amino-
acid 61, which is described in the previous Section 10.1. As expected
Hspgo domains are observed twice, proving successful dimer design.
Due to the pulling geometry the N domains have shorter contour
length gains, identical to the monomer construct Hspgo_61C_560C
discussed in Section 7.2. After both Charged Linkers are forced into
the undocked states, an additional event, which unfolds at forces
around 10 pN is observed. Dissociation of the dimer is followed by rapid
unfolding of the C domains, which are not stabilized any more and
are only visible as short events. If the chain is relaxed slowly and all
domains have refolded, dimerization is observed, even against forces
of around 3 pN. Additional cycles are shown in Figure C.18.
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Figure 10.1: Unfolding (gray) and refolding (purple) force-extension traces
of the Hspgo dimer (Hspgozip_61C_y715C), pulled at amino-
acids 61 in the N domains (see lower right-hand inset). The
pulling speed is 10nm/s. The unfolding events associated with
the Hspgo domains (Npart, CL, M and C) appear twice and
are fitted with WLCs assuming some unstructured regions (see
Section 6.1.1). In addition a high peak (red arrow on gray trace;
D) is observed. There the dimer dissociates and the unstruc-
tured regions of both C domains are stretched, followed by
rapid unfolding of the C domains. After all domains have re-
folded, dimerization is observed (red arrow on purple trace).
The sequence of dimerization and folding of the C domains is
sketched above the trace.

The contour length gain associated with the dimerization, evalu-
ated by fitting WLCs to slowly-pulled traces of seven molecules, is
40.6 = 1.1 nm. The unstructured regions of the C domains, which are
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not under force in the dimerized state, are not sufficient to explain
this contour length gain. As already speculated in Section 7.4, the last
alpha helix of the folded C domain may be unstable if it doesn’t form
the four helix bundle involved in dimerization. Both scenarios are
compared in Table 10.1. The model assuming the unstable helix (ami-
noacids 656-674) shows perfect agreement with the measured data.
This proves that the monomers form dimers through the helix pairs
in the C domains (residues 640-672) as already suggested by the crys-
tal structure and that the last alpha helix is unstable in the monomeric
state.

HELIX (UNSTRUCT.) DIST. CS EXPECTED MEASURED
Stable (675-715) 0.8nm 291nm  40.56nm + 1.06 nm
Unstable (656-715) 1.7 nm 414nm  40.56nm + 1.06 nm

Table 10.1: To explain the contour length gain observed after the dissociation
event two possibilities are considered. One where the C-terminal
alpha helix in the C domain is stable and one where it is unsta-
ble if undimerized. The monomers are cross-linked 6 aminoacids
after the C terminus of the wild type protein (corresponds to ami-
noacid 715). Calculating the expected contour length gains from
the assumed unstructured regions (see Section 6.1.2), shows that
the model assuming the last C-terminal helix as unstable is in
perfect agreement with the data. Errors are SD.

10.3 M-TERMINALLY PULLED DIMERS

To investigate the C-terminal dimerization in more detail the other
dimeric Hspgo mutant is used, where force is applied to the M do-
mains via aminoacid residues 452 (see also Section A.2). This con-
struct has considerable advantages. First, under force the N and M
domains are not or are only partially unfolded, therefore constant ve-
locity experiments can be performed without getting trapped in mis-
folded states (see Chapter 8). Second, the Charged Linkers are not
under force and the absence of these transitions simplifies the anal-
ysis of the traces. Finally, the N-terminal opening and closing of the
Hspgo dimer should result in a measurable contour length change,
which will be important in Section 10.5.

Figure 10.2 shows two examples of force-extension cycles of this
construct at different pulling speeds. Similarly to the N-terminally
pulled constructs (see Figure 10.1), dissociation followed by unfold-
ing of the C domains and association of the Hspgo monomers are ob-
served. In Figure 10.2 B also both M domains are partially unfolded.
These parts are the same that give rise to the stable M domain unfold-
ing and refolding intermediate, as described in Sections 7.3 and 8.6.2.
The high unfolding forces and the refolding properties are in good
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Figure 10.2: Example force-extension traces of the dimer construct pulled
at the M domains (Hspgozip_452C_715C; see inset) stretched
(gray) and relaxed (purple) with a velocity of 10nm/s (A) and
500nm/s (B). Dissociation and association of the C-terminal
dimer interface are observed (D; red arrows). After dissociation
the C domains readily unfold. All states are marked by WLCs
shown as dashed lines. In Fig. B also partial unfolding of both
M domains is observed (Mpart), which is very stable and refolds
rapidly.

agreement with the observations in Section C.3.5, that suggests two-
state folding of this intermediate and stabilization by the remaining,
still-folded subdomain.

10.4 KINETICS OF THE C-TERMINAL DIMERIZATION

The most accurate way to evaluate the kinetics of the C-terminal
dimerization is using constant distance experiments (see Section 5.3).
Figure 10.3 shows an example trajectory of such an experiment, where
the dimerization kinetics are observed at equilibrium. However at
pre-tensions that allow the observation of these transitions, rates are
slow and the force range is restricted due to the unfolding of the C
domains. Hence gathering statistics of the force-dependent lifetimes
necessary for rate calculation is possible but tedious. To circumvent
this problem, a different approach is applied.

Since the dissociation forces are related to the dissociation rate and
the association forces to the dimerization rate, force-dependent rates
can be determined from constant velocity experiments. Therefore a
method described by Oberbarnscheidt et al. (see [95] and Section 6.7.2)
is applied to an example experiment comprising 94 force-extension
cycles at a speed of 200nm/s. Figure 10.4 shows the number of disso-
ciation and association events and their respective lifetimes pooled in
force-bin histograms as well as the resulting force-dependent rates.

To calculate the zero-force rates the force-dependent rates are fitted
with Equation 6.19. A low dissociation rate of 0.038(£0.029) s™*, with
a low force dependence of 2.0(£0.3) nm (contour length difference
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Figure 10.3: The C-terminally dimerized state (red) and the dissoci-
ated state (green) can be observed at equilibrium in con-
stant distance experiments while pulling at both M domains
(Hspgozip_452C_y15C). At the pre-tension applied in this ex-
ample, one of the C domains can unfold and refold if the dimer
is in its dissociated state, leading to short excursions to the low-
est force level. The three states observed are sketched next to the
trace. In general, the dimerization kinetics measured at equilib-
rium are relatively slow.

to the transition state) is found. The association rate is 137(£52)s™*
with a distance of 27(+4) nm to the transition state.

Seven other molecules, evaluated the same way, show similar rates,
but the kinetics are more complex than presumed. A significant num-
ber of dissociation events occur at low forces and they seem to cluster
in successive force-extension cycles. This suggests that a slow isomer-
ization process within the polypeptide chain leads to two dimer states
with a ‘'weak” mode and a "strong” mode. Although the "strong” mode
dominates the weak mode, it is also captured in a slowly-pulled force-
extension trace (see Figure C.19). To what extent this behavior is in-
troduced by the repeatedly stretching of the chain in optical tweezers
is yet unclear. A candidate residue which could explain this behavior
is the proline at position 661 in the turn of the alpha helical pair that
forms the dimer interface [124].

Additionally, the finite bin size and slight deviations from the WLC
tits, which are used to determine the lifetimes of the states, may in-
crease the error. Therefore the obtained rates should be seen as esti-
mates.

The equilibrium dissociation constant Kp measured in bulk bio-
chemical experiments is 60nM [120]. In the optical tweezers experi-
ment the association rate depends on the tethering of the monomers,
while in the biochemical experiments it depends on the Hspgo con-
centration. From the measured rates as well as the Kp it is possible to
calculate the effective concentration of the Hspgo monomers in the op-
tical tweezers assay. This concentration is 220 pM, which corresponds
to 1 particle in a sphere with a radius of 12nm. This value meets the
expectations, since the monomers are separated by the unstructured
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Figure 10.4: (A) Number of dissociation (blue) and association events (red)
for different force bins as well as the total time spent in
the respective force bin without having transitioned yet. Data
are from 94 force-extension cycles of one example molecule
(Hspgozip_452C_715C) and only dissociation events higher
than 12pN are evaluated. (B) Force-dependent dissociation
(blue markers) and association (red markers) rates are calcu-
lated from the data in Fig. A and extrapolated to zero-force
yielding a dissociation rate of 0.038s™" and an association rate
of 137s™ L.

regions of both C domains, indicating consistency between the bulk
and the single molecule measurements.

10.5 EVIDENCE FOR N-TERMINAL DYNAMICS

So far only the interaction between the C domains of both monomers
is observed in optical tweezers experiments. The literature suggests
also interactions between both N domains, which give rise to the
opening and closing dynamics of Hspgo, which are important for
ATP hydrolysis and client chaperoning, as introduced in Chapter 2.
Indeed an additional state can be identified in two independent opti-
cal tweezers experiments, if the nucleotide ATP is added.

10.5.1 N-terminal closing of dimer constructs

Figure 10.5 A shows two example trajectories of constant distance ex-
periments with the M-terminally-pulled dimer construct in the pres-
ence of ATD, similar to the one without nucleotide shown in Figure
10.3. At the trap distance measured, the dimer mainly stays in its C-
terminally dimerized state, although sometimes it transitions into its
undimerized state at lower forces in agreement with the kinetics de-
scribed in the previous section. In addition a rare but reproducible
state at higher forces is observed. This state is exclusive or at least
preferentially populated if ATP is in solution, since it is not observed
in nucleotide-free conditions. The contour length is around 14nm
smaller than the C-terminally dimerized state, indicating a very com-
pact state. The ATP dependence and the contour length suggest that
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Figure 10.5: (A) Example constant distance traces of two different
Hspgozip_452C_715C molecules. The dimers transition be-
tween the dimerized (red) and the undimerized (green) confor-
mation. In the presence of ATP a new state with shorter contour
length is observed (blue).

(B) The observed states and their connectivity are described
schematically. The new, ATP-dependent state is due to N-
terminal closing into a compact state.
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this state is an N-terminally closed state, likely very similar to the
compact, entwined conformation of the crystal structure [2].

Although the N-terminal closing is measured at low forces around
4pN, the closing rates are very slow, on the order of a few hundred
seconds. If Hspgo reaches the closed state, it is stable for a few seconds.
Owing to the slow rates, the full force dependence of the opening and
closing dynamics hasn’t been investigated yet.

10.5.2 N-terminal dynamics measured with the Hspgo monomer

A very similar state, like the N-terminally closed one presented in the
previous section, is observed with an Hspgo monomer construct. The
state appears in constant distance experiments, like those described in
Section 9.3 to characterize the Charged Linker, if wild type Hspgo and
ATP, both at saturating conditions, are added in solution. Example
traces in Figure 10.6 show not only the well-studied docking and
undocking transitions of the Charged Linker, but also a long-lived
state with similar contour length as the docked state.

At the forces investigated, the lifetime of this state is a few seconds
and therefore much longer than the lifetimes of the docked Charged
Linker conformation. The rate into this state is very low, similar to the
one observed for the dimeric construct. The related kinetics and the
fact that the state is only populated if Hspgo monomers and ATP are
in solution leads to the conclusion that this state is indeed the same
N-terminally closed, compact state observed for the dimer in Figure
10.5.

As expected for the pulling geometry, dimerization and N-terminal
closing don’t lead to a significant change in contour length (see also
Figure 10.6 B) and the docked state and the N-terminally closed
state can only be separated by their different kinetics. Whether the
N-terminally closed state is populated from the docked state or the
undocked state, cannot be answered at this point.
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Figure 10.6: (A) Example constant distance traces of two different experi-

ments with the Hsp_61C_560C monomer show the rapid CL
docking (blue, short-lived) and undocking (red) transitions. If
wild type Hspgo and ATP are present in solution, long-lived
states (blue, long-lived) with similar contour length as the
docked state are observed. They can be explained by a mechan-
ically stable closed state, which is dependent on monomer and
ATP binding.
(B) Schematics of the states populated in the constant dis-
tance traces. The long-lived state depends on ATP and Hspgo
monomers in solution, but it is not possible to tell from the
experiment, at what point dimerization occurs and how many
ATPs are bound.
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10.6 DISCUSSION
10.6.1  Assembly of Hspgo

At physiological conditions Hspgo exists as a dimer [120], which is
the biologically active form required for the function in vivo [156]. There-
fore after Hspgo monomers have successfully folded, they have to
find each other and associate. This process as well as the dissociation
process can be directly monitored and manipulated in optical tweez-
ers experiments.

Dissociation of the dimer in unfolding force-extension traces hap-
pens at high forces and is followed by the rapid unfolding of the
C domains, suggesting that the C domains are the main interaction
site and that they are stabilized by dimerization. This is in agreement
with bulk denaturation experiments, where increasing protein con-
centrations show increasing stabilities [156]. The interaction between
the C domains is mediated by a four helix bundle, one helix pair per
monomer, as resolved by the crystal structures of yeast and E. coli
Hspoos [46, 2, 133]. The optical tweezers experiments additionally re-
vealed that the last C-terminal helix is not folded if the monomers
are not in the dimerized state, which goes well with the increased
hydrogen incorporation observed in exchange experiments [41].

The C-terminal kinetics of Hspgo are of great interest, because some
studies suggest that they are important for the Hspgo chaperone cy-
cle [117]. First results yield a slow dissociation rate of 0.038s™* and a
dimerization rate of 137s ', which is dependent on the effective con-
centration defined by the linkage of the monomers. They are in agree-
ment with the Kp of 60 nM determined in bulk experiments [120]. On
the contrary, smFRET experiments of Hspgo encapsulated in vesicles
[117], show dimer lifetimes of only 3 seconds, which are incompat-
ible with the dominant dimerization peaks observed and the rates
determined using optical tweezers.

The results suggest that due to the slow dissociation rate and the
high cellular Hspgo concentration, the Hspgo dimer will only tran-
siently populate its monomeric state. Therefore it remains possible, but
unlikely, that the monomeric form is an important feature in the chap-
erone cycle. This is supported by the fact that no co-chaperones or
nucleotides significantly modulate Hspgo’s dimerization properties.
However, the importance of the bivalent stability of the dimer has to
be addressed in the future.

10.6.2 N-terminal conformational changes

The N-terminal dimerization of Hspgo and the related ATP binding
and hydrolysis are both essential for Hspgo’s function [97, 100, 109].
Although extensively studied, the basis of this interaction [111, 109,
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121, 2], its coupling to nucleotides [120, 87, 115], the number of closed
states involved [120, 48, 87] and why closed states are necessary to
chaperone clients [84, 140, 61] remain poorly understood. Studies are
further complicated by the fact that the conformational cycle is dif-
ferent for different organisms [136, 41, 118]. The only commonality
is that the non-hydrolysable nucleotide AMP-PNP traps Hspgos in
a closed compact conformation, likely the twisted one that has been
crystallized [2]. While ATP induces only small population shifts into
the closed states in yeast and human Hspogo [48, 87, 41], the effect is
much larger in E. coli Hspgo [42, 41, 118].

In optical tweezers experiments a state is identified, which has all
characteristics of a closed state. It is stable in two pulling geometries,
along the monomer as well as across the M domains. Additionally,
it shows a very short contour length suggesting a compact conforma-
tion. It is strongly coupled to nucleotides, since the state is only observed
in the presence of ATP. Although this conformation is investigated at
low forces, the on-rate is very slow and the closed state is populated
rarely, which is in agreement with the small ATP-dependent shifts
mentioned above. One can hypothesize that this state is similar to
the closed compact state of the closed crystal structure [2] and that
at zero-force the closing rate will be on the order of the ATPase rate,
indicating that the rate limiting step for hydrolysis is closing into this
state, as already suggested in [120, 42, 112].

Single molecule FRET experiments, as shown in Section 9.4.1 and
[67] suggest that, even in the absence of nucleotides, multiple open
and multiple closed conformations of Hspgo are populated equally
with transition rates of around 0.25s™* [87]. The fast rates and the
observation of the closed states without nucleotide are incompatible
with the optical tweezers measurements. Since both experiments are
carried out under very similar conditions, it is likely that the differ-
ent methods themselves lead to different results. Single molecule FRET
experiments use hydrophobic dyes as reporters while optical tweez-
ers experiments use hydrophilic DNA handles to tether the protein.
Attaching different dyes to different Hspgo residues can greatly shift
(up to 40%) the populations of Hspgo (personal communication by
Philipp Wortmann), therefore it is likely that the increased attraction
or the different environments of the dyes lead to the observation of
additional kinetics and additional closed states. On the other hand,
the DNA handles may lead to a more soluble Hspgo, hampering N-
terminal dimerization.

However, the results from optical tweezers experiments are in good
agreement with other experiments [120, 41]. Having established the
Hspgo dimer system for optical tweezers allows detailed investiga-
tion of the influence of co-chaperones and substrates on the closed
states of Hspgo and will shed light on the differences between optical
tweezers and FRET experiments.
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OUTLOOK

In this thesis, the Hspgo system is established for optical tweezers experi-
ments. Different properties have been characterized, opening various
possible future directions. However, the most interesting and pressing
questions are how the Hspgo alters the structure of its clients and for
what reason ATP is hydrolyzed. To get a real understanding of this,
some features of the Hspgo machinery have to be clarified first. Ex-
ploiting the strength of single molecule optical tweezers experiments
should give valuable insights.

First, the N-terminal kinetics, which are essential for chaperoning
and modulated by nucleotides have to be investigated in more de-
tail. Therefore it is important to reconcile optical tweezers and single
molecule fluorescence measurements (see Section 10.6.2) to have in-
dependent methods to investigate the system.

Several experiments suggest the existence of multiple closed states,
but their conformations and the molecular interactions that stabi-
lize the different closed states are unclear. The only hint is given by
the crystal structure with the ATP analog AMP-PNP, which shows a
very compact, entwined Hspgo dimer. Two models try to explain the
stabilization of the N-terminally closed states. The first suggests do-
main swapping of the N-terminal beta strands between both Hspgo
monomers. The second nucleotide-induced remodeling of the N do-
main and exposure of hydrophobic residues. Optical tweezers ex-
periments are well suited to distinguishing between different closed
states, which should make it possible to determine the number of dis-
tinct states and to reveal their molecular interactions. Studying differ-
ent Hspgo mutants and measurements in the presence of nucleotides
and/or co-chaperones should shed light on the N-terminal kinetics
and the regulation by co-solutes.

A promising and simpler candidate to study the conformations and
the influence of nucleotides on Hspgos chaperone cycle is the E. coli
ortholog, which isn’t regulated by co-chaperones. Biochemical exper-
iments indicate that already the natural substrate ATP induces a sig-
nificant population shift to the closed states. First experiments with a
dimeric E. coli Hspgo look promising, as shown in Figure D.3.

Besides the ambiguity of Hspgo’s conformations, bulk assays have
limited success in revealing Hspgo’s chaperoning mechanism in vitro (see
Chapter 2). Whether these difficulties arise from not reaching the
Hspgo conformation necessary for client binding or the clients can-
not be prepared in their chaperone-dependent form is unclear. Opti-
cal tweezers provide two ways to tackle this problem. Either Hspgo is
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OUTLOOK

held by optical tweezers and the influence of the clients on the Hspgo
chaperone cycle is monitored or clients are clamped and the effect of
Hspgo in solution on the substrate is directly measured. The latter
approach provides the possibility of actively modifying the client by
force, perhaps inducing Hspgo-binding-competent states.

One main problem for the second approach is finding clients suit-
able for optical tweezers experiments. First attempts establishing the
pseudo substrate of E.Coli Hspgo, A131A, in optical tweezers failed
(see Section A.4). However, initial experiments suggest that E.Coli
Hspgo in solution can interact with unfolded or partially folded states
of itself (see Figure D.4). Other promising clients are the glucorticoid
receptor, v-src kinase and tau (see Chapter 2).

If the substrate problems can be overcome, technical advances of op-
tical tweezers setups provide new ways to gain additional insights dur-
ing experiments. Combined setups with single molecule fluorescence
or FRET detection facilitate measurements of an additional reaction
coordinate. These experiments would render it possible to measure
the conformations of the Hspgo machine and the client simultane-
ously. In addition, the important asymmetry of Hspgo complexes
could be investigated.

Furthermore, using microfluidics with different channels in the op-
tical tweezers setup permits the measurement of the same molecule
in different environments. This can be used to show the nucleotide de-
pendence on the same Hspgo molecule. With different co-chaperones
and substrates in different channels, one could follow the piece-by-
piece assembly and chaperoning process of the Hspgo machinery.



Part IV

APPENDIX

In the first appendix chapter an overview on all protein
samples is given. Methods and results that were omitted
in the main part to increase readability are shown in the
following two chapters. The final chapter presents optical
tweezers data of E.coli Hspgo.






PROTEIN SAMPLES OVERVIEW

The following sections give an overview on the protein constructs de-
signed for this thesis. They also display some interesting constructs
that are only briefly mentioned to ease protein design for future ex-
periments.

A.1 YEAST HSPQO MUTANTS

The experiments mainly use protein constructs of the heat-inducible
isoform Hsp82 of yeast [13], which is referred to as Hspgo in the text.
Numbering of aminoacids always relates to Hsp82 wild type.

Figure A.1 displays the monomeric mutants produced and investi-
gated by optical tweezers. Hspgo-diUbi, Hspgo_61C_560C, N-diUbi,
M-diUbi, MA10-diUbi and C-diUbi are used to characterize the un-
folding patterns and folding behavior of Hspgo (see Chapters 7 and
8). Choosing the M domain boundary at aminoacid position 527 as
it is for MA10-diUbi, shows decreased protein stability (see Section
C.3.4), therefore it is moved to residue 537 (M-diUbi).

MC-diUbi and MCextlink-diUbi are constructs to measure interac-
tions between the M and C domains (experiments not shown).

Hspgo-diUbi, ACL-diUbi, Hspgo_61C_560C, AN, AMC, Sub211-263
and Sub211-272 proteins are utilized studying the Charged Linker
in Chapter 9. In ACL-diUbi aminoacids 214-261, analogous to [149],
are deleted. Sub211-263 and Sub211-272 are constructs, where the in-
dicated aminoacids of the Charged Linker are replaced by glycine-
glycine-serine repeats of the same length.

A.2 YEAST HSP9QO DIMERIC MUTANTS

Figure A.2 displays the dimeric mutants used in fluorescence, cross-
linking and optical tweezers experiments. To ensure stable dimeriza-
tion at very low concentrations, fusion constructs of yeast Hspgo
with the coiled-coil motif of the kinesin neck region of Drosophila
melanogaster at the C terminus are engineered (see also [87]). For
fluorescence experiments the cysteines of constructs Hspgozip_61C,
Hspgozip_385C, HspgoACLzip_61C, Sub211-263zip_61C and Sub211-
272zip_61C are labeled with fluorescent dyes and monomers are ex-
changed to create FRET pairs (see Section B.3.2). In the main text
these constructs are called WT, ACL, Sub211-263 and Sub211-272 for
better comprehensibility.
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1 211 273 527 709
Hsp90 WT
1 709
Hsp90-diUbi _ o Tkl
Cys Cys
1 709
Hsp90_61C_560C o
61Cys 560Cys
1 210
N-diUbi S
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273 537
M-diUbi _ q-HHHHHH
Cys Cys
273 527
MA10-diUbi F q-HHHHHH
Cys Cys
527 709
C-diUbi q-HHHHHH
Cys Cys
1 527
NM-diUbi o == 1
Cys Cys
273 709
MC-diUbi F q-HHHHHH
Cys Cys
273 709
MCextlink-diUbi _ — LHHHHHH
Cys 10xGGS between 530 and 531 Cys
1 214 1 709
ACL-diUbi ﬁﬁ “HHHHHH
Cys Cys
179 709
AN P °
183 Cys 560Cys
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AMC o e———t
3Cys 278Cys
1 709
Sub211-263 ] 5
61Cys 211-263 GGS repeats 560Cys
1 709
Sub211-272 I

o
61Cys 211-272 GGS repeats 560Cys

Figure A.1: Overview on monomeric Hspgo constructs. Colored regions
mark the N domain (blue), the Charged Linker (purple), the
M domain (orange) and the C domain (green). Many constructs
are expressed as fusion proteins with human ubiquitins shown
in gray. Cysteines that are used for DNA-protein coupling are
shown as yellow circles.

The stability of the coiled-coil is not sufficient to withstand force in
optical tweezers experiments, because it dissociates at around 10 pN
[14]. Therefore an additional cysteine is introduced to covalently cross-
link both monomers. Initial attempts replacing the aminoacid (at po-
sition 712) between the C-terminal end of Hspgo and the beginning
of the coiled-coil didn’t yield cross-linked monomers. However, re-
placing the first aminoacid (residue 715) of the coiled-coil, which is
an a-position and therefore pointing directly to the opposing cysteine
residue, yields covalently linked monomers. For oligonucleotide at-
tachment on the dimeric construct the position of the second cysteine
is critical (see Section 10.1), hence Hspgozip_61C_715C and Hspgozip-
_452C_715C can be used, but Hspgozip_9C_715C not. The bottom-
most construct, Hspgozip_61C_560C, is designed to study monomer
unfolding, while the opposing monomer (Hspgozip) is hybridized.
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1 211 273 527 709
Hsp90zip wrv- A A
1 709
Hsp90zip_61C wrnnnr- TAAAA SR
61Cys
1 709
Hsp90zip_385C s A AAA S
385 Cys
1 214 261 709
Hsp90ACLzip_61C HHHHHH- TAAA AT
61Cys
1 709
Sub211-263zip_61C - Ta'AAA S
61Cys 211-272 GGS Repeats
1 709
Sub211-272zip_61C HHHHHH'_—I ANNI\Step
61Cys 211-263 GGS Repeats
1 709
Hsp90zip_61C_715C o [ e
61Cys Cys
1 709
i | 3
Hsp90zip_452C_715C - IXW\HHHHHH
452 Cys Cys
1 709
Hsp90zip_9C_715C _ LYVV\HHHHH
9Cys Cys
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Hsp90zip_61C_560C R e ANstep

o
61Cys 560 Cys

Figure A.2: Overview on dimeric Hspgo constructs. Domains and
cysteines are labeled as in Figure A.1. To stabilize the
Hspgo dimer, all constructs have C-terminal helices,
which form coiled-coils upon dimerization. Hspgozip_61C,
Hspgozip_385C, HspgoACLzip_61C, Sub211-263zip_61C and
Sub211-272zip_61C are used in fluorescence and cross-linking
experiments.  Hspgozip_61C_715C, = Hspgozip_452C_715C,
Hspgozip_9C_715C and Hspgozip_61C_560C are used in
optical tweezers experiments. The first three have cysteines
within the helices to form covalent disulphide bonds with the
opposing monomers.

A.3 E. COLI HSP9QO MUTANTS

Figure A.3 shows monomeric and dimeric mutants of E. coli Hspgo
(HtpG). HtpG-diUbi and HtpGAC-diUbi are used to characterize the
unfolding pattern of HtpG, as shown in Section D.1. HtpG_61C_521C
is a ubiquitin free construct, in analogy to Hspgo_61C_560C, but it
performed badly in experiments for unknown reasons.
HtpGzip_61C_632C, HtpGzip_3C_631C and HtpGzip_3C_634C are
designed to form dimers as those for yeast (see Section A.2). They
vary in the linker length and composition between the HtpG and the
coiled-coil motif. Since the first two constructs rarely formed dimers
and mostly monomers are measured the linker length is increased.
HtpGzip_3C_634C has a slightly longer linker and yields an accept-
able amount of dimers (see Figure D.3). Different dimer-cross-linking
strategies or cysteine cross-links within the HtpG sequence could fur-
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1 211 232 489 501 624
HtpG WT B -
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Cys Cys
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HtpG_3C [—— -
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Figure A.3: Overview on HtpG constructs. Domains and cysteines are la-
beled as in Figure A.1.

ther improve the results. Another possibility is to rely on the dimer-
ization properties of the protein itself, like in the construct HtpG_3C.

A.4 CO-CHAPERONES AND SUBSTRATES

Figure A.4 shows constructs related to Hspgo. The co-chaperone p23
/Sba1 and Aha1 consist of two domains and are used in some ex-
periments. Moreover a cysteine free Aha1_nocys variant is produced,
which would be useful for optical tweezers and single molecule FRET
experiments. Unfortunately, this mutant is not very stable, therefore
a mutant with an unnatural artificial aminoacid (uaa) is expressed,
which is a sophisticated way to introduce a unique functional group
into the protein. This group can be targeted specifically and used for

These Aha1 mutants dye labeling or oligonucleotide attachment.
were produced as The unstable fragment of staphylococcal nuclease A131A [1] is a
’Z Zgizfo;h;/lszzzzz pseudo substrate for HtpG [140]. Unfortunately investigating it di-
Miihlbauer.  Yectly in the optical tweezers assay didn’t work so far, because the

positively-charged protein aggregates with the negatively-charged oli-
gonucleotides.
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Ahat
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Cys Cys
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A131A_8C128C

A131A-diUbi

Figure A.4: Overview on constructs of the co-chaperones Ahai and
p23/Sba1 and the HtpG client A131A of staphylococcal nucle-

ase.
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SUPPLEMENTAL METHODS

B.1 PROTEIN PREPARATION

The basis of protein preparation of the samples shown in Chapter A
are described in the following three sections (see also [54]).

B.1.1 Molecular Cloning

Most plasmids, coding for proteins, are modified using standard bio-
molecular techniques such as restriction and insertion or PCR. Some
genes, synthesized by assembly PCR, are purchased commercially.
For plasmid multiplication E. Coli strains XL1, XL10o, DH5x or DH10b
are used.

B.1.2 Protein Expression

For protein expression plasmids are transformed into E. Coli strain
BL21DE3 cod+. Bacteria are grown in LBo with antibiotics kanamycin
or carbenicillin, dependent on the plasmid’s resistance. At an optical
density (OD) of 0.6 protein expression is induced by the addition
of ITPG or arabinose, dependent on the expression system (T7 or
ParaBad). Proteins are expressed for 3 to 4 hours at 37°C or overnight
at 20°C.

B.1.3 Protein Purification

Pelleted bacteria containing the expressed His-tagged proteins are
resuspended in loading buffer (100 mM sodium phosphate, 300 mM
NaCl, 20mM imidazole, pH 8) and lysed in a French Press. They
are loaded onto a Ni-NTA tag column (GE Healthcare), washed with
loading buffer and eluted by a linear gradient with elution buffer
(100mM sodium phosphate, 300 mM NaCl, 500 mM imidazole, pH
8).

Some proteins have an N-terminal SUMO domain (Small ubiquitin-
related modifier), which carries the His-tag and can be cleaved specif-
ically. If the construct has a SUMO tag it is digested over night with
SENP protease during dialysis to loading buffer and additionally pu-
rified on the Ni-NTA column by collecting the flow-through. This
strategy using the affinity column twice enhances protein purity sig-
nificantly. Strep-tagged proteins are purified on a Strep-Tactin Super-
flow column (IBA) with supplied buffers and protocols instead.
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All constructs are further purified by anion exchange on a Q HP or
a Mono Q column (GE Healthcare) using a linear gradient between
low salt and high salt buffer (40 mM Hepes, 50mM / 1M NaCl, 1 mM
TCEP, pH 7.5). For Aha1 and A131A a cation exchange SP HP column
(GE Healthcare) and buffers with a pH of 6 are used instead. If the
protein still contains impurities after the aforementioned steps, it is
further purified by size exclusion on a Superdex 200 column (GE
Healthcare) in 40 mM Hepes, 200 mM KCl, TmM TCEP, pH 7.5.

Protein purity is tested by SDS-PAGE after each purification step.
Aliquots of the purified samples are frozen in liquid nitrogen and
stored at -80°C.

B.2 OPTICAL TWEEZERS ADDITIONAL METHODS
B.2.1 Assembly and measurement of optical tweezers constructs

To bind single-stranded DNA oligonucleotides to the samples, the
proteins” cysteines are reduced by adding 10 mM of TCEP for 10 to
15 minutes at 20°C. The buffer is rapidly exchanged to PBS with a
pH of 6.7 and remaining TCEP is removed. The concentrations of the
protein samples are adjusted to 10 —200 pM and a 2-fold molar excess
per cysteine residue of 3’-maleimide-labeled, 34-basepair-long DNA
oligonucleotides (Biomers) is added. After 1 to 2 hours of incubation
at room temperature the sample is purified with a Superdex 200 gel
filtration column (40 mM Hepes, 200 mM KCIl, pH 7.5) and unreacted
oligonucleotides are removed (for an example see Section C.1).

Proteins with DNA oligonucleotides are then hybridized for about
1 hour at room temperature with the single stranded overhang of 545-
basepair-long DNA handles. These DNA handles are amplified from
lambda phage using PCR similarly as previously described [18]. The
quality of the oligonucleotide reaction as well as the concentration
ratio between constructs and handles can be analyzed by agarose gels,
where unbound DNA handles, construct with one DNA handle and
construct with two DNA handles can be distinguished very well.

The DNA handles have two different modifications, to bind to the
two types of silica beads. One half of the handles has 3 biotins to
bind to streptavidin-coated 1Tum silica beads (Bangs Laboratories),
the other half has 3 digoxigenin modifications to bind the respec-
tive antibodies on the in-house-functionalized, fluorescent 1 um silica
beads.

The handle-protein constructs are incubated for several minutes
with one of the bead types and then diluted in measurement buffer
(40mM Hepes, 150 mM KCl, 10 mM MgCl,, pH 7.4), that already con-
tains the other bead type. To avoid photodamage by radicals a scav-
enger system containing glucose, glucose oxidase and glucose cata-
lase is used. The sample is filled into a BSA-passivated custom-built
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fluid chamber, mounted on the optical tweezers setup and beads are
trapped by the laser beams. At the laserpowers used, the temperature
at the spot of the tethered protein construct is approximately 30°C.

B.2.2 Automatic classification of force-extension traces

To evaluate the protein states in the force-dependent refolding exper-
iments (see Sections 8.5.1, 8.6.3 and 8.7.2) tens of thousands force-
extension traces are analyzed. Figure B.1 describes how this analysis
is automatized.

After the assignment all traces of each class are plotted on top of
each other and checked manually. This is necessary because some-
times sometimes subtle features (see Section 7.3) of the N or M do-
main are missing although the event is classified as native. Rarely,
proteins don’t refold for many successive cycles, although the condi-
tions would favor refolding. Such dead states, which may arise from
isomerization of aminoacids, are observed for all Hspgo domains and
are neglected for refolding probability evaluation.

B.2.3 Uncertainties in optical tweezers experiments

Measurements and analyses of optical tweezers experiments have dif-
ferent error sources. Major errors during measurements are from the
force calibration and drifts. During analysis WLC fits may also con-
tain some error due to incorrect fitting or incorrect zero values.

The uncertainties displayed for the force-dependent state occupan-
cies from constant distance experiments are estimated from the error
due to the finite length of the measurement as described in [139]. Er-
rors displayed for the force-dependent population lifetimes are those
from the single exponential fits to the lifetimes histograms. They are
the only errors that are considered, while extrapolating rates to zero
force. Since uncertainties in force calibration and WLC fits are ne-
glected, the error might be higher. However, the data presented here
are mostly measured at low forces, therefore the extrapolation range
is short and the additional errors will be limited.

B.2.3.1 Uncertainties of the refolding probabilities

Uncertainties of the force-dependent refolding probabilities are es-
timated by the Clopper-Pearson confidence interval (95%). For the
refolding probabilities of the isolated domains, an additional error es-
timating the probability change for a 0.2 pN force shift (divided by
the square root of experiments at this waiting time and waiting force)
is added.
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Figure B.1: The multistep classification procedure for 3 example traces is

shown. (A) Three differently folded force-extension traces of
Hspgo-diUbi. (B) Traces are transformed into contour length
space by calculating the contour length for every point with the
previously determined DNA parameters. (C) Contour length his-
tograms of Fig. B shows the contour lengths gains of the force-
extension traces. Using a peak finding routine puts numbers
on them. (D) They are used to assign states (rainbow colors)
to force-extension traces. Finding the local maxima of the as-
signed regions yield the associated unfolding forces. (E) After
the contour length gains and the unfolding forces of all events
are determined, they are collected in a scatterplot. Classification
of the natively-folded events is done by a deterministic approach,
where each event that has a certain contour length gain and un-
folding force within some tolerance is assigned to the respective
state. The squares show the approximate regions for the 3 Hspgo
domains.
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B.3 FLUORESCENCE EXPERIMENTS THEORY AND METHODS
B.3.1 FRET theory

Forster resonance energy transfer (FRET) is a common tool to study
biomolecular systems (see Chapter 3). If two fluorescent dyes, with
overlapping emission spectrum of the first dye (donor) and absorp-
tion spectrum of the second dye (acceptor), are brought into close
proximity, energy from the excited donor is transferred to the accep-
tor by a radiation-free dipole-dipole interaction. The distance depen-
dent efficiency E(r) of this transfer is:

1

6

1+ (%)
Ro is the Forster radius, which is typically around 5nm. Due to
the power law behavior the FRET efficiency is very sensitive to small
length changes around the Forster radius. Ry depends on various
parameters, like the overlap integral of the donor-acceptor pair, the
relative orientation of the dipoles and the surrounding environment.

In single molecule FRET experiments the donor and acceptor inten-
sities I are measured to calculate the FRET efficiency.

E(r) = (B.1)

I
E(T) _ acceptor (BZ)
Iacceptor + 'YIdonor
v is the difference between the quantum yields of both dyes. To
obtain the correct values, also the leakage from one detector channel
into the other and the direct acceptor excitation have to be considered.

B.3.2 Fluorescence labeling and monomer exchange

Figure A.2 shows the protein constructs used for FRET experiments.
The wild type and the mutants with the cysteine at position 61 are
labeled with the donor dye Atto 550 (Atto-tec) and the wild type with
the cysteine at position 385 is labeled with the acceptor dye Atto 647N
using maleimide chemistry as described in [87].

For the single molecule FRET experiments the constructs with the
donor and the acceptor dyes are mixed, yielding heterodimers with
donor-acceptor pairs. The monomer exchange protocol is described
in [87].

For surface-based TIR-FRET experiments the constructs with the
acceptor dye are unspecifically biotinylated with NHS-PEG-Biotin for
surface immobilization after dye labeling [87].
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B.3.3 Confocal and TIRF smFRET experiments

FRET efficiencies of freely diffusing single molecules are determined
in a confocal, custom-built setup similar to those described in [57, 91].
Labeled proteins diffusing through the confocal volume are excited
by two pulsed lasers and the fluorescence intensities of the donor
and the acceptor are recorded by avalanche photo diodes. If the to-
tal intensity of a burst exceeds a certain threshold value, the FRET
efficiency and the stochiometry of this event are collected in a 2D
histogram. Selecting stochiometries of around 0.5, which is the case if
one donor and one acceptor are present, yields the histograms shown
in Figure 9.6. For nucleotide-dependent measurements labeled Hspgo
dimers are preincubated with the respective nucleotide for 1 hour, be-
fore dilution to around 50 pM. The temperature in the fluid chamber
is around 23°C.

TIR-FRET measurements are carried out in a custom-built prism-
type TIRF microscope, which is described in [116]. The samples are
immobilized on neutravidin-functionalized and PEG-coated quartz
slides. The donor is illuminated by a green laser and fluorescence
light of the donor and the acceptor are monitored on an ultra-sensitive
EMCCD camera (Andor). The measurement interval is 220 ms, com-
posed of 200 ms illumination and 20ms camera readout. The donor
and acceptor fluorescence trajectories are converted into FRET trajec-
tories, for examples see Figure 9.7. FRET efficiencies are smoothed
with a sliding average of 5 frames and multiple traces are pooled into
FRET histograms (see Figure 9.7 E). Measurements are performed at
30°C.

For all smFRET experiments the same buffer as in optical tweezers
experiments is used (40 mM Hepes, 150 mM KCl, 10 mM MgCl,, pH
7.4).

B.3.4 Bulk fluorescence

The change in the fluorescence properties of a single dye attached
to the N domains of Hspgo can report on the N-terminal conforma-
tional changes. Therefore protein samples are labeled like the donor
molecules described in Section B.3.2. Heterodimers of CL mutants
and wild type are generated by monomer exchange (see Section B.3.2)
adding a 10-fold excess of Hspgozip (see Figure A.2).

The fluorescence intensity changes of 500nM labeled protein after
the addition of different ATP analoga are recorded in a Jasco FP-8500
spectrofluorimeter (530 nm excitation/ 580 nm emission). Results are
shown in Figure 9.8. There all intensity traces are normalized to 1
upon the addition of nucleotide. Buffer is the same as in optical tweez-
ers and smFRET experiments.
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B.4 CROSS-LINKING EXPERIMENTS

Hspgozip_61C, Sub211-263zip_61C and Sub211-272zip_61C (see Fig-
ure A.2) with a concentration of 3 uM are subject to cross-linking
experiments. Before the cross-linking reaction proteins are freshly re-
duced and buffer is exchanged to PBS pH 6.7. Then 10 uM of cross-
linking agent BM(PEG)3 (1,11-bis(maleimido)triethylene glycol) that
can bind two cysteines, is added and incubated for 15 minutes at
room temperature. The reaction is quenched by adding an excess of
DTT and samples are analyzed on a reduction-free 10% SDS-PAGE
gel. Buffer is the same as in optical tweezers and smFRET experi-
ments.

B.5 MEASUREMENT OF ATPASE

The ATPase activity is determined by an enzyme-coupled, ATP-regen-
erating assay described in [145, 100]. Measurements with protein con-
centrations of 3 uM in 40 mM Hepes, 150 mM KCl, 5mM MgCl,, pH
7.4 are carried out at 30°C. For the Aha1 activation measurements
protein concentration is reduced to T uM and the buffer’s KCl con-
centration is reduced to 20 mM.

B.6 ANALYTICAL ULTRACENTRIFUGATION EXPERIMENTS

Unspecifically labeled co-chaperones 0.5 uM Aha1-FAM or 1 uM Sba1
/p23-Atto488 are mixed with 3 uM Hspgo WT or mutants and the
complex formation is analyzed by analytical ultracentrifugation with
fluorescence detection (Beckman/Coulter) [72]. Buffers are the same

as in the ATPase measurements and the interaction assays involving
Sba1/p23 are done in the presence of 2mM AMP-PNP.
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C.1 COMPARISON OF DIFFERENT ATTACHMENT CHEMISTRIES

The first attempts attaching the typically used thiol-modified oligonu-
cleotides to the Hspgo protein didn’t give satisfying results. Therefore
the conjugation method is changed to maleimide oligonucleotides, as
described in Section B.2.1. Maleimide-thiol chemistry offers a more re-
active and easier-to-use alternative compared to the disulphide bond
formation. This is seen in gelfiltration runs displayed in Figure C.1. A
complete reaction is important, because for large proteins it is impos-
sible to separate unreacted protein or proteins with only one oligonu-
cleotide from protein with two oligonucleotides attached.

350—  Thiol oligonucleotide h
260 nm — — - I
300 280 nm — — -

Maleimide oligonucleotide

250-{ 260 nm |
g 280 nm ‘l oligonucleotide
‘= 200
i)
= protein + oligonucleotide
3 150
el
<

100+ aggregates

50 —

.

~—— . e = —_—
I I I I
10 20 30 40

Elution time [min]

-

Figure C.1: The chromatograms (260nm and 280nm) of two gel filtration
runs are overlaid. For one thiol oligonucleotides are reacted
with Hspgo-diUbij, for the other one maleimide oligonucleotides
are used. The latter yields significantly more labeled Hspgo
molecules, which can be seen by the high peak after 22 minutes.
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To circumvent this
problem anion
exchange
purification instead
of gelfiltration could
be used.
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The fusion proteins
are only specifically
attached to the
surface at the
C-termini via their
His-tags.

SUPPLEMENTAL RESULTS

C.2 UNFOLDING OF HSP9O USING AFM

In first mechanical experiments yeast Hspgo is characterized with a
custom-built AFM. Figure C.2 displays the setup and example unfold-
ing force-extension traces for four selected protein constructs. To ex-
ert force to the termini of the proteins, Hspgo variants are expressed
as fusion proteins between the domains filamin 1-5 of Dictiostelium
diodecum. The fourth filamin domain, which is the first domain at
the C-terminal end of the investigated protein, has a characteristic
unfolding intermediate. If three filamin domains are observed and
one of them is the fourth domain, also the Hspgo variant is sub-
ject to force. This fingerprint is important to discriminate between
properly-pulled and incorrectly-pulled proteins. The occurrence of
unusable force-extension traces is relatively high, because picking up
a molecule relies on unspecific interactions between the first two fil-
amin domains and the cantilever. Furthermore the large surfaces in-
volved can lead to unwanted interactions.

However, the contour length gains obtained for the individual do-
mains match the values obtained in optical tweezers experiments
(compare to Table 7.3). Although the force-loading rates are typically
higher than in optical tweezers experiments unfolding events take
place at around 20 pN which is at the lower end of AFM resolution.
Due to the limitations described, it is almost impossible to measure
the large full-length Hspgo construct.
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Figure C.2: (A) In AFM experiments the sample is clamped between the

cantilever and a moveable surface. Forces are measured by the
deflection of a laser beam reflected on the backside of the can-
tilever. (B) An unfolding force-extension trace of the N domain
fusion construct (see inset). At low forces the N domains un-
folds (blue) followed by the unfolding of the filamin domains
(yellow). The contour length gains are determined by WLC fits
and the average value of the N domain from multiple experi-
ments is displayed. (C,D) Same as Fig. B with fusion constructs
comprising the N and M domain or the C domain, respectively.
(E) While the characterization of the individual domains works
well, full length traces are hard to obtain. Here one of the few
traces, which looks very similar to the full length construct in
optical tweezers is shown.
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C.3 ADDITIONAL HSPQO FOLDING DATA
c.3.1  Refolding of Hspgo in rapidly-pulled cycles

Figure C.3 shows unfolding and refolding force-extension cycles at a
pulling speed of 500 nm/s. Unlike the slowly-pulled traces (see Figure
8.1), Hspgo doesn’t always populate the native state with all domains
fully folded in consecutively-pulled cycles.
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Figure C.3: Consecutively-pulled, offsetted, 500nm/s constant velocity cy-
cles of Hspgo-diUbi for two example proteins (A) and (B). The
unfolding traces at this speed show the fully folded states (blue)
as well as non-native or partially native states (red). Refolding
traces are shown in gray. The refolding probabilities of such
traces are used to estimate the overall refolding rate of the Hspgo
monomer in Section 8.1.
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c.3.2 Additional N domain folding data

Figure C.4 shows more examples of unfolding and refolding cycles of
the isolated N domain and compares them to simulated refolding
force-extension traces. The Monte Carlo simulation assumes three
states connected by the rates given in Figure 8.4 D. The transition
state of the rates from and into the misfolded states is chosen in a
way to fulfill the constrains of the model. The assumed model with
the data obtained from the double-jump ramp experiments can repro-
duce the force-extension traces reasonable well. It is obvious that the
simulation can’t capture the heterogeneity of the misfolded states.
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Figure C.4: (A) Slowly-pulled, offsetted (10nm/s) unfolding (gray) and re-
folding (blue) traces of N-diUbi. (B) Simulated constant velocity
(10nm/s) refolding traces of the N domain describe the overall
refolding behavior well. The rates for this simulation are those
obtained from the refolding probabilities measured by double-
jump ramp experiments. Simulation traces are offsetted.

Figure C.5 A shows a small part of a double-jump ramp experiment
of the isolated N domain. Apart from the unfolding ramps, which are
used to extract the refolding probabilities, also the observation of the
protein’s folding behavior at constant trap distance during the wait-
ing time is possible, if forces are high enough to obtain a signal (see
Figure C.5 B). The dynamic conformational search and the population
of different intermediate states is clearly visible until the N domains
reach the stable native state. Figure C.5 C shows an example of such
a trace for a very high waiting force. In this case the molecule popu-
lates mainly the unfolded state and small excursions to intermediate
states with different contour length are observed.
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Figure C.5: (A) Example of a double-jump ramp experiment of the N do-
main. The measured piezo signal is displayed on top of the mea-
sured force trajectory. (B) Zooms to the force trajectory after the
jump down show the dynamic refolding process. If the native
state is reached, in this case at around 5.4 pN, the molecule re-
mains stable. However, a stable state doesn’t necessarily mean
a natively-folded state, as it the case for the central, right-hand
trace. (C) At high waiting forces, mainly the unfolded state is
populated and the heterogeneity in contour lengths of the mis-
folded states (arrows) can be clearly seen.
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c.3.2.1  Connectivity of misfolded states

In Figure C.6 one of the constant distance traces of Figure C.5 B is as-
signed by HMM assuming four equidistant states. The state at lowest
force represents the completely unfolded state. On a closer look many
transitions between intermediates with different contour lengths are
observed. On the resolution of the experiment they don’t visit the
completely unfolded state, which suggests that interconversion be-
tween different misfolded states is possible.
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Figure C.6: The points of a constant distance trajectory of a not-yet-folded

N domain are assigned by HMM assuming four states (colors).

The red state corresponds to the contour length expected for the
completely unfolded domain. The zoom shows that the different
intermediate states can be populated without visiting the red
state. This suggests that interconversion of the misfolded states
is possible.
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c.3.3 Additional M domain folding data

Figure C.7 shows measured and simulated refolding force-extension
traces, relaxed with a velocity of 10nm/s. For the Monte Carlo sim-
ulation the model and the rates described in Figure 8.6 D are used.
As for the N domain (see Figure C.4) the simulation can describe
the overall shape of the refolding traces well, but intrinsically doesn’t
capture the on-pathway intermediate.
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Figure C.7: (A) Example unfolding (gray) and refolding (orange) offsetted
force-extension traces of M-diUbi at 10 nm/s. Black arrows mark
the on-pathway intermediate present during unfolding and re-
folding. (B) Monte-Carlo simulation of 10nm/s refolding traces
using the rates determined by double-jump ramp experiments
capture the main features of the measured refolding traces, but
not the heterogeneity of the short-lived misfolding intermedi-
ates and the on-pathway intermediate. Simulation traces are off-
setted.

Figure C.8 A shows a small part of a double-jump ramp experi-
ment of the isolated M domain. Apart from the unfolding ramp, the
dynamic protein folding process and the population of the interme-
diates during the waiting time at constant distance are observed (see
Figure C.8 B). At high waiting forces the molecule populates mainly
the unfolded state and the on-pathway or the misfolded intermedi-
ates are only visited for short times (see Figure C.8 C).
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Figure C.8: (A) Example of a double-jump ramp experiment of the M-diUbi

construct. The measured piezo signal is displayed on top of the
measured force trajectory. (B) Zooms to the force trajectory after
the jump down show the dynamic refolding process. If the na-
tive state is reached, in this case at around 6 pN, the molecule
remains stable. However, a stable state doesn’t necessarily mean
a natively-folded state, as is the case for the central, right-hand
trace. (C) At high waiting forces, mainly the unfolded state is
populated, but also the on-pathway intermediate, which seems
to fold in a two-state manner (yellow arrows), and different mis-
folded states are observed (black arrows).
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C.3.4 M domain boundaries

Although the C-terminal domain boundary is typically assumed to be
around residue 525 [2], it is found that an M domain construct, which
comprises aminoacids until residue 527 (MA10-diUbi) behaves differ-
ently to one with aminoacids until 537 (M-diUbi). Different experi-
ments with MA10-diUbi are shown in Figure C.9. Comparing them
to the experiments of the longer variant shown in Figure 8.5, indi-
cates that the C-terminal part of the M domain, which also gives rise
to the on-pathway intermediate, is less stable for the shorter variant.
This suggests that some aminoacids between residues 527-537 are still
involved in domain formation.

A B MA10 domain
10 nm/s 20| 500 nm/s
30+
259 154
27 2
g 15 5 10—
& 10 &
_ 5
5
0 T T T T 1 0 T T - T T T
300 320 340 360 380 400 420 200 400 600 800 1000 1200
Extension [nm] Extension [nm]
C native Intermediate D 1.0
o misfolded
=20 ° 2 0.8
= ° 3
g e . ° 3§ os;
S °" % a
o 12 % 2 0.4/
£ o ° £ Y
° © © he]
2 8% ° 0 %, °
c ° o o 0.2
) oo g © o [\4
20 40 60 80 0.01
i I BN B |
Contour length gain [nm] MA10' M

Figure C.9: (A-C) Fig. A shows offsetted force-extension unfolding (gray)

and refolding (orange) of MA10-diUbi at a speed of 10nm/s. Fig.
B shows offsetted force-extension traces at a pulling speed of
500nm/s. Orange unfolding traces show the natively-folded do-
main, red unfolding traces non-native events. Unfolding forces
and contour length gains of 46 unfolding traces are gathered in
a scatterplot shown in Fig. C. All these experiments indicate that
the on-pathway intermediate is less populated and therefore less
stable compared to M-diUbi (see Figure 8.5). This is most obvi-
ous comparing the scatterplots that show far less events where
only the on-pathway intermediate is folded. (D) Also the prob-
abilities of observing the fully-native state in constant velocity
cycles with a velocity of 500nm/s suggest lower stability for
the MA10-diUbi construct. Its refolding probability is 40 5 %,
while that of M-diUbi is 56 £ 6 %. Probabilities are calculated
from 304/414 unfolding traces of 10/11 molecules, respectively.
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c.3.5 Influence of subdomain structure on folding

The model described in Section 8.6.4 treats the M domain as one fold-
ing unit. Although the measured data are well described, this view
is not entirely correct, since the on-pathway folding intermediate (see
Section 8.6.2) is neglected.
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Figure C.10: Unfolding traces of M-diUbi after refolding at high waiting
forces in double-jump ramp experiments. The native state with
both subdomains (I and II) (A) or the natively-folded on-
pathway intermediate comprising the C-terminal subdomain II
(B) are observed. However, sometimes also the N-terminal sub-
domain I alone (C) is measured, indicating that it is stable on
its own if properly folded. For each state four example traces
are shown.

Figure C.10 shows unfolding force-extension traces of double-jump
ramp experiments at a high refolding force, where complete refold-
ing is rarely possible. Mainly the folded M domain intermediate is
obtained, which seems to fold in a two-state manner in constant ve-
locity (see Figure 8.5 A) and in constant distance experiments (see
Figure C.8 C). However sometimes the other part of the M domain is
observed, which also forms a stable intermediate on its own. If both
subdomains are folded, they stabilize each other and higher unfold-
ing forces are necessary to disrupt the M domain.

Most misfolding intermediates have contour lengths gains larger
than the individual subdomains (see Figure 8.5 C), implying that both
subdomains are involved in their formation. Furthermore in many un-
folding traces the smaller subdomain is completely folded, while the
other subdomain is in a misfolded state (see Figure 8.5 B). It can be
speculated that the larger subdomain is more misfolding-prone and
may form misfolding nuclei, which can misfold with the unfolded,
smaller subdomain. In other words, if the smaller subdomain man-
ages to fold, possible misfolding intermediates are prevented. This is
in line with the reduced folding speed of the MA10-diUbi construct
(see Section C.3.4).
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c.3.6 Additional C domain folding data

Figure C.11 displays additional slowly pulled and relaxed molecules
of the isolated C domain. In agreement with Figure 8.7 A, transitions
between the folded and the unfolded states without noticeably popu-
lating misfolded states are observed.

C domain (10nm/s)

Force [pN]
?

1 1 1 1
300 320 340 360
Extension [nm]

Figure C.11: Unfolding (gray) and refolding (green) offsetted force-
extension traces of C-diUbi pulled and relaxed with a velocity
of 10nm/s.

Figure C.12 A shows an example section of a double-jump ramp ex-
periment of the isolated C domain. Figure C.12 B shows enlargements
of the trajectories after the jump down. In these traces the molecule
either stays in the unfolded state or transitions into the native state.
In longer traces, equilibrium transitions between the folded and the
unfolded states are observed (see Figure C.12 C). Such experiments
with even longer traces are presented and analyzed in detail in Sec-
tion 8.7.4.
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Figure C.12: (A) Example of a double-jump ramp experiment of the C-diUbi
construct. The measured piezo signal is displayed on top of
the measured force trajectory. (B) Close up views of the force
signal of Fig. A after the jump down show no population of
misfolded states. (C) In longer traces the C domain can unfold
and refold during the waiting time, therefore the consideration
of the unfolding rate in the model is important.
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c.3.7 Refolding of the Hspgo monomer in double-jump ramp experiments

Example force-extension traces of the double-jump ramp experiments
with the Hspgo monomer at two different refolding forces are shown
in Figure C.13. From such traces the scatterplots shown in Figure 8.10
are extracted.
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Figure C.13: Example traces of double-jump ramp experiments with Hspgo-
diUbi at low waiting forces (A) and high waiting forces (B).
Completely folded Hspgo monomers are colored in blue, others
in red. Hardly any natively-folded trace is found at low waiting
forces. The traces are offsetted.

Figure C.14 gives additional information on the refolding proper-
ties of the Hspgo monomer obtained by double-jump ramp experi-
ments.
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Figure C.14: (A) In doublejump ramp experiments with Hspgo-diUbi, of-

ten very stable misfolded intermediates are observed (red un-
folding traces). Some of them need multiple cycles to unfold
again. As a reference a native trace is shown in blue. (B) Scat-
terplots of unfolding events as in Figure 8.10 for waiting times
of 0.5s and 3s. (C) The refolding probability of the individual
domains within the Hspgo monomer dependent on the waiting
time and the waiting force. Example data from the scatterplots
of Fig. B and Figure 8.10 show that the C domain is influenced
strongly by cross-domain misfolds and that the N and M do-
mains are trapped at low waiting forces. (D) The raw data of
the probability to observe the completely folded Hspgo after
the double-jump for different waiting times and waiting forces.
The averaged data in Figure 8.11 are calculated from these prob-
abilities.
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C.4 ADDITIONAL CHARGED LINKER DATA

Figure C.15 shows the full length constant velocity traces of the substi-
tution constructs Sub211-263 and Sub211-272, whose Charged Linker
regions are shown in Figure 9.2. Furthermore constant distance traces

at low for

ce, where the Charged Linker fluctuations are observed for

wild type and scatterplots characterizing the unfolding of the Hspgo
domains for these constructs are shown.
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Figure C.15: (A) Example constant velocity unfolding trace at a speed of

10nm/s of the construct Sub211-263 with the partially replaced
Charged Linker. (B) A scatterplot of the domain unfolding
events for different molecules (colors) shows similar stabilities
and length gains as the wild type (compare to Figure 7.3). (C)
A constant distance trajectory of the natively-folded construct
at low forces shows no Charged Linker transitions. (D-F) Same
as Figs. A-C for the full replacement construct Sub211-272.
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Figure C.16 shows the full length constant velocity traces of the
domain deletion constructs AN and AMC, whose Charged Linker
regions are shown in Figure 9.3. Furthermore constant distance traces
at low force, where the Charged Linker fluctuations are observed for
wild type and scatterplots characterizing the unfolding of the Hspgo
domains for these constructs are shown.
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Figure C.16: (A) Example constant velocity unfolding trace at a speed of
10nm/s of the construct without the N domain AN. (B) A scat-
terplot of the domain unfolding events for different molecules
(colors) shows comparable stabilities and length gains as simi-
lar constructs (compare to Figure 7.4). (C) A constant distance
trace of the natively-folded construct at low forces show no
Charged Linker transitions. (D-F) Same as Figs. A-C for the
construct lacking the M and C domains, AMC. Here the docked
state of the Charged Linker fluctuations is observed in con-

stant velocity and constant distance traces (red undocked, blue
docked).
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Figure C.17 summarizes the thermodynamic and kinetic properties
of the Charged Linker obtained by constant distance experiments (see
Section 9.3) in an energy landscape picture. The height of the energy

barrier is estimated using Equation 6.12 with an attempt frequency of
1081,

Docked Undocked

Free Enthalpy G

“S5nmy 208 nm
l = |

Reaction Coordinate x

Figure C.17: The energy landscape of the Charged Linker summarizes the
measured free energy and rates between the docked and the
undocked states along the reaction coordinate x. The height of
the transition state is estimated using the Arrhenius equation.
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C.5 ADDITIONAL DIMER DATA

Figure C.18 shows additional force-extension traces from different
experiments of the yeast Hspgo dimer pulled at both N domains, as
the one shown in Figure 10.1.

Force [pN]

| | = | [ [ | | |
300 350 400 450 500 550 600 650

Extension [nm]

Figure C.18: Offsetted force-extension traces of the dimeric construct
Hspgozip_61C_715C pulled (gray) and relaxed (purple) with a
velocity of 10nm/s. All traces are from different molecules and
association and dissociation events are marked by arrows. In
the first trace dissociation of the dimer occurs after unfolding
of the N domains, ruling out contributions of the N domains to
C-terminal dimerization.
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Detailed analysis of the dissociation forces of the dimer suggests
two dimerized states with different stability (see Section 10.4). The
slowly-pulled dimer shown in Figure C.19 supports this notion.

14
12 D

10 C
8

Force [pN]

T T T T T T
300 320 340 360 380 400
Extension [nm]

Figure C.19: Force-extension trace of the dimeric construct Hspgozip-
_452C_715C at a speed of 10nm/s. The dimer dissociates and
associates rapidly (arrow) in unfolding (gray) and refolding
(purple) traces. While one dissociation transition is probable,
two successive events as in the unfolding trace and the refold-
ing trace are very unlikely. This suggests that different dimer-
ized state exists.



HTPG, THE E. COLI HSPgo

Here selected optical tweezers experiments with E. coli Hspgo (HtpG)
are presented. The structural properties of the HtpG monomer are
compared to those of yeast Hspgo. Furthermore, initial experiments
with HtpG dimers and experiments suggesting interactions between
folded HtpG and unfolded HtpG are shown.

D.1 STRUCTURE OF HTPG

Figure D.1 shows a crystal structure obtained for HtpG [133] and ex-
ample force-extension traces of a monomeric HtpG construct flanked
by ubiquitins pulled at two different velocities. For details on the con-
struct see Section A.3.

Similarly to the yeast monomer, the three domains of HtpG are
identified in force-extension traces and some unstructured parts have
to be assumed to fit the trace correctly (see Section 6.1.1). Before the
N domains unfold they populate multiple intermediates. One very
prominent intermediate at approximately half the contour length has
significant stability. The heterogeneous unfolding pattern of the N
domain is shown for different force-extension traces in Figure D.2 A.
The M domain unfolds reproducibly via three intermediates, while
the C domain doesn’t show any. To verify the domain assignment a
construct without the C domain is investigated. In accordance with
the assignment, it doesn’t show the unfolding event of the C domain
(see Figure D.2 B).

Figure D.1 D shows a scatterplot of unfolding forces versus contour
length gains of the three domains. Average values thereof are listed
in Table D.1. It is important to note that, because of the preflipping,
the contour length gains obtained for the N domain depend on the
fitting region. Fitting regions are chosen at the lowest forces possible,
resulting in the longest contour length gains possible.

DOMAIN CONTOUR LENGTH UNFOLDING FORCE

N 77.8nm + 2.6 nm 11.9pN £ 1.3pN
M 814nm £+ 1.1nm 21.0pN£1.9pN
C 30.3nm 4+ 1.3nm 20.8 pN £4.1pN

Table D.1: Average contour length gains and unfolding forces of HtpG-
diUbi obtained from 52 unfolding traces of 4 different molecules
at a pulling speed of 500 nm/s. Errors are SD.
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HtpG is short for
High temperature
protein G.

To what extent
incomplete refolding
of the N domain is
an issue hasn’t be
examined yet.

This may lead to an
overestimation if
some of the events
observed at low
forces are related to
structures, which are
not part of the N
domain.
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Figure D.1: (A) A monomer of the HtpG crystal structure is shown (pdb
id: 2iop). Blue, orange and green colored regions correspond to
the folded parts of the N, M and C domains determined by op-
tical tweezers. The contour length gains obtained suggest that
the regions shown in red are unstructured (see Table D.2). (B)
An example unfolding force-extension trace of HtpG-diUbi at a
slow pulling velocity of 10nm/s shows three main peaks, which
correspond to the unfolding of the three domains. Unstructured
regions are taken into account assuming an additional contour
length of 30 nm while fitting the WLCs (dashed lines). (C) Same
experiment as in Fig. B with a pulling speed of 500 nm/s. At this
speed the different unfolding intermediates of the N and M do-
main are clearly visible (black arrows). (D) A scatterplot shows
the unfolding events of 52 unfolding traces from 4 independent
experiments at a speed of 500nm/s. The three populations cor-
respond to the three domains.

The unfolding events are mapped onto the crystal structure, as de-
scribed in Section 6.1.2 and the measured contour length gains are
compared to those expected from the compact domains (see Table
D.2). The contour length gains show good agreement and suggest un-
structured regions between the domains. To match the contour length
gain of the C domain, the last alpha helix is assumed to be unstable
in the monomeric form, as it is in yeast (see Section 7.4). The folded
and unstructured parts are colored in the crystal structure of Figure
D.1 A.
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Figure D.2: (A) Offsetted, unfolding force-extension traces of HtpG-diUbi at
a pulling speed of 500nm/s show the different unfolding pat-
terns of the N domain. Some traces also show an additional
peak, like the bottommost trace, which might be a compact
native state. (B) Offsetted, unfolding force-extension traces of
HtpGAC-diUbi at a pulling speed of 10nm/s show the absence
of the C domain. This construct contains less unstructured re-
gions compared to the full length protein.

p.1.1  Comparison of yeast and E. coli Hspgo

As explained in the introduction (see Chapter 2) yeast and E. coli
Hspgos share many similarities but also show significant differences
in biochemical experiments. Structurewise the major differences are
the absence of the extended linker region between the N and M do-
mains and the absence of the unstructured aminoacids at the C ter-
minus. The crystal structures of both organisms show that the overall
domain architecture is conserved [2, 133] and the secondary structure
alignment shows that they are 40% homologous [41].

DOMAIN  DISTANCE IN CS EXPECTED MEASURED
N (1-228) 3.97nm 7885nm  77.8nm+ 2.6nm

M (242-485) 5.36 nm 82.97nm  814nm+ 1.1nm

C (509-606) 3.04nm 32.00nm  30.3nm =+ 1.3nm

Table D.2: The theoretically expected contour length gains of the different
HtpG domains are calculated from the number of aminoacids
folded (regions in brackets) and the initial distances of the crystal
structure (pdb id: 2iop). They are compared to the contour length
gains obtained from experiments (see Table D.1).
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Since the
subdomains of the M
domain have similar
contour length gains
they are difficult to
distinguish, but they
have a preferential
unfolding sequence.

HTPG, THE E. COLI HSP9O

In mechanical optical tweezers experiments the three domains of
HtpG are identified. Apart from the mentioned structural differences
the pattern is very similar to that of yeast. Nevertheless there are
many subtle details that differ. The N domain shows less stability
and slightly longer contour length, which is likely due to a continu-
ation of the beta sheet at the C terminus (see Figure D.1 A). In yeast
this region is already part of the unstable Charged Linker (see Chap-
ter 9), which suggests that the additional flexibility provided by the
Charged Linker in yeast has evolved. Furthermore, preflipping of the
N domain seems to involve even more states than in yeast. The M
domain is very similar and always unfolds via three intermediates,
which is one more than in yeast. The first and shortest one is likely
the N-terminal alpha helix, while the other two correspond to the
subdomains described in the introduction. The C domain shows no
unfolding intermediates and has a shorter contour length, as expected
from the crystal structure. How and if these mechanical differences
are related to the differences in biological function is as yet unclear.

It is found that the HtpG monomer also contains unstructured
regions, since the sum of contour length gains of the domains are
smaller than expected. Candidates for the unstructured regions are
the linkers between the domains as shown in Figure D.1 A. The linker
between the M and C domains seems to comprise tens of unstruc-
tured aminoacids, which is somewhat surprising because HtpG is
thought to be a more rigid protein than its eukaryotic counterpart
[63].

As in yeast, nucleotides (ATP, ADP, AMP-PNP) don’t show any
measurable stabilization of the N domain compared to the nucleotide
free (apo) state (data not shown).



D.2 HTPG DIMER EXPERIMENTS 159

D.2 HTPG DIMER EXPERIMENTS

Figure D.3 shows initial experiments with dimeric E.coli Hspgo con-
structs pulled at both N domains as described in Section A.3. Like in
yeast each domain is unfolded twice and a dimer dissociation event

at high force is observed. These traces were
measured as part of
HtpG dimer I ! ' ' ;! the master’s thesis of
20 / / / / o
Maximilian
Steinmafl.

Force [pN]

I I I [ [
300 400 500 600 700

Extension [nm]

Figure D.3: Offsetted unfolding force-extension traces of dimeric
HtpG_3C_634C pulled at a speed of 100nm/s show the
individual domains observed for the monomer twice (N, M
and C; see also Section D.1). An additional event marks the
dissociation of the C domains (D).
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D.3 CHAPERONING HTPG WITH HTPG

Figure D.4 compares unfolding and refolding traces of HtpG mono-
mers (see also Figure D.1) in the absence and presence of HtpG wild
type in solution. Interestingly, if HtpG is added, the refolding traces
seem to undergo additional transitions, which is best seen if the pep-
tide is completely unfolded. In addition, the unfolding traces don’t
show the native pattern and seem to contain more transitions as nor-
mal, indicating that refolding in the previous cycle hasn’t been ac-
complished, due to the presence of HtpG.

A B
apo / +HtpG

z
2 0+
®
o
o
[
-10
'20_| . t t t t _20_| 1 T T T
300 350 400 450 500 300 350 400 450 500
Extension [nm] Extension [nm]

Figure D.4: Offsetted force-extension unfolding (gray) and refolding (pur-
ple) traces of the HtpG-diUbi construct without (A) and with
HtpG wild type in solution (B). The refolding traces in the pres-
ence of HtpG already show transitions at high forces (arrows),
indicating that the folded HtpG in solution interacts with the
unfolded HtpG in the trap. Also unfolding traces have more
features, suggesting incompletely refolded HtpG. All traces are
from different experiments.
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