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11.1 Introduction
Elucidating how cells control the conformational state of their proteins is
one of the major problems in biology.1,2 Indeed, most non-infectious dis-
eases are thought to be rooted in the formation of erroneous protein
structures, a process exacerbated by cellular stress, ageing, and environ-
mental and genetic factors.3 It has been well established that molecular
chaperones are key to efficient protein folding.4,5 Important progress has
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also been achieved in determining chaperone structures, as well as their
conformational changes, biochemistry, and interactions with co-factors.
However, we know far less about the underlying molecular mechanisms at
the level of substrate conformational changes.6–8 Yet, during their lifetime,
amino acid chains undergo highly diverse conformational transitions
that are decisive to success and failure: they can collapse into compact yet
dynamic states,9 fold progressively during their synthesis,10 become partially
unfolded to enable signaling pathways,11 and get incorporated into protein
complexes,12 protein aggregates,13 and stress granules,14 while also being
removed from these higher-order structures.15,16 Though many of these
processes have been investigated extensively, it has been difficult to study
protein conformation changes directly.

This lack of progress is understandable. Conformational changes of
fully folded proteins, such as those associated with allosteric transitions,
typically involve a few key states that can be controlled externally and hence
can be studied using averaging structural methods such as cryo-EM and
crystallography.17 Conversely, structural states of unfolded and partially
folded protein substrates are typified by large conformational ensembles,
dynamics from microseconds to minutes, and heterogeneous interactions
with chaperones and their ATP-driven cycles.18,19 These factors pose major
experimental detection challenges. In recent years, however, crucial techni-
cal advances have emerged that promise to address them more directly.
Structural approaches including cryo-EM, NMR, and hydrogen exchange
mass spectrometry can increasingly resolve marginally stable complexes,
interaction sites and surfaces, and rapid movements within polypeptide
backbones, while single-molecule FRET has been pivotal in identifying
structural heterogeneity, among many more effects crucial to understanding
how protein conformations are affected by chaperones.8,20–24

This chapter aims to describe recent advances in probing chaperone
function using single-molecule manipulation methods including atomic
force microscopy (AFM), magnetic tweezers, and optical tweezers, noting
that most studies employed the latter (see Figure 11.1). We thus focus on the
substrate rather than the chaperone dynamics and on mechanical probing
approaches rather than fluorescence-based techniques. Since its inception,
single-molecule manipulation has been pivotal in revealing many important
phenomena, ranging from RNA polymerase translocation dynamics to
kinesin stepping and multi-step protein folding pathways.25–28 What this
approach lacks in direct structural information, it makes up for in real-time
quantification of movements and stability. In recent years, it has been in-
creasingly applied to elucidating protein state control. This first view on the
conformational transitions of chaperone substrates has revealed many un-
expected effects, ranging from the stabilization of folding intermediates29–31

to the promotion of folding under tension,32 the strengthening of polypeptide
collapse,33 and the forceful translocation of looped polypeptides.34 Hence, now
is a good moment to take stock of this new direction and assess how it is
altering our understanding of chaperone function and protein state control.
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The outline of this chapter will be as follows: after providing background
on the optical tweezers technique, we follow proteins from their initial
synthesis by ribosomes, to the interactions with the major E. coli chaperones
including trigger factor, DnaK, HtpG, and GroEL–ES, and then turn to ag-
gregation prevention by the small heat shock proteins and disaggregation by
ClpB (see Figure 11.1), and conclude with an outlook where we discuss new
challenges and questions for the coming years.

11.2 The Optical Tweezers Approach
Optical tweezers have found many applications in physics and the life sci-
ences35–37 ever since Arthur Ashkin’s first description of optical trapping of
dielectric particles in liquid.38 Using near-infrared lasers to form gradient
force traps made it possible to indirectly apply pN-scale forces on large
molecules, nm-sized motor enzymes and ribozymes (e.g. ribosomes), in-
ternal parts of cells, and whole living cells in their native environment

Figure 11.1 The substrate manipulation approach to studying chaperone func-
tion. Protein substrates are held in place by tethering them to DNA
handles, which in turn are attached to micron-sized beads that are
trapped in focused laser beams. By moving the laser beams, one can
mechanically perturb the tethered protein while monitoring its di-
mensions and internal tension or force in time. In turn, this allows
direct probing of diverse phenomena, and how they are induced or
altered by chaperones that are free in solution, including unfolding
and refolding transitions, intermediate folded states, and their mech-
anical stability, and gradual collapse processes and refolding prob-
abilities. The use of tandem-repeat protein constructs allows the study
of aggregation between them. This approach is increasingly combined
with single-molecule fluorescence detection, which can for instance
report on the binding and unbinding of single chaperone molecules.

280 Chapter 11

D
ow

nloaded from
 http://books.rsc.org/books/edited-volum

e/chapter-pdf/1767299/bk9781839165986-00278.pdf by R
ijksuniversiteit Leiden user on 10 January 2024



without causing optical damage.39,40 The use of optical traps in single-
molecule biophysics has greatly enhanced our understanding of a wide
range of molecular motors found within the cell.41 Optical trap force spec-
troscopy has enabled researchers to carry out precise measurements of the
minuscule forces and displacements that govern many biological processes
at the single molecule level.42

A simple optical trap is formed by focusing a Gaussian beam to create a
diffraction-limited spot using a lens with a high numerical aperture such as
an inverted microscope objective.36 Optical trapping of micron-sized dielectric
particles near the focal point of such a gradient trap is easiest explained in
terms of conservation of momentum.43 As light impinges on a transparent
spherical particle with a higher refractive index than the surrounding me-
dium, some of the light is scattered, but most of the light passes through the
sphere. As illustrated in Figure 11.2a, the combined momentum flux change
of the Gaussian beam passing through the sphere results in an overall force
experienced by the bead pointing towards the region with the greatest light

Figure 11.2 The principle of optical trapping and the protein force spectroscopy
approach. (a) Simplified ray diagram depicting the net force experi-
enced by two tethered beads in two optical traps due to refraction of the
trapping laser at the surface of the beads (red arrows). Key measured
quantities are the extension or distance between the beads, and the
net force acting on the molecular construct bridging the two beads.
(b) Schematic of resulting force spectroscopy data for a slow folding
protein, as it either does not refold (left), does fold and then unfolds
again via a folding intermediate (middle), or misfolds and then does
not unfold during relax-wait-stretch cycles (right). Gray lines indicate
the theoretical forces and extensions when stretching or relaxing a
compact folded state and an extended unfolded state, using the worm-
like chain (WLC) model. Hence, one can detect diverse changes that
chaperones can potentially exert. They may change the probability of
refolding or induce it against applied forces, promote intermediate
folds identified as data following additional WLC curves, but also
suppress folded states including misfolds, and alter the stability of
intermediate folded states as identified by their unfolding force.
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intensity, the center of the focal point. A particle can be trapped near the focal
point if this so-called gradient force overcomes the scattering force due to
light scattered by the sphere. If unperturbed, the sphere will be trapped at a
slight offset along the optical axis from the focal point, where the gradient
force balances the scattering force.

Typically, two such optical traps are used in optical tweezers experiments,
formed within the focal plane of a single inverted microscope objective, where
one trap can be moved or steered relative to the other. Through off-the-shelve
surface modifications, one can ‘tether’ individual biomolecules (or biomole-
cular assemblies) of interest between two such optically tapped beads. By
increasing the distance between the tethered optically trapped beads one
can stretch the tethered molecule until at some point the trapped beads
get pulled out of the center of their traps, imparting a light-momentum
change-induced restoring force on the tethered assembly akin to a spring
under tension, following Hooke’s law for a narrow range of forces for up to
hundreds of pN in force, dependent on the trapping laser intensity as well as
the bead size.

Other microscopy techniques can be combined with optical tweezers, such
as multi-color confocal microscopy and/or stimulated emission depletion
fluorescence microscopy, allowing for correlated force–fluorescence spec-
troscopy with super resolution.44,45 Although more difficult to realize, other
single-molecule techniques, such as AFM and magnetic tweezers, have also
been combined with various fluorescence microscopy techniques, while
specific care needs to be taken to enable simultaneous correlated force–
fluorescence measurements.46,47

Optical tweezers are ideal for exerting pN-level forces on individual mol-
ecules or molecular assemblies, while simultaneously detecting length
changes on the order of nanometers and force changes as small as 0.1 pN,
while filtering out noise due to Brownian motion. Both the spatial and force
resolution increase with applied tension. Some custom instruments have
even been able to achieve Angstrom-level resolution at high applied forces.48

This sensitivity enables for instance the detection of conformational changes
of individually tethered proteins during folding and unfolding transitions.
By tuning the applied forces one can study proteins in partially folded and
misfolded states, which is difficult to do by other means (see Figure 11.2b).
Single-molecule techniques like optical tweezers have proven essential for
the study of protein folding, misfolding, and synthesis,49–54 which are
asynchronous processes that are difficult to observe using ensemble meth-
ods. Optical tweezers have been used at the single-molecule level to observe
the stepping of motor proteins,55–58 DNA–protein complexes,59 the un-
folding and refolding of RNA molecules and proteins60,61 and to provide
information on the translation machinery by reporting on the strength of the
interaction between the ribosome and mRNA,62 its translocation along a
short hairpin-forming mRNA molecule,63 as well as the release of an arrested
nascent chain.64 In a similar vein, and of specific interest in this chapter,
optical tweezers can provide unique insight into the effects of chaperones
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such as trigger factor (TF) and Hsp70 (DnaK) on the folding, misfolding, and
aggregation of their substrate proteins.31,65

Optical tweezers studies also come with several challenges and consider-
ations. A key initial difficulty is to tether the substrate protein to beads, which
is typically done using dsDNA handles (see Figure 11.1). DNA handles and
proteins can be attached using cysteine chemistry, enzymatic reactions, and
the ligation of long DNA strands to short DNA oligos.67–72 Performing this step
with high enough yields and preserving the native folded state in non-trivial,
specifically for proteins exhibiting limited solubility and stability. For
attaching the DNA handles to beads one typically employs biotin-streptavidin
or DIG-anti-DIG, which can be formed in situ within the optical tweezers
instrument. One may note that the attached DNA linkers reduce the protein
chain entropy, and hence can affect folding in principle. However, this en-
tropy reduction is small compared to the other relevant energies, in particular
when folding occurs in the relaxed state at zero tension (see Figure 11.2b,
middle). Applied forces effectively tilt the protein’s free-energy landscape.66

This does not affect folding at zero tension, as force is then merely used to
probe the folded state after folding (see Figure 11.2b, middle). Landscape
tilting does affect quantitative reconstructions of folding energy landscapes of
(typically smaller) proteins that fold when under tension. DNA linkers may in
principle also interfere sterically, for instance with chaperone binding, as will
be discussed more in the GroEL section. High forces can reduce the average
tether lifetime and lead to melting of the DNA handles whilst small forces may
effectively drown measured displacements in Brownian noise. Hence, most
measurements are typically carried out between ca. 2 and 60 pN. Depending
on the protein substrate of interest, folding pathways may be complex and
heterogeneous, in particular when interacting with chaperones. Obtaining
data of high quality and quantity is thus challenging and may benefit from
automation.

11.3 Co-translational Folding

11.3.1 Nascent Chains at the Ribosome

In recent years it has become increasingly clear that the ribosome plays an
active role in the folding of proteins during synthesis while also facilitating
the interaction with other chaperones, such as trigger factors in E. coli.
Although mostly treated separately, the line drawn between protein syn-
thesis and chaperone action is becoming increasingly blurred. Here single-
molecule studies in particular have uncovered some of these intriguing
mechanisms. Studying mRNA translation at the single molecule level is
challenging, partially due to the highly dynamic nature of the process, but
also because of the large number of components and interactions involved.
System complexity is a specific challenge in single-molecule investigations,
as a malfunction in one component can lead to the failure of the experiment.
Indeed, ribosomes are among the most elaborate molecular systems that
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have been studied at the single-molecule level. More specifically, the ribo-
some consists of 2 subunits (termed large and small), which are made up of
3 long rRNA molecules and more than 50 ribosomal proteins in prokaryotes,
4 rRNA, and 79–80 proteins in eukaryotes. This large (ca. 20–30 nm)
molecular assembly translates mRNA with the aid of aminoacylated tRNAs
and several translation initiation, elongation, and release factors. Individual
amino acids are linked together within the peptidyl transferase center, from
there the newly minted (nascent) polypeptide chain traverses a ca. 10 nm
long and ca. 1–2 nm wide ribosomal tunnel, cutting through the large
ribosomal subunit. Emerging at the ribosomal exit vestibule, the polypeptide
chain can fold into its native structure. The key enabling factor for single-
molecule experiments has been the availability of customizable in vitro
transcription/translation systems from commercial sources, and the devel-
opment of specific assays. For nascent chain folding studies, the latter
typically involves attaching a (several) kilobase-long DNA handles to one of
the ribosomal proteins, and another one to the N-terminus of the stalled
nascent chain,73,74 while active translation can be measured in real time
using handles that are attached to the ribosome and the mRNA,75 the
ribosome and the nascent chain73 or just the mRNA on its own.63 The ex-
periments usually involve intentional stalling of the ribosome at specific
sites and/or the incorporation of artificially labelled amino acids.

Single-molecule studies of translation have yielded crucial insights into
this highly dynamic and heterogenous process. For instance, recent single-
molecule studies have shown how protein folding can take place during the
synthesis of the polypeptide chain.73,76 This cotranslational folding was
shown to be impacted by the close vicinity of the ribosome itself, since the
bulk of the ribosome is made up of negatively charged rRNA resulting in
electrostatic interactions between the charged amino acids of the nascent
polypeptide chain and the rRNA, causing a delay in the folding of the complete
newly synthesized protein.74 Structural studies have shown that some proteins
can already form secondary structures and even tertiary structures deep within
the ribosomal tunnel.77,78 In the case of the small zinc finger domain ADR1a
a recent single molecule study utilizing optical tweezers and correlated
smFRET has demonstrated that folding can in fact be accelerated within the
confines of the ribosomal exit tunnel.79 Strikingly, the tunnel itself is acting
like a folding-accelerating chaperone in this case. Such mechanical manipu-
lation experiments allow the nascent chain to be unfolded, while keeping the
rest of the system intact, and refolding to be followed in real time upon re-
laxation of mechanical tension, which is difficult to achieve by traditional
refolding experiments that employ chemical denaturants and monitor the
mean refolding progress within the population.

The rate of synthesis of proteins is also modulated by the electrostatic
interactions between the nascent chain traversing the tunnel and the tunnel
(mostly rRNA) itself. Clusters of positively charged amino acids arginine and
lysine, and to a lesser extent histidine, can in fact significantly slow down the
rate of synthesis.80,81 The incorporation of multiple prolines in a row can also
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lead to temporary stalling of mRNA translation, which can be rescued by
proline-specific elongation factors (EFP) in bacteria for instance.82 Rare co-
dons and mRNA secondary structures also play a role in modulating trans-
lation.83,84 In contrast, forces applied to the nascent polypeptide chain during
translation can increase the rate of synthesis by lowering the transition state
free energy barrier to peptide bond formation.85 The simple act of folding on
the ribosome exerts a pulling force on the order of up to 10 pN.86

The protein synthesis rate plays an important role in cotranslational
folding. Slowed and stalled translation gives the N-terminal and already
tunnel-traversed segments of the nascent polypeptide valuable time to fold,
potentially preventing aggregation with other partially translated proteins
within the cytosol in polysomes for instance.87 The inherent heterogeneity of
protein synthesis, where cotranslational folding appears to be tightly cou-
pled to the rate of translation, makes it a difficult system to study using bulk
methods. Single-molecule methods such as optical tweezers are increasingly
enabling assays that may soon allow us to follow the dynamics and mech-
anisms of the involved processes in exquisite detail and will help in dis-
entangling the intricate interplay of the many different components and
processes involved, especially when it comes to unravelling the cotransla-
tional role of chaperones. See Figure 11.3.

11.3.2 Trigger Factor

As soon as they exit the ribosomal tunnel, nascent chains can interact with a
plethora of proteins that could affect their folding pathway and dynamics,
which optical tweezers can uniquely address. In bacteria, the chaperone
trigger factor (TF) is directly associated with the ribosome, at the tunnel exit,
and hence it is typically the first chaperone that nascent chains interact
with.88,89 Discovered in 1987,90 TF is not essential as deletion of the TF
encoding gene tig seems to be compensated by enhanced action of the
chaperones DnaK and GroEL.89 However, a combined deletion of TF and
DnaK was found to be lethal above B30 8C causing misfolding and aggre-
gation of several hundred cytosolic proteins.88 Despite sharing a lot of
overlapping functions with DnaK and GroEL, the ATP-independent TF ap-
pears to engage with protein chains in a unique way, which leaves many
open questions about how TF affects the folding process. Over the last
decades, many techniques ranging from structural to single-molecule stud-
ies have been employed to decipher the function of TF.

The 48 kDa TF protein consists of three domains, the N-terminal,
C-terminal, and the PPIase domain, namely because this domain displays
catalytic activity as peptidyl–prolyl cis/trans isomerase.89 Together these do-
mains adopt a dragon-shaped structure, where the N-terminal domain forms
the ‘‘tail’’, the PPIase domain the ‘‘head’’ and the C-terminal domain a
central body, constituting nearly half of the TF molecule and residing be-
tween the N-terminal and PPIase domains with two protruding ‘‘arms’’.88

TF binds to the ribosome via its N-terminal domain, using the ribosomal exit
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site proteins L23 and L29 as major docking site.91 Ribosome binding sta-
bilizes TF in an open confirmation, creating a cradle-like cavity between the
ribosomal surface and the N-terminal tail, and the C-terminal arms of TF,
which is about 40 Å deep and 35 Å wide.92,93 The open cavity is thought to be
linked to the function of TF, which is incompletely understood however.88

For long it has been thought that the open cradle-shaped cavity provides a
protective environment for emerging nascent chains, shielding them from

Figure 11.3 Optical tweezers study of nascent chain folding at the ribosome.
(a) Schematic diagram indicating the key components and linking
strategy to enable nascent chain manipulation. In the strategy indi-
cated here, biotinylated ribosomes are first linked to beads via DNA
handles, biotin-neutravidin, and dig-antidig linkages, and then in-
duced to translate a nascent chain, which is biotinylated at the
N-terminus and stalled using the SecM strong stalling sequence.
After entry into the optical tweezer’s apparatus, the final link with a
second bead, via another DNA handle is made, hence allowing the force
spectroscopy approach. (b) Two stretching and relaxation data sets on
ADR1a, which is shown to unfold and refold. It showed that refolding is
accelerated, when ADR1a was positioned inside the ribosomal tunnel,
which is notable given the important steric constraints that the tunnel
imposes.79 By incorporating fluorescent probes into the nascent chain
during translocation, simultaneous FRET detection of these unfolding
and refolding events was achieved. Data reproduced from ref. 79,
https://doi.org/10.1038/s42003-021-02055-8, under the terms of the
CC BY 4.0 license, http://creativecommons.org/licenses/by/4.0/.
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unwanted interactions with their hydrophobic segments as well as with
other cellular components, thereby preventing aggregation and protein
degradation.94–96 Thus, TF was believed to fulfill a classic holdase function
that stabilizes unfolded states.97

However, single-molecule studies revealed several other functions, in-
cluding the ability to bind and stabilize partially folded states and promote
correct folding.31,98 The first studies focused on fully synthesized protein
substrates, away from the ribosome. In cells, TF is present in a two-to three-
fold excess relative to ribosomes, suggesting that it may also play a role
when not bound to the ribosome.88 In one study, optical tweezers were
used to study the impact of TF on folding pathways.31 In data from repeated
relax-wait-stretch cycles, unfolding and folding transitions are observed as
increases and decreases in the extension, respectively, noting that chain
segments that are extended by tension can be orders of magnitude longer
than folded ones (see Figure 11.2). The maltose-binding protein MBP was
found to show a distinctive (un)folding pathway, which was significantly
altered in the presence of TF. Partially folded states were ‘‘visited’’ more
frequently, for longer, and resisted higher forces, suggesting that TF directly
binds the folded part of the protein chain, not just the unfolded chain.31 At
zero force, the protein chain continued to fold, observable by reductions in
measured extension, and hence was not irreversibly stabilized by TF. Within
tandem-repeated MBP constructs, TF increased the probability of each MBP
copy to adopt the native core structure, while decreasing the probability
to engage with neighboring MBP copies to form aggregated structures.
Together, these data indicated that by binding partially folded structures, TF
shields them from non-native interactions with distant sites along the protein
sequence31,94 (see Figure 11.4). Notably, a subsequent magnetic tweezer study
showed that the interaction of TF depends on the extension of the substrate
chain, as modulated by mechanical tension.98 Here, the experimental pro-
cedure differs slightly, and for instance lets extended and unfolded proteins
rapidly jump to a particular force, after which folding is monitored as
extension decreases in time. Specifically, for the small globular protein L,
it was found that the folding probability for an intermediate force regime
(5–9 pN) is increased by up to B40% in the presence of TF. At zero force the
chaperone appeared to hinder the refolding transition, fulfilling potentially a
stabilizing function.98

Taken together, these single-molecule results provided insights into how
TF reshapes the folding free energy landscape (see Figure 11.4). The stabil-
ization of partially folded states indicates the formation of energy minima in
between the unfolded and fully folded states, or a deepening of existing
ones. Such minima may in fact decelerate folding within individual sub-
strate repeats. But at the same time, the ‘spatial separation’ of different
substrate repeats by TF raises kinetic barriers towards aggregated states,
as revealed by the tandem MBP repeats.94 Increased folding rates mediated
by TF may also be caused by an overall lowering of the folding energy
barrier, which we here refer to as folding acceleration, and hence also
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impacts single substrates in the absence of aggregation. Folding energy
barriers can be effectively reduced by lowering the entropy of the unfolded
chain, which may be achieved by multiple contact sites on the chaperone
surface, even as contacting must remain dynamic and thus preserve entropy
to continue folding, yielding what has been termed a ‘fuzzy complex’.8,99

The inner surface of the TF cradle exposes hydrophilic and hydrophobic

Figure 11.4 Trigger factor mechanisms revealed by substrate manipulation stud-
ies. (a) Cartoon of how folding landscapes can be reshaped by trigger
factor, observed by optical tweezers study of single-domain, and
engineered multi-domain substrates.31 Top: Without a chaperone,
interactions between domains lead to efficient misfolding. Bottom:
Trigger factor binds and stabilizes not only the unfolded chain, but
also intermediate states with stable tertiary structure, which corres-
ponds to a formation of energy valleys, or a deepening of existing
ones. Owing to the resulting protection against interactions between
domains, the folding barrier to misfolds is increased in height, thus
limiting misfolding between domains. Hence, native folding is pro-
moted indirectly by limiting misfolding pathways. Trigger factor can
also be seen as setting a length scale for native folds, as its binding
effectively promotes local over distant intra-chain interactions. Repro-
duced from ref. 31, with permission from Springer Nature, Copyright
2013. (b) Schematic of combined optical tweezers and fluorescence
study of chaperone–substrate interactions. A key technical challenge
is to attach long DNA handles efficiently and stably, which is required
to increase the distance between the substrate and the bead surface,
which is typically highly fluorescent and thus perturbs fluorescence
detection at the substrate location.106 (c) Corresponding kymograph
during stretching and relaxation cycles showing a single fluorescently
labelled trigger factor binding and unbinding to the tethered MBP
protein (thin line in the center).106 The data are consistent with
MBP refolding less frequently when the trigger factor is bound.31

Here MBP does refold when unbound, as seen by the unfolding
feature at the end of the force data in time.106 Reproduced from
ref. 106, https://doi.org/10.1038/s42004-020-0267-4, under the terms of
the CC BY 4.0 license, http://creativecommons.org/licenses/by/4.0/.
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residues and continuous hydrophobic patches, which may enable TF to
interact in this fashion, with substrates of diverse compositions and
sizes.96,100 Stabilization of partially folded states cannot be explained by
binding to unfolded substrate segments, however. TF may instead interact
with patches on the folded substrate surface, which is exposed when par-
tially folded, and not accessible when fully folded. This idea is supported by
the observation that TF does not interact with fully folded substrates in
optical tweezers experiments.31 Additionally, simulations showed that TF
employs the flexible arms and polypeptide loop at its tips to interact with its
substrates forming ‘‘touching’’ and ‘‘hugging’’ complexes in a dynamic
way.100

The first single-molecule results on TF roles at the ribosome have been
reported recently.95 A newly synthesized unfolded nascent chain segment of
the multidomain protein elongation factor G was found to denature an al-
ready synthesized, and folded domain. While the ribosome alone did not
protect against this denaturation, TF did, presumably by limiting inter-
actions between the different domains. TF was also found to prevent inter-
domain misfolding and as a result speeds up folding, in line with the ‘spatial
separation’ model discussed above (see Figure 11.4). The data also showed
intermediate states with altered molecular extension in the N-terminal
G-domain folding pathway in the presence of TF. Considering the flexibility
of TF it was suggested that these altered molecular extensions stem from the
binding of the nascent chain to several sites within the TFs inner surface,
which would reduce the extension of the protein while keeping it largely
unfolded and entropy lowered, thus reducing inter-domain misfolding and
promoting domain folding. It was also hypothesized that by forming mul-
tiple contacts spaced apart along the client protein chain, entropy is re-
duced, which in turn may also facilitate subsequent folding.95

These novel single-molecule findings thus extend the picture that TF acts as
an unfolded chain holdase that decelerates folding. NMR relaxation experi-
ments had indeed shown binding to several distinct regions within TF’s inner
surface, suggesting TF keeps substrate proteins in an extended, unfolded
conformation.96 Earlier crosslinking studies had indicated that growing
nascent chains initially follow a predefined, domain wise, path through the
entire interior of TF in an unfolded conformation, which indicated that TF can
act as a holdase.89 Another NMR study even indicated an unfoldase role of TF.
By using all its substrate binding sites, TF may be able to unfold transiently
formed structures.92,96 However, since TF cannot use ATP, it is assumed that
its unfolding activity is restricted by the intrinsic thermodynamic stability of
the substrate.92 The ability of TF to form dimers has been highly de-
bated.92,101,102 The dimers may represent inactive storage, as it occludes
substrate binding and prevents promiscuous binding of TF.102–104 TF dimer-
ization potentially could also impose a substrate selection filter, with only
high-affinity clients able to bind. Depending on size, folding state, and amino
acid composition, the emerging nascent chains increase the affinity of TF for
ribosomes by about 2 to 30-fold (KDB40–700 nM).94,103,105
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In conclusion, single-molecule optical tweezer studies have added a new
dimension to the bulk-biochemical, NMR, and structural insights, owing to
its ability to follow large conformational changes and folding pathway dy-
namics. Since TF acts in a dynamic reaction cycle governed by translation,
with a half-life of TF-ribosome nascent chain complexes of about 15 to 50 s,
the detailed dynamics of how TF engages nascent chains are difficult to
unveil.92,94,95,101,102 Optical tweezers combined with fluorescence detection
of chaperone binding will be a useful tool to address these questions.

11.4 Post-translational Folding

11.4.1 The Hsp70 System

The 70 kDa heat shock proteins, termed Hsp70 in mammalian cells and DnaK
in bacteria, are a ubiquitous family of chaperone systems that are highly
conserved across species and thought to mainly interact post-translationally,
though co-translational engagement has been reported in certain cases.107

They are upregulated in response to temperature and other types of en-
vironmental stress, yet also play key roles in normal physiology, as revealed by
bulk experimental techniques.108 Hsp70 chaperones are important to de novo
folding and many other cellular processes, though the mechanisms of action
remain incompletely understood. They aid in the translocation of proteins
across membranes, regulate the activity of several key enzymes, and can dis-
aggregate certain protein aggregates. Its numerous vital physiological roles
are emphasized by the involvement of Hsp70 in many human pathologies
ranging from cancer to protein aggregation diseases.109–111 DnaK is composed
of an N-terminal nucleotide-binding domain and a C-terminal substrate-
binding domain that contains a moveable 30-amino acid lid. DnaK–peptide
binding is regulated by the ATP cycle: when ATP is bound the chaperone exists
primarily in its open conformation. Substrate association and dissociation
rates are high and affinity is low. Unfolded peptide segments can bind in the
substrate binding cleft, which stimulates ATP hydrolysis, in synergy with the
co-chaperones (DnaJ and GrpE in E. coli). In the resulting ADP-bound state,
the lid is predominantly closed. The association and dissociation rates are
then significantly lower, resulting in a highaffinity.112,113

Bulk measurement techniques, however, are less suited to elucidate
folding dynamics and intermediate folded states. Such intermediate states
typically occur only transiently, in a non-synchronized manner within the
population, and cannot readily be stabilized to study them, as for instance is
possible with unfolded states using chemical denaturants or temperature.
These issues leave key questions at the core of DnaK functioning openly. It
has long been thought that DnaK interacts exclusively with unfolded sub-
strate segments. But can DnaK also affect substrates at later stages of fold-
ing, as for instance observed for trigger factor in the previous section? Does
it mainly protect against aggregation or do more? These questions motivated
several force-spectroscopy studies at the single-molecule level.29,30,114
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However, the involvement of co-chaperones and the ATP hydrolysis cycle
posed additional difficulties. The latter is in fact more of a challenge in
single-molecule studies, as any binding or conformational event causes
heterogeneity in the temporal dynamics at the molecular level, which rapidly
become impossible to disentangle, whereas such events are typically aver-
aged out or invisible in bulk assays.

Hence, the single-molecule investigations followed a bottom-up approach,
using different model substrates.29,30,114 One study30 focused on the maltose
binding protein (MBP) constructs also employed in the trigger factor in-
vestigation: a single MBP (1MBP) and a tandem-repeat construct (4MBP). In
the absence of DnaK, mechanically unfolding 4MBP with optical tweezers
and subsequent relaxation to low forces in order to attempt folding, rather
yielded misfolding. The latter was seen by subsequent stretching of the
construct, which often showed compact structures that either failed to un-
fold 4MBP (tight misfold) or unfolded in steps larger than expected for one
MBP repeat (weak misfold), indicating that small aggregates had formed.
Addition of the DnaK chaperone system (DnaK, DnaJ, and GrpE) and ATP
buffer showed that the unfolding and relaxation cycles rarely led to tight
misfolds, while weak misfolds still formed, and native-like refolding of
single MBP repeats increased. These results were consistent with bulk
studies, which showed that the DnaK system can promote folding by limit-
ing aggregation.

To probe underlying mechanisms while limiting temporal heterogeneity,
DnaK was studied in distinct nucleotide states, in the absence of co-chap-
erones, acting on the single MBP construct.30 In the ADP state, unfolded
MBP showed a very low refolding rate, consistent with bulk and single-
molecule FRET studies,115 which showed that DnaK–ADP can stabilize un-
folded states. More notably, DnaK–ADP was found to also stabilize near
native refolded MBP substrates. These compact structures could not be
unfolded when stretching up to 65 pN, which is the technical maximum
force of the assay (see Figure 11.5a and b). This DnaK-induced stabilization
was not observed for fully folded native states of MBP, or for DnaK in the
ATP-bound and APO states. Another single-molecule study, which used AFM
for the mechanical manipulation of poly-ubiquitin substrates, interestingly
also found that DnaK–ADP could stabilize a folding intermediate.29 Here,
the folding intermediate rather appeared to be a molten globule state
without a stable tertiary structure. The interactions thus effectively stabilized
unfolded conformations, consistent with the MBP study. Consistently, both
studies thus revealed that DnaK can bind and stabilize compact substrate
conformations (see Figure 11.5c and d), which cannot be explained by the
canonical model, and shows that DnaK acts along the folding pathway rather
than only at the beginning.

The observed stabilization of folding intermediates raises the question of
which part of DnaK is responsible. Truncation of the DnaK lid was found to
abolish this stabilization, directly showing its importance in this interaction.
Conversely, mutating the groove (DnaK-V426F), which is known to reduce
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peptide affinity by over 10-fold,116 did allow for stabilization, though after
exposing the substrate for longer periods of time. Moreover, stabilization
appeared less strong, as the unfolding forces, while higher than without
chaperones, were lower than for WT DnaK and occurred via folding inter-
mediates. Consistent with this weaker peptide affinity, MBP refolding was re-
established, in contrast to WT and lid truncated DnaK. Testing the 4MBP
substrates indicated that the groove mutant was still able to suppress tight
aggregation and aid in limiting the stability of weak misfolds, consistent
with the idea that the lid interacts with substrates directly, rather than
merely closing the groove. The DnaK lid and groove do act cooperatively,
however, as the groove mutation did limit the efficiency of stabilization
(see Figure 11.5d). It should also be noted that stabilization against applied
force differs from thermodynamic stabilization yet does reveal direct inter-
actions between DnaK and the surface of the near-native folded structure.

DnaJ is another key part of the DnaK system. DnaJ is a dimer of two 40 kDa
subunits that can bind and stabilize unfolded proteins, while also inter-
acting directly with DnaK. DnaJ alone was found to suppress MBP and
polyubiquitin refolding,29,30 consistent with its known holdase role. The
polyubiquitin study showed that DnaJ recognizes substrates in a force-
dependent manner. The measured suppression of substrate refolding be-
came more efficient for larger forces, maximizing at about 160 pN, and then
decreased again for higher forces, indicating that DnaJ recognizes a cryptic
sequence in extended substrates. One AFM single-molecule study however
reported DnaJ rather promoted the refolding of ubiquitin repeats within

Figure 11.5 Stabilization of near-native states by DnaK. (a) Typical stretching
curves of maltose binding protein after refolding, showing a fully
folded state that unfolds, first into a partially folded core state, and
subsequently into the fully unfolded state.30 (b) In the presence of
DnaK and ADP, the refolded states can be stabilized, as shown by the
lack of unfolding.30 (c) Structural representation of DnaK in the open
conformation and near native MBP. (d) Impression of near-native
MBP stabilized by bound DnaK in the ADP state, when it is predomin-
antly in a conformation with the lid domain (yellow) in the closed
conformation. Data on DnaK mutants show that both the lid domain
and the peptide binding groove in the orange domain play a role in
the stabilization.30 Data reproduced from ref. 30 with permission
from Springer Nature, Copyright 2016.
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poly-ubiquitin constructs.114 However, DnaJ at the same time limited a
misfolding that likely involved interactions between neighboring ubiquitin
repeats. Hence, ubiquitin repeats bound by DnaJ may be prevented from
aggregating with surrounding repeats, hence allowing the latter to form their
native structure. DnaK and DnaJ together were more capable of suppressing
misfolding and promoting native folding than either chaperone
alone,29,30,114 consistent with their joint presence in vivo. This also means
that DnaJ is not dominant in its stabilization of unfolded states, which may
indicate that DnaK can promote DnaJ release.117 However, refolding rates of
single ubiquitin and MBP were not shown to be increased by the DnaK
system, which could mean that their main role is to prevent aggregation or
may also reflect the comparatively high autonomous refolding efficiencies of
these specific substrates. The most optimal polyubiquitin refolding was
observed for a 1 : 2 ratio of DnaJ over DnaK.114

Overall, the single-molecule investigations have opened a hidden layer of
substrate interactions and conformational interplay and produced funda-
mental extensions of the Hsp70 canonical model. The findings also suggest
many new open questions and lines of study. For instance, the structural
basis of Hsp70 in complex with folding intermediates remains elusive, which
could be addressed by NMR. Hsp70 is also known to be a potent dis-
aggregase, as studied recently.118 The disaggregation, with the underlying
entropic pulling mechanism,119 and folding promotion roles of Hsp70 ap-
pear tenuous, and how they relate remains to be elucidated. Stabilization of
folding intermediates by Hsp70 may be important to this issue. Hsp70 could
aid disaggregation by competing for sticky patches on the surfaces of in-
completely or misfolded substrates, which can become exposed in the dis-
solution process driven by Brownian motion but also tend to aggregate.
Hsp70 could promote folding by transiently capturing and releasing key
folding intermediates, driven by ATP hydrolysis, and one can speculate
about other mechanisms. More generally, it is unclear whether Hsp70 can
lower folding barriers, rather than only raising barriers to aggregated states.
These are important open topics for which single-molecule methods are
ideally suited. The same holds for elucidating the role of Hsp70 during
translation at the ribosome, its dynamic interactions with other chaperones
including GroEL, Hsp90, and the disaggregase Hsp100, and its crucial role in
many regulatory pathways and cellular malfunction.

11.4.2 GroEL–GroES

Many proteins fail to fold autonomously, with the folding landscape driving
them to aggregated, non-native states.120,121 Chaperones are broadly con-
sidered to assist the folding of proteins by shielding them from aggregation
interactions.122 Strikingly, it has remained unresolved whether and how
chaperones can also lower folding barriers and accelerate the folding pro-
cess even in the absence of aggregation. Elucidating this question is difficult.
Folding barriers are typically considered kinetic in nature and perhaps also
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for that reason poorly understood for proteins of typical sizes. This more
direct folding assistance route would also suppress aggregation, by limiting
the time spent in unfolded, aggregation-prone states.

The very notion that protein folding can be assisted at all was introduced
with the discovery of the barrel-shaped chaperonin complexes,123 with GroEL/
GroES from Escherichia coli is the most well-studied example. It is known to
confine proteins within its unique cylindrical structure, which provides an
environment that is conducive to folding. The GroEL structure consists of two
heptameric rings of 14 identical 57 kDa subunits, with a large cavity. GroES is
a small ring-shaped oligomer made of seven 10 kDa size subunits, that caps
the GroEL cavity in ATP dependent manner.124 Numerous biochemical125 and
structural studies provided a wealth of information on the GroEL–GroES re-
action cycle.126 Substrates initially bind the hydrophobic apical domains of
GroEL and binding of ATP and GroES then release the protein into the cavity
where it folds in isolation. ATP binding to the other ring then release GroES
and the folded protein from the cavity by intra and inter-rings allosteric sig-
naling.127 However, the core folding mechanism of GroEL remains de-
bated.128 A key issue is whether GroEL acts as a passive protein aggregation
inhibitor129 or whether it actively accelerates folding, as discussed above, and
if so what mechanism is employed. The notable GroEL closed cavity has
suggested that unfolded substrates are sterically confined, which can lower
their configurational entropy and hence lower the energy barrier, or alter-
natively GroEL could promote folding by actively unfolding misfolded con-
formations.130,131 Moreover, various questions regarding the functional
GroEL–GroES ATP cycles such as the substrate-accepting state of GroEL, the
folding competent state, and the precise role of GroES are unanswered.

Recently, optical tweezers were used for the first time to study folding by
GroEL–GroES at the single molecule level132 (see Figure 11.6). Force spec-
troscopy measurements were performed on wt-MBP and a slow folding dm-
MBP variant, in which they were repeatedly unfolded by stretching them at
the N- and C-termini, followed by relaxation to zero force to attempt folding
during typically 5 seconds, and finally stretching again to assess the new
folded state. These experiments indeed showed clear increases in the folding
rate with GroEL–GroES present. The effect was particularly strong for dm-
MBP, whose core refolding frequency went from less than 10% to about 90%
of repeatedly performed relax-wait-stretch cycles. Such an acceleration of
folding had thus far not been observed for GroEL or other chaperones and
single protein substrates in the absence of aggregation interactions.

To elucidate underlying mechanisms, an approach of freezing the chap-
erone in its main nucleotide states was used, as was described for DnaK in
the previous section. Surprisingly, GroEL in the ADP and ATP-bound states,
but without GroES, was also able to accelerate folding, for wt-MBP, dm-MBP
as well as for rhodanese protein. The real-time monitoring of optical twee-
zers proved useful in understanding the underlying mechanism: even before
arriving in the relaxed state, the tethered substrate already started to grad-
ually compact as the force was decreasing (see Figure 11.6b). Hence, the
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‘‘collapse’’ of the substrate proteins, which can be discerned without chap-
erones but in a much weaker fashion, was enhanced by GroEL. Moreover, the
stronger the collapse, the higher the subsequent probability of folding.

Figure 11.6 GroEL-mediated acceleration of protein folding by enhancing the
collapse.33 (a) Schematic of joint tweezers-fluorescence setup, which
visualizes GroEL binding, while monitoring the length of the tethered
protein substrate. Red arrows indicate detected forces that drive the
collapse and folding of the substrate within the GroEL cavity.
(b) Corresponding contour length in time, showing both gradual and
stepwise decreases that indicate collapse and folding triggered by
GroEL, for three different dm-MBP molecules with GroEL and ADP.
Gray trace: data without GroEL. (c) Kymograph of confocal fluorescence,
which scans across the beads and tethered protein. Individual yellow
pixels result from freely diffusing GroEL molecules, continuous lines
from left to right indicate fluorescence from the bead surface, and the
line from the middle to the end, marked by yellow triangles, indicates
GroEL binding to the tethered substrate. Corresponding contour length
plot of MBP (below) shows the folding step (see red triangle) occurring
after GroEL binding (yellow triangle). (d) Model resulting from the
optical tweezers data. Unfolded substrates initially bind the apical
domains at the GroEL rim, while the unbound substrate segments are
drawn into the GroEL cavity by forces that strengthen its general
collapse and folding. GroES binding to the apical rim displaces the
bound substrate segments, which are then free to collapse and complete
folding. ATP drives the substrate and GroES binding and release cycle.
Data is reproduced from ref. 33, https://doi.org/10.1126/sciadv.abl6293,
under the terms of the CC BY 4.0 license, https://creativecommons.org/
licenses/by/4.0/.
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Control experiments showed that the collapse took place within the GroEL
cavity, as truncating the C-terminal tails of GroEL led to decreased collapse
and folding. Using fluorescence in combination with tweezers, it could be
shown that folding occurred just after a single fluorescently labelled GroEL
chaperone bound to the substrate, thus providing direct evidence of accel-
erated folding of substrates in complexes with GroEL (see Figure 11.6c). In
addition, the roles of the apical domains became clearer by using small
peptides that bind it competitively, and hence lower substrate affinity.
Consistent with acceleration occurring inside the cavity rather than on the
apical rim, folding acceleration was still observed. These results were not-
able given previous work:

First, the tethered nature of the substrates may seem to preclude optical
tweezers’ manipulation of substrates within a closed GroEL–ES cavity.
However, the data showed that hermetic sealing between GroEL and GroES
is not required for acceleration within the cavity, and hence that the DNA
handles or the protein terminal segments can be sandwiched between GroEL
and GroES, consistent with previous observations of polypeptides positioned
in between GroEL and GroES.133 This notion was supported by experiments
on a GroEL variant (SR1) that locks GroES in place in a single binding re-
action and showed that GroES binding led to apical domain release of the
substrate, refolding, and tight stabilization – consistent with the substrate
constrained within a closed cavity. In bulk, SR-1 in the ADP state did not
show substrate release and folding.125 This lack of refolding may be due to
GroES binding inefficiently to ADP-saturated SR-1 when the substrate is al-
ready bound to the apical ring, or that full release of the protein and sub-
sequent folding then fails. Encapsulation can be forced for certain
substrates with ADP though without full release and folding.134 Hence, even
though ADP will support GroES binding to GroEL-APO or SR1, if there is
substrate protein on the ring first, GroES may not efficiently bind over (large)
substrate proteins, or not properly release the protein.

Second, folding acceleration by GroEL alone had not been observed be-
fore. Yet, previous work is not inconsistent, as different states and transi-
tions are detected. Specifically, the substrates refolded by GroEL alone were
near-native and still complexed with GroEL, shown by increased unfolding
forces as for DnaK–ADP in the previous section, rather than fully native and
released, which is needed for detection in bulk assays.24,125,131,135 Indeed,
the averaged refolding signal in the latter typically evolves over min-
utes,125,135,136 whereas single molecules are observed to fold within seconds
of contact. Single-molecule FRET is closer to the optical tweezers data, as it
also allows for the detection of sub-populations that follow different path-
ways. For instance, the ATP and ADP states of GroEL alone consistently
showed bimodal distributions of FRET efficiencies for labelled substrates.136

On the other hand, single-molecule FRET cannot follow GroEL interaction
and folding events in time, nor easily distinguish between partially folded
and collapsed states, which is key to showing accelerated formation of near-
native states.
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Third, the observed acceleration mechanism differs fundamentally from
previous models (see Figure 11.6d). Enhancing the collapse brings residues
together, which must contact to fold, and hence lower folding barriers. At a
microscopic level, the hydrophobic effect is thought to drive polypeptide
collapse, and it has been shown that it can be altered by nearby surfaces, and
it would be of interest to study such water-related phenomena in the context
of chaperones.137–140 Interestingly, substrates in complex with other chap-
erones including Spy and Skp have also been found in compact and dynamic
molten globule states using NMR,8,141 suggesting that collapse enhancement
could be a more general chaperone feature. For GroEL–GroES, various other
mechanisms have been proposed. Lin et al.23 observed a compact and ex-
panded intermediate state of Rubisco using ensemble FRET, in line with
GroEL promoting folding by unfolding misfolds. Compact intermediates
were also observed by Chakraborty et al.131 dm-MBP in bulk assays, as well as
eight-fold enhanced folding rates in the presence of GroEL–GroES, explained
as GroEL–GroES lowering the folding barrier by reducing the entropy of the
unfolded substrate. Other data instead suggested that aggregation sup-
pression by GroEL is central to observed increased dm-MBP refolding,142

while experiments at very low (100 pM) dm-MBP concentrations that pre-
clude aggregation still showed acceleration.143 An active folding role of the
GroEL cavity was also confirmed by Weaver et al.144 who studied another
stringent substrate PepQ, using fluorescence and cryo-electron microscopy.
It was also found that the amphiphilic GroEL C-termini tails inside the cavity
directly interact with the PepQ folding intermediate deep inside the GroEL
cage.23 Using single-molecule FRET, Hofmann et. al145 reported no change
in the folding rates of the N and L regions of rhodanese with and without
GroEL–GroES, while the C domain folded two orders slowly in the presence
of GroEL–GroES. However, Priya et al. reported a higher folding yield of the
freeze–thaw rhodanese in the presence of GroEL–GroES, due to the un-
folding of the misfolded proteins.135 These and other folding mechanisms
are not mutually exclusive and could act in conjunction.

The dual-barrel nature of GroEL and resulting dual GroES binding sites
are also notable structurally. By fluorescently labelling the slow ATP hydro-
lyzing D398A GroEL variant, Takei et al.146 used single-molecule total in-
ternal reflection microscopy to localize GFP proteins at GroEL–GroES sites.
The authors demonstrated the formation of symmetric or football com-
plexes147 and observed the simultaneous folding of two GFP molecules
within two GroEL–GroES complexes. The data showed that the football
complexes were not short-lived intermediates and were observed in the
presence of both denatured and folded substrates. Whereas dual color
fluorescence correlation spectroscopy measurements148 showed that these
complexes were appreciably detected only in the presence of unfolded sub-
strates while in the presence of folded or in the absence of proteins they were
rarely observed. Noshiro et al.149 used high-speed AFM imaging and also
confirmed the formation of symmetric complexes. Interestingly, the authors
reported that such complexes are not short-lived intermediates but have
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lifetimes ranging from 1.5 to 2.6 seconds and their frequency only moder-
ately depends on the protein conditions.

In summary, single-molecule studies have provided a new view of how
polypeptide chains can be impacted by GroEL–GroES. They indicate that
true folding catalysts exist, with catalysis being enabled by strengthening
the collapse. The ability to monitor substrate conformational changes
inside the GroEL cavity opens up the possibility to study other substrates,
GroEL–GroES dynamics, the role of GroEL in co-translational folding, as
well as the human homolog TRiC/CCT. This optical tweezers approach
may also be used to elucidate the role of collapse modulation in protein
phase separation and more broadly throughout the protein quality control
machinery.

11.4.3 Hsp90

Heat shock protein 90 (Hsp90) is a highly conserved ATP-dependent chap-
erone that is essential in eukaryotic cells. It is a highly abundant protein
involved in protein folding that often works in tandem with Hsp70150 to
promote protein folding efficiency.151 In contrast to Hsp70, Hsp90 serves a
narrower clientele which includes 60% of the protein kinases, 30% of ubi-
quitin ligases, and 7% of transcription factors. Hsp90 often shows important
functional interplay with Hsp70 and typically recognizes highly unstable
proteins.152 For example, in a study of FANCA (Fancomi anemia group A)
mutants it was shown that mutants that preferably bind Hsp90 over Hsp70
show a less severe phenotype than mutants binding Hsp70.153 Hsp90 is
important for protein homeostasis, for example during heat shock but also
plays an important role during cell growth and profileration154 which
resulted in the development of Hsp90 inhibitors as anticancer agents.155

Despite these important cellular roles, not much is known about the con-
formational changes that Hsp90 imparts on its substrates, indicating a need
for single-molecule investigations.

Hsp90 consists of three domains – an ATP binding domain, a client and
co-chaperone binding domain, and a dimerization domain. The folding of
Hsp90 was used as a model for the folding of multi-domain proteins
and studied by manipulation with optical tweezers.156 The study described
the folding kinetics of monomeric yeast Hsp90 (Hsp82). They found that the
dimerization domain folds in line with the classical two-state model of
folding of a small protein. In contrast, the client binding and ATP binding
domain show intra- and inter-domain misfolds slowing down the folding of
Hsp90 significantly. An optical tweezers study of the same group in 2018
revealed similar folding rates of bacterial Hsp90 (HtpG) and yeast Hsp90,
while the ER paralog Grp94 folding is slower and has altered highly stable
charged linker which provides a more rigid interface between the ATP
binding domain and the client/co-chaperone binding domain. These
notable findings on the role of domain interactions during the folding of
this important chaperone raise key questions about its function.157
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Hsp90–client interactions have proven to be notoriously enigmatic, even as
recent models provide fresh structural insight. Clients were found to be un-
structured for tau,158 semi-unfolded for Cdk4,159 or in the near-native folding
state for the Glucocorticoid Receptor,160,161 highlighting different modi op-
erandi of Hsp90. An optical tweezer study of the effect of bacterial and human
Hsp90 on clients shines more light on Hsp90 molecular function.162 In con-
trast to previous mentioned studies, optical tweezers were used to study how
the client conformation is affected, by interactions with Hsp90. Compared to
the chaperone–substrate systems discussed in the other sections, a specific
challenge here is the typically disordered and structurally heterogenous
nature of the Hsp90 clients. This not only renders the biochemistry of DNA
handle and bead attachments far more inefficient and complex, but also
introduces the need to consider conformational ensembles rather than the
classic chaperone task of achieving distinct folded states. Studies were per-
formed mainly on Luciferase, and its interaction with the bacterial Hsp90
(HtpG), as well as on the wild-type receptor ligand binding domain of the
human glucocorticoid receptor, and its interactions with human Hsp90.
During the relaxation of mechanically unfolded client chains, it was found
that Hsp90 can promote a gradual contraction of the client chain, in an
ATP-stimulated manner and despite counteracting forces. Interestingly,
the Hsp90-induced gradual contractions are reminiscent of the collapse
enhancement seen for GroEL in the previous section, though the dependence
on ATP hydrolysis also sets it apart. Polypeptide collapse itself is thought to be
key to autonomous protein folding.163–165 The Hsp90 interactions were also
shown to suppress misfolding and aggregation, which typically involve
contacts between more distance residues. The experimental findings thus
indicate a model where Hsp90 stimulates local intra-chain interactions
within unstable clients and suppresses distant ones. Such promotion of local
interactions has also been proposed as a mechanism of action for trigger
factor31,100 and DnaK,30 as discussed in earlier sections of this chapter.
In contrast to these chaperone systems, however, the local folds induced by
Hsp90 can be significantly smaller (tens or residues or less). Another differ-
ence with trigger factor is the reliance of Hsp90 on the ATP hydrolysis
cycle,100 though the precise role of the latter in substrate compaction is still
unclear. It also remains an open question what the structural basis is of these
Hsp90-induced conformers, how heterogeneous and dynamic they are, and
how and where they interact on the Hsp90 surface. The role of these con-
formational effects at the single-molecule level on the interplay between Hsp90
and Hsp70 is also a major new chapter that remains unresolved.

Probing the dynamics of proteins that are conformationally unstable and
heterogeneous, and closer to being disordered, as well as their interactions
with the protein quality control machinery, is one of the next challenges for
single-molecule protein manipulation. Overcoming the technological hur-
dles is relevant, given the many interesting and fundamental open questions
we have about these protein systems, and their importance in various
medical conditions.
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11.5 Controlling Protein Aggregation

11.5.1 Small Heat Shock Proteins

Small Heat shock proteins (sHsps) are a highly diverse family of molecular
chaperones. They are characterized by an a-crystallin domain (ACD) of
90 amino acids, flanked by N- and C-terminal extensions.166,167 During stress
conditions, sHsps are the first line of defense. They co-aggregate with mis-
folding proteins to prevent the formation of highly stable aggregates.168,169

When the period of stress has passed, sHsp-associated protein substrates
can be re-solubilized and refolded by ATP-dependent disaggregation chap-
erones Hsp70 and Hsp100.170,171

Among the various species of sHsps, manipulation studies of protein
substrates at the single-molecule level have been performed on Hsp42,
which is one of the two sHsps of yeast.169 In this study, a construct of four
maltose-binding proteins arranged in tandem (4MBP) was unfolded and
allowed to refold in the presence and in the absence of Hsp42, using optical
tweezers. As shown in the previous sections on trigger factor and DnaK, the
4MBP construct effectively provides high local protein concentration, and
can mimic the formation of mini aggregates. Mechanically stretching
natively folded 4MBP yields a gradual unfolding transition followed by
four distinct unfolding events. The former corresponds to the C-terminal
a-helixes unfolding and detaching from the core MBP structure, and the
latter to the unfolding of the four MBP core structures, as characterized by
a change in contour length of 92 nm and an unfolding force of 25 pN, on
average. In the absence of a chaperone, upon relaxation to low force, the
exposed internal segments of different MBP repeats find a chance to
interact with each other and form non-native contacts between them.
The subsequent stretching pulls show two kinds of aggregated structures:
(1) compact structures that withstand forces over the experimental
maximum of 65 pN, and are termed ‘‘tight aggregates’’, and (2) compact
structures that do unfold, but then release a chain segment that exceeds the
length one MBP core structure, referred to as ‘‘weak aggregates’’.

In the presence of the Hsp42 chaperone, protein aggregation within the
4MBP construct was found to be partially suppressed. Specifically, the
tight aggregates that were abundant in the absence of chaperones were no
longer detected, even as weak aggregates were still observed. In addition, a
substantial increase in the formation of native-like core structures was
detected. The latter is notable, as current models in which sHSPs suppress
aggregation by binding and stabilizing non-folded protein segments would
rather suppress any tertiary structure formation. To further investigate the
nature of these native-like core structures, the authors probed a single
maltose binding protein construct (sMBP). The results showed that core
structures formed with Hsp42 present are less force-resistant than the
native core state, with a mean unfolding force of B15 pN. These data
suggest that Hsp42 directly interacts with near-native partially folded
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structures of its substrate. Subsequent hydrogen exchange mass spec-
trometry confirmed the ability of Hsp42 to stabilize near-native substrate
states. Through its interactions, Hsp42 could interfere with native intra-
molecular substrate contacts, and hence prevent conversion to the fully
native state, yield a lower resistance to forced unfolding, and limit ag-
gregation by physically separating sequestered protein monomers.169

Another chaperone that was observed to bind near-native structures is
Hsp33.172 Like sHsps, Hsp33 is an ATP-independent chaperone that sup-
presses aggregation. However, it is redox-regulated and undergoes major
conformational changes upon exposure to oxidative stress. Active Hsp33
has intrinsically disordered regions that provide a binding site to un-
folding substrate proteins.173 Optical tweezers studies on the same 4MBP
construct in the presence of an increasing amount of (active) Hsp33
showed that a significant part of the 4MBP chain now remained un-
structured. These data indicated that Hsp33 binds extended polypeptide
chains and suppresses both aggregation between MBP repeats and folding
transitions within repeats. Interestingly, they also showed significant in-
creases in the relative proportion of MBP cores over aggregates during
refolding, which indicated a form of selectivity for native-like structures.
To disentangle aggregation and refolding effects, the authors probed
sMBP constructs in the presence of Hsp33. It showed a decreased re-
folding rate, consistent with binding and stabilizing unfolded conform-
ations. The sMBP and 4MBP data could be described using a statistical
physics model that systematically defines the ensemble of states of folding
and Hsp33 binding that the 4MBP system can be in. It indicated that
native folding could be promoted effectively, by limiting the options of
unfolded segments to aggregate, rather than promoting folding directly, as
for instance observed for GroEL–ES in a previous section of this chapter.
In addition, the data also showed that the native-like core-structures were
smaller in size than the native core fold. One may speculate that these
intermediate states are stabilized by the competitive binding of the in-
trinsically disordered regions of Hsp33.

A recurring theme hence is that these anti-aggregation chaperones not
only bind unfolded, but also near-native conformations, manifested either
by reduced stability against forced unfolding or a reduced size of near-
native structure. These capabilities allow the chaperones to interact early
along the unfolding pathway and could protect them from further un-
folding, which may be a more efficient way to limit aggregation but could
also accelerate refolding of the native structure once the cellular stress is
relieved. The findings raise questions on the elementary differences and
similarities within the large family of sHSPs.174 One may speculate that
different HSPs selectively act on certain types of substrates based on the
unfolding pathway and early unfolding intermediates of the latter. The
ability to probe substrate conformations in a wide range, from unfolded
state to partial fold and multi-protein mini aggregates will be a useful tool
to dissect their modes of action.
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11.5.2 The ClpB Disaggregase

Beyond assisting protein folding and preventing protein aggregation, some
chaperones have evolved the important ability to rescue and reactivate
proteins trapped within aggregates.13 In metazoans, this task is performed
by Hsp70, Hsp110 and a complex network of J-proteins.175 While their dis-
aggregation mechanism remains largely unknown, recent studies suggest
that it relies on entropic pulling.107,118,176–178 In bacteria, protein disaggre-
gation is mediated by a highly specialized chaperone, ClpB. This donut-
shaped protein belongs to the AAAþ class of translocases and consists of
an N-domain that binds its substrates, a middle domain that regulates its
ATP activity through interaction with DnaK, and a C-terminal domain fea-
turing its catalytic activity.179 Regulation of ClpB activity is crucial for cell
homeostasis, as evidenced by the fatal toxicity of unrepressed mutants,180

yet the details of the interaction between DnaK and the ClpB middle domain
are not fully understood. Recently, single-molecule FRET was used to reveal
that the middle domain dynamics were remarkably fast, allowing precise
tuning of ClpB activity.181

Despite the central role of ClpB in protein homeostasis within bacteria, its
underlying mechanism has remained controversial until very recently. The
processivity of other structurally related AAAþ translocases, such as ClpX
and ClpA, was demonstrated a decade ago using optical tweezers,182–184 but
could not be established for ClpB. In fact, a series of studies using stop-flow
suggested that ClpB and its yeast homologous Hsp104 were non-processive
and could only translocate a couple of substrate amino acids at a time before
disengaging.185,186 Instead, it was proposed that ClpB could function simi-
larly to the metazoan machinery through entropic pulling or Brownian
ratcheting, also consistent with structural studies.187 Remarkably, bulk
studies have also shown that ClpB can process aggregates flanked by stable,
folded proteins.188 The authors suggested that the chaperone can accom-
modate several polypeptide chains within its central pore simultaneously –
despite the lack of supporting structural evidence – and hence process the
substrate by threading a polypeptide loop. At the same time, a recent single-
molecule AFM study showed that the ring can open and close dynamic-
ally,189 indicating that ClpB can wrap itself around internal segments of
polypeptide chains, without the need for open ends. This finding offers an
alternative explanation for the bulk data without the need to invoke mul-
tiple-chain translocation.

Unambiguous evidence for both processivity and loop extrusion was re-
cently obtained using a combination of optical tweezers and single-particle
fluorescence tracking, at a resolution below the diffraction limit.44 In the
study, a substrate protein (maltose binding protein or MBP) tethered
between two trapped beads was first unfolded and then relaxed to a low
force that prevented refolding. Of note, and in contrast to previous optical
tweezers studies on translocases, the substrate did not present any free
ends in the chosen configuration. This state can be argued to resemble a
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native ClpB substrate, as the termini of an aggregated protein are more likely
to be buried inside the aggregate – thus unavailable, like in the tethered
substrate –, while internal segments are exposed on the surface. The add-
ition of ClpB and ATP to the tethered substrate resulted in gradual con-
tractions and sudden releases in the substrate length, indicative of
processive protein translocation (see Figure 11.7a).

How can ClpB translocate substrates that do not present free ends? While
the chaperone could transiently open in order to engage on an internal
polypeptide segment, translocation would then not produce contractions in
the used optical tweezers setup (as an analogy, a ring sliding along a string
held by both ends would not generate any tension or pulling). To decipher
the translocation topology, the authors implemented fluorescence detection

Figure 11.7 Processive substrate translocation by the disaggregase ClpB. (a) Length
of the looped and translocated part of the protein chain, as determined
by measured decreases in overall distance between the substrate
N- and C-termini.34 After ClpB binding, the translocated length in-
creases continuously until the entire chain is translocated, showing
processive action. The speed halves at a certain moment, consistent
with a switch from translocating two arms of the loop to one arm when
ClpB encounters the DNA handle on the other arm, until ClpB also
encounters the second DNA handle and arrests fully. (b) High-resolution
data showing that translocation occurs in steps, with the step size being
two-fold smaller when the translocation speed halves.34 These data are
consistent with both arms translocating simultaneously through the
central ClpB pore. (c) Fluorescence kymograph showing fluorescent
ClpB binding (blue arrow), whose position can be used to determine the
translocation of each arm independently34 (not shown). Medium is
switched from with labelled ClpB to without (only ATP) to reduce
background. Lt indicates translocated length. Data is reproduced from
ref. 34 with permission from Springer Nature, Copyright 2020.
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together with force spectroscopy measurements. By imaging the position of
a single fluorescently labelled and bound ClpB, one could measure its dis-
tance from both termini of the extended substrate – and hence deduce the
length of the translocated part of the substrate (see Figure 11.7b). These
dynamic data revealed that ClpB can indeed thread a polypeptide loop, like
threading a string through the eye of a needle, and proceeds to translocate
the loop in a highly processive fashion, without pausing until the end of the
MBP substrate. The data also show that two chains can be accommodated in
the central pore. Notably, ClpB was seen to switch between translocating
either of the two chains or both simultaneously (see Figure 11.7a).

The observed polypeptide loop extrusion may be a universal strategy in
protein processing systems, as recent studies suggest handling of multiple
substrate chains by other translocases like p97 or Vps4.190,191 Dissecting
the complex dynamics that underlie this process is challenging, and
optical tweezers constitute a key tool for this aim. In the ClpB study,
measurements at high spatial and temporal resolution showed individual
translocation steps.44 Remarkably, when only one chain was translocated,
the step size was 14 residues, and it doubled to 28 residues when two
chains were translocated simultaneously (see Figure 11.7b). Given the
structural evidence that each ClpB subunit can displace the substrate by
2 aminoacids,192 the findings suggested a model in which all six ClpB
subunits fire one after another in rapid succession (too fast to be resolved
as individual steps), followed by a pause, after which a new firing sequence
produces another observable step. A recent study used single-molecule
FRET to explore the ultrafast dynamics of the pore loops on a ClpB
subunit, and the findings pointed to a Brownian-ratchet rather than a
hand-over-hand mechanism.193 Furthermore, given that translocation can
take place against remarkably high forces of up to 50 pN,44 it is a puzzling
question how ClpB can maintain such a strong grip on both chains during
translocation, while allowing them to slide pass each other. Structural
studies have shown that nine to ten pore loops inside the ClpB channel –
which mediate substrate contact and translocation – are constantly in
contact with the substrate (a single polypeptide chain), which explains the
tight grip of ClpB on a single chain.192–194

How the presence of two chains inside the pore affects chaperone–sub-
strate contact arrangement and coordination remains an important open
question. Further structural studies using dedicated substrates (like circular
peptides191 or unfolded polypeptides flanked by stable domains188) will be
important in elucidating these issues. Optical tweezers experiments using
mixtures of monomers with impairing mutations could also shed light on
the coordination between the subunits and their interaction with the sub-
strate, as has been shown for other AAAþ translocases.195–197

These results provide a more complete picture of the disaggregating
mechanism of ClpB. Interestingly, ClpB and its closely related yeast homolog
Hsp104 exhibit different disaggregation efficiencies depending on the
nature of the aggregates, amyloids in particular.198 It is still unclear whether
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this difference can be solely explained by substrate specificity and recog-
nition (mediated by the N-terminal, which has diverged between both
chaperones199), or rather the underlying disaggregation mechanism being
radically different depending on the topology of the aggregated substrate.
Optical tweezers studies of disaggregation using other substrates (such as
prion or disordered proteins200,201) can provide useful insights, as it is viable
to observe the real-time action of ClpB on individual aggregates.44

Harnessing the disaggregation power of ClpB and Hsp104 to treat human
disorders in which uncontrolled protein aggregation seems to be involved
(such as Parkinson’s or Alzheimer’s diseases) is a possibility recently
explored,202 yet much more research is needed to fill the knowledge gaps.

11.6 Outlook
In the past decade, optical tweezers and other manipulation methods have
begun to contribute a direct view of how cells control protein conformations.
Unlike many other methods, the detection principle is essentially in-
dependent of the protein state, which has resulted in surprise findings
ranging from the promotion of intermediate folds to the modulation of
collapse strength, and the processive translocation of polypeptide loops.
Hence, a picture emerges of far more diverse conformational steering than
previously reported, with chaperones targeting a host of protein states and
transitions throughout the folding landscape.

Within this diversity, common features are also emerging. Specifically,
most chaperone systems appear to interact not only with unfolded protein
chain segments but also with segments exhibiting tertiary structure – and
hence also bind protein surfaces rather than extended polypeptides or
molten globules only. This feature has been observed for most studied
systems, including trigger factor, Dnak/Hsp70, HtpG/Hsp90, GroEL–ES,
and the small heat shock proteins, with a notable exception for the
secretion pathway chaperone SecB.203 Such interactions with tertiary
structures could allow chaperones to remain associated during folding,
protect sticky patches on the surfaces of partially folded states against
aggregation, and could potentially also lower folding barriers. Its struc-
tural basis also remains an open question. We surmise that these exposed
sticky surface patches, which ultimately become buried in the native
states, are areas of chaperone contact.31,204 Another emerging question is
whether and how chaperones achieve direct folding acceleration, beyond
the indirect promotion of folding via aggregation suppression. Folding
acceleration was observed for substrates within the ribosomal tunnel and
GroEL, which raises the question of whether a cavity, the hydrophobic
effect, and the water structure play key roles.137,139 The involved poly-
peptide collapse in GroEL offers a notable link to NMR observations of
diverse chaperones interacting with molten-globule states.8 Indeed, col-
lapse modulation could be a more general mechanism to control protein
states, including for instance phase-separated states.205
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The foundational importance of protein states indicates various other
urgent questions that are opened by these manifestations of conformational
control. Nascent chain folding is one practically uncharted territory. While
early models suggested that most chaperones act post-translationally, and
hence decreased the relevance of this issue, recent work increasingly indi-
cates ubiquitous co-translational functions for many chaperones.206 More-
over, the selective ribosomal profiling method that is powerful in revealing
them also points to protein–protein assembly as a major co-translational
process.207 Indeed, recent work revealed over 800 proteins in human cells
that homo-dimerize during their joint translation, establishing co-transla-
tional assembly as a ubiquitous phenomenon.208 These observations raise
crucial questions on the conformational basis, the relation between folding
and assembly, and the role of chaperones, which can be uniquely addressed
with single-molecule manipulation. On a more basic level, it generally re-
mains unclear how substrate conformational changes are correlated with
(co)chaperone binding events and the ATP cycle. It was possible to show how
GroEL binds first and folding occurs later. Various alternatives may be ex-
ploited, however. Chaperones may stabilize spontaneously formed folded
structures, first bind and then actively unfold folded or misfolded states or
engage in a temporal interplay with other chaperone systems, as suggested
for Hsp70 and Hsp90.150,209 The access to substrate conformational changes
and real-time detection of (co)chaperone binding and unbinding will be
important to disentangle these critical interdependencies.

Addressing these and many other questions will be an intriguing chal-
lenge for the coming decade. It also invites a deeper integration of different
techniques, with the aim to connect insights at the structural, dynamic, and
cellular levels. Doing so has the potential to overcome the inherent limi-
tations of different approaches, and to reveal yet-unknown manifestations of
protein control within cells.
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