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1. INTRODUCTION

Natively folded proteins generally have a significant number of
hydrophobic residues that cluster together to form a hydro-
phobic core. However, during the vectorial synthesis on the
ribosome and subsequent folding, these hydrophobic residues
are exposed. Because folding occurs in a highly crowded
environment, exposed residues can lead to undesired
interactions that irreversibly harm the folding process. In
particular, they can result in the formation of misfolded states
and aggregation." There are ample opportunities for such
undesired interactions to occur during folding. While secondary
structures form on the order of microseconds or faster, folding
into the tertiary structure may take up to minutes.” In the
meanwhile, proteins are diffusing through the highly crowded
cellular environment on subsecond time scale.”* Newly
synthesized polypeptides hence can interact with a multitude
of cellular components before they gain their native fold. Once
properly folded, proteins are at a reduced risk of pathological
interactions. However, even when folded, thermodynamic
fluctuations in protein structure, especially at elevated temper-
atures, can induce partial unfolding and misfolding, which in
turn increases the probability of unwanted intermolecular
interactions.

To mitigate the risk of erroneous interactions, cells are
equipped with numerous types of molecular chaperones (see
Table 1, Figure 1) that employ a wide array of molecular
mechanisms (see section 1.1). Briefly, chaperones may be
involved in tasks such as assisting in de novo folding, assembly
of protein complexes, and membrane insertion and trans-
location, as well as protein refolding. ATP-independent
chaperones such as trigger factor, SecB, and the small heat
shock proteins (HSPs) are believed to act as “holdases” that
suppress the aggregation of exposed polypeptide chains and
delay folding. Chaperonins (HSP60) and HSP70 are more
complex chaperone systems of multiple components that can
promote folding through cycles of ATP-driven binding and
release of their client proteins. Chaperones of different families
may act on the same protein, assisting different folding steps.
For instance, ribosome-associated chaperones (trigger factor in
prokaryotes and plastids, Hsp70s and NAC in eukaryotes)
already act cotranslationally. For many polypeptides, this
interaction is believed to be sufficient for folding. Proteins
with more complex folding trajectories may then bind to
downstream acting chaperone systems including Hsp70s and
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Table 1. Chaperone Families, Classes, and Their Functions

cellular chaperone

family prokaryote eukaryote
Hsp70 DnaK Hsc73 (cytosol), BiP (ER), SSC1
(mitochondria), ctHSP70
(chloroplast)
Hsp90 HtpG Hsp90 (cytosol), Grp94 (ER)
ribosome-associated  trigger factor trigger factor (chloroplast) RAC, Ssb,
chaperones NAC (yeast) Mppl1, and Hsp70L1

(higher eukaryotes)

chaperonin/Hsp60 ~ GroEL/GroES ~ CCT/TRiC (cytosol), Hsp60
(mitochondria), Cpn60 (chloroplast)

Hsp100 ClpB, CIpX, Hsp104, Hsp78 (mitochondria)
ClpA/C

small Hsps IbpA, IbpB numerous members

SecB SecB

function

promotes de novo folding of polypeptides and refolding of denatured proteins;
acts as unfoldase(?)

chaperones late folding intermediates

folding assistance for newly synthesized proteins, peptidyl-prolyl cis—trans
isomerase (PPlase) activity; the function of NAC in protein folding is not
established and it lacks PPIase activity

promotes de novo folding of polypeptides and refolding of denatured proteins

protein disaggregation and unfolding; some are in complex with a proteinase
subunit

prevention of aggregation, assistance in disaggregation

stabilization of translocation intermediates

Figure 1. Structures of representative molecular chaperones. (a)
Hsp70 chaperones, left structure, cartoon representation of the
structure of the Escherichia coli Hsp70 homologue DnaK in the
absence of nucleotides or in the presence of ADP (PDB code
2KHO®); right structure, cartoon representation of E. coli DnaK in the
ATP-bound open conformation (PDB code 4B9Q’). Nucleotide
binding domain is colored cyan and substrate binding domain dark
blue. (b) Hsp60 chaperones, left structure, space-filling representation
of E. coli GroEL in complex with GroES and bound ATP (PDB code
2C7C®). The GroES subunits are shown in shades of blue, GroEL
subunits of cis-ring in yellow and brown, and GroEL subunits of trans-
ring in cyan and green. right structure, same structure as the left
structure with three of the seven subunits removed and colored
according to hydrophobicity, with hydrophobic residues in green
(Met, Leu, Ile, Val, Ala, Phe, Tyr, Trp) and hydrophilic residues in
blue (Lys, Arg, Glu, Asp, Asn, Gln, Ser, The, His). (c) Open and
closed conformation of Hsp90 dimer. Left structure, space-filling
representation of nucleotide-free E. coli HtpG (PDB code 210Q°%).
Right structure, space-filling representation of yeast Hsp82 in complex
with AMPPNP and the cochaperone Sbal (latter not shown) (PDB
code 2CG9'). Hsp90 is colored according to the domain structure
with the nucleotide binding domain shown in light green and cyan,
middle domain in green and turquoise, and the dimerization domain in

dark green and dark teal.

chaperonins or be transferred onto Hsp90s."" Chaperones also
cooperate with each other. Under stress conditions, misfolded
proteins frequently coaggregate with sHSP, which facilitates
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subsequent disaggregation and refolding by concerted action of
Hsp70 and Hspl10 in metazoans or Hsp70 and Hspl00 in
other organisms.'> Hsp70 and Hsp90 also cooperate with each
other in the control of stability and activity of many native
regulatory proteins."

Considerable knowledge has been amassed over the past
decades on the molecular mechanisms of chaperones, yet many
fundamental questions remain unanswered. Specifically, we
know little about how chaperones influence the conformation
of client proteins during folding, which is considered to be
central to chaperone function. Chaperones are thought to act
both as suppressors of aggregation and as folding catalysts, but
distinguishing both roles remains a challenge. The physical
principles that chaperones exploit are also often unclear.
Chaperones may affect the entropy of unfolded chains, lower
reaction barriers by stabilizing intermediates, or guide the
conformation of the protein chain (e.g, by preventing off-
pathway intermediates). Questions also remain on the precise
role of energy input, the dynamics of chaperone conformational
changes, its relation to protein client dynamics, and how
chaperones can act in a generic manner on many different
proteins.

These questions are difficult to address with bulk techniques
because the underlying molecular mechanisms involve
interactions that are often transient and heterogeneous.
Single-molecule approaches have allowed the study of isolated
proteins in real time, thereby revealing the rich conformational
dynamics of proteins during the folding process. This capability
makes single-molecule methods ideally suited to address many
of the open questions with respect to chaperone function. In
recent years, a start has been made to study chaperone-assisted
protein folding using single-molecule techniques. Many
excellent reviews on unassisted protein folding and on bulk
studies of chaperones have been published."* However, the
emerging single-molecule studies of chaperones and assisted
protein folding have so far received little attention. Here, we
review a number of studies that address the folding of proteins
aided by chaperones at the single molecule level. This will be
preceded by an overview of the main chaperone systems and a
discussion of the nature of single molecule assays as compared
to bulk measurement techniques. We highlight how single-
molecule methods can be used to answer the key questions
related to assisted-protein folding reactions.

1.1. Structure and Dynamics of Three Chaperones: Knowns
and Unknowns

1.1.1. HSP60. These chaperones, called chaperonins, are
thoroidal double-ring complexes of ~800—900 kDa with a

dx.doi.org/10.1021/cr400326k | Chem. Rev. 2014, 114, 660—676
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Figure 2. Advantages and limitations of single molecule techniques. (a) In thermodynamics, extensive and intensive properties of a large system are
the result of sum and averaging performed on individual molecular properties. For a system composed of gas molecules, extensive properties such as
free energy (G), entropy (S), and volume (V) scale with the size of the system. Intensive properties such as temperature (T) do not scale with the
system size and remain invariant upon scaling. (b) Illustration of the key differences when an intensive property is measured at bulk and single-
molecule scales. Average kinetic energy measurement at large scale provides a signal with negligible noise. The noise varies inversely with the square
root of the number of molecule under study. The noise however might carry useful information. Electric dipole moment (per molecule)
measurements in bulk for example cannot distinguish between a solution of polar molecules and a solution of nonpolar molecules, as the dipoles will
cancel out due to random orientation of molecules. When measurements are performed on a mesoscopic sample, the electric dipole of the polar
molecule appears as the measurement noise. Single-molecule measurement provides the magnitude of the dipole moment precisely. (c, d) An
example conformation of a protein along a folding trajectory. In single-molecule experiments, the state of a molecule with many degrees of freedom
is identified by one or a few detected properties, for example, a FRET signal or the end-to-end distance measured by optical tweezers. (c) Trajectory
with a single folding transition. In this case, a long-range interaction is formed early in the folding process. The end-to-end distance and FRET signal
are both degenerate properties after the transition. (d) For proteins that fold via different distinct states that grow in size, some folded states may not
be distinguished in the FRET signal, as it is sensitive in particular in the range of 1—10 nm;*® optical tweezers have a wider length range but require
an applied force that can perturb the folded state.

central folding chamber in each ring'® (Figure 1b). They are proteins by a “trans” mechanism without enclosure in the
divided into two classes. Class I or GroEL-type chaperonins, cavity.'® Clients that are dependent on GroEL/GroES for
existing in prokaryotes, mitochondria and chloroplasts, consist folding typically have @/ or a+ domain topologies.'” Each
of seven identical subunits per ring and cooperate with the 7- chaperonin subunit consists of three domains: an equatorial
mer cochaperone GroES, which functions as lid for the folding domain, which binds ATP and forms inter-ring contacts; an
chamber. Class II chaperonins, existing in eukaryotes and intermediate domain; and an apical domain, which interacts
archaeons (TCP or TRIiC), consist of eight or nine identical or with substrates and GroES in the case of GroEL. The apical
different subunits per ring and contain a built-in lid. The best domains present hydrophobic amino acid residues in the ring
understood Hsp60 is the GroEL/GroES system of E. coli. center for substrate binding. GroEL/GroES cycles through a
Proteins up to ~60 kDa are enclosed in the central chamber number of allosteric states including the nucleotide-free T state,

underneath the GroES lid. GroEL/GroES can also fold larger with high affinity for substrate proteins, and the ATP-bound R
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state.'® Binding of ATP and GroES to the substrate bound “cis”
ring induces a conformational change that rotates the
intermediate and apical domains such that the hydrophobic
substrate binding patches are hidden and substrate is released
into the hydrophilic closed cavity.">*'® GroES is dissociated at a
time scale of ~15 s, triggered by ATP binding to the opposite
“trans” ring.'** Steric confinement of substrate within the
GroEL/ES cavity can assist protein folding directly”® or
indirectly by suppressing aggregation.”’ Open questions remain
about the pathways by which allosteric states of GroEL
interconvert and how GroEL/ES activity affects folding
pathways of client proteins. This is because of the transient
nature of the intermediates, the potential multiplicity of
pathways, and the difficulties in measuring networks of
energetic connectivity in large systems.22

1.1.2. HSP70. A family of highly conserved chaperones that
is present in all domains of life and in most subcellular
compartments. Hsp70 consists of an N-terminal nucleotide
binding domain and a C-terminal domain (Figure la) that can
bind exposed polypeptide chains co- and post-translationally in
a binding groove and clamp them with a moveable lid.***** In
the nucleotide-free and ADP-bound state, substrate affinity is
high, while binding and release rates are low. ATP increases
peptide association and dissociation rates by several orders of
magnitude and decreases the affinity for substrates by 10—50-
fold> These data indicate that the C-terminal domain of
Hsp70s assumes different conformational states depending on
the nucleotide status of the nucleotide binding domain,
including a closed and open conformation. For some of these
conformations, structural data exist.”** ADP-bound HSP70
populates a closed, an open and a widely open state, with the
former being the prominent species.””* Key to Hsp70 function
is the association of Hsp70-ATP to clients with high rates and
subsequent trapping by ATP hydrolysis for tight binding.
However, intrinsic ATPase rates of Hsp70 are very low (1 ATP
per 20—30 min). This ATPase rate is stimulated by the protein
client itself and by a cochaperone of the J-domain protein
family. Subsequent client release is triggered by nucleotide
exchange factors, which accelerate dissociation of ADP,
allowing rebinding of ATP and conversion into the open
ATP bound low affinity state. HSP70s can improve refoldin
rates of denatured proteins in vitro,””® and rescue misfolded®
and aggregated proteins.'*>**>

One of the characteristics of Hsp70s is that they appear to
promiscuously bind practically all proteins in a nascent,
misfolded, or aggregated state but do not interact with their
folded counterpart. This promiscuous binding is consistent with
its rather generic recognition motif, which consists of a core of
up to five hydrophobic residues flanked by positively charged
residues.”® Such motifs are found on average every 30—40
residues in most protein sequences. They mostly reside in the
hydrophobic core of folded proteins and are only exposed
during synthesis or upon denaturation. How Hsp70 refolds
denatured proteins is a matter of debate. There are indications
that Hsp70s can promote local unfolding of misfolded or even
certain native proteins.>”>* Hsp70 also promotes degradation
of proteins that cannot be refolded. This protein triage decision
seems to have a stochastic component: proteins that spend
more time being bound to Hsp70 have a higher chance of being
ubiquitinated.® Many questions remain regarding the client—
HSP70 interaction. Are Hsp70s able to induce unfolding or do
they select unfolded states out of an ensemble of conforma-
tional states of the client protein? Is folding indeed promoted
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by clamping and releasing exposed polypeptides and, if so,
how?* Is the energy of ATP hydrolysis merely used to drive
the cycle forward or is it directly used for folding?

1.1.3. HSP90. The 90 kDa heat shock family of proteins
exist in all kingdoms of life. Hsp90s are ATP-driven
homodimeric chaperones (Figure lc) that interact with a
wide range of client proteins, which are bound in a native or
near-native conformation. Hsp90s are built-up of three
domains: an N-terminal nucleotide binding domain, a middle
domain involved in ATP hydrolysis, and a C-terminal
dimerization domain.”'® All three domains have been
implicated in substrate binding. The ATP-driven reaction
cycle is accompanied by substantial structural rearrangement.'*!
In the nucleotide-free or ADP-bound state, Hsp90 is in
equilibrium between the wide-open and closed V-shaped
conformations. ATP binding leads to dimerization of the N-
terminal domains, resulting in a compaction of the dimer in
which the monomers twist around each other. After ATP
hydrolysis, the nucleotide binding domains dissociate, and the
HSP90 protomers separate N-terminally. Separation of the C-
terminal dimerization domains has also been observed and
seems to be anticorrelated with the N-terminal domains.*”
Hsp90 cooperates with the Hsp70 system and its chaperone
cycle is regulated in eukaryotic cells by a large number of
cochaperones, which influence the ATPase rate, act as
scaffolding proteins, and target clients to Hsp90. Open
questions include the following: Where do clients bind, or
are there several sites?”® How does Hsp90 movement and the
diverse cochaperones affect client folding? How is Hsp90
function affected by post-translational modifications?

2. SINGLE MOLECULE VERSUS BULK STUDIES

Conventional biochemical assays involve millions of billions of
molecules often reacting within an aqueous environment. The
measured molecular properties are then summed or averaged
over an ensemble of molecules as described in statistical
thermodynamics (Figure 2a). This leads to a high signal-to-
noise ratio but also to information loss (Figure 2b). To
illustrate this point, consider the following example. Proteins in
solution carry kinetic energy and often have significant electric
dipole moments that affect their interactions. Measurement of
the kinetic energy—i.e., the temperature of the protein
solution—can be done precisely in bulk, while fluctuations
become apparent and, as a consequence, the signal-to-noise
ratio reduces when the measurements are performed on a small
subsystem (Figure 2b). However, the fluctuations themselves
carry information that may be of interest. When the net dipole
moment of the system is measured in bulk, the dipoles will sum
to zero for a solution of proteins with negligible intermolecular
coupling. In this case, measurement of the total dipole moment
on a smaller scale will help the observer to distinguish between
a protein solution and a solution containing nonpolar
molecules. In exceptional cases, the loss of information due
to ensemble averaging and lack of synchrony can be partly
circumvented in ensemble measurements. For example, when
molecules are embedded in anisotropic environments, their
residual internuclear magnetic dipolar coupling (which is
averaged to zero in solution NMR studies) will be detectable
in bulk due to partial alignment of molecules. The use of this
approach to recover structural information from dipolar
coupling has provided new insights into the folding of the
spliceosome, an RNA—protein complex responsible for mRNA
splicing in cells.*

dx.doi.org/10.1021/cr400326k | Chem. Rev. 2014, 114, 660—676
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Figure 3. Benefits of single-molecule approaches for probing chaperone-mediated protein folding. (a) Single-molecule techniques allow for indirect
and direct detection of chaperone induced folding intermediates. Three scenarios are presented. In scenario 1, single step (two-state) protein folding,
the state of the protein is monitored in time as the protein transits from unfolded state to folded state. The constructed distribution of measured
dwell times follows a single exponential decay. When chaperones are present, they may change the folding rate without changing the number of
conformational states visited during folding. In this case, the constructed distribution of dwell times follows a single exponential decay with a
different rate constant. Alternatively, the folding pathway of a two-state folder might change in the presence of chaperones by emergence of
intermediate states, as indicated in scenarios 2 and 3. The emergence of intermediates renders the probability distribution of the dwell time
nonexponential. In scenario 2, the intermediate molecule is not directly observed (striped red square). However, from the shape of the probability
distribution, it might be possible to decipher the number of intermediate steps. In scenario 3, all molecular species are directly detectable and
reaction rates can be measured directly. (b) Single-molecule techniques allow for controlling the number of possible intermolecular interactions and
taking a reductionist approach. Intermolecular interactions may lead to nonlinearity of the kinetics and emergence of competing reaction pathways.
Two examples are illustrated: FKBP prolyl isomerase, a protein that self-interacts and catalyzes its own folding, and MBP, a protein that self-interacts
and forms an aggregate. The schematics show how with different experimental designs one can allow some selected interactions to happen while
preventing others.

Within the last 20 years, it has become possible not only to regarding the extent of heterogeneity in the biomolecular
detect individual molecules but also to perform measurements system investigated.
on single molecules. In principle, performing measurements Particularly in protein folding, transient intermediate
over a prolonged period of time on a single molecule would molecular states are hidden in bulk measurements because
provide the same information as bulk measurements when the the proteins are not synchronized. In chaperone-assisted
system is ergodic. Ergodicity is common in molecular systems protein folding, the system may be even more heterogeneous.
(with some exceptions like systems with symmetry breaking*"). A protein may not only be in different folded states but may
There are many advantages of single-molecule assays over also be interacting with a chaperone that is in different states.
traditional ensemble measurements. Besides providing the Different single molecule techniques vary in their ability to
ensemble-averaged values, rare events can be detected that detect intermediates and can provide complementary informa-
would be masked in ensemble measurements, and subpopula- tion as illustrated in Figure 2¢,d. Two folding processes are
tions and intermediates are observable. Furthermore, kinetic displayed schematically: one in which folding commences by
information can be determined directly in equilibrium without local interactions and another in which a long-range interaction
the need for synchronization, as can be achieved in bulk, for is first established and followed by local ones. Detectability of
instance, by stopped-flow mixing. Also the widths of the the folding intermediates depends on the single molecule
experimentally determined distributions provide information approaches used, the design of the experiment, and the protein

664 dx.doi.org/10.1021/cr400326k | Chem. Rev. 2014, 114, 660—676
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under study. For example, when the folded part of the protein
increases progressively in size through local interactions, the
end-to-end distance of the molecule reduces along the folding
pathway and can be monitored by optical tweezers (Figure 2d).
For the protein that folds via a long-range interaction followed
by short-range ones (Figure 2c), folding steps that involve
short-range interactions are not resolvable by optical tweezers.
On the other hand, single-pair Forster resonance energy
transfer (spFRET) based assays with dye molecules bound to
the appropriate locations within the protein structure can
resolve the hidden conformations.

When investigating dynamics, bulk studies are only useful
when the system can be perturbed from equilibrium as has been
done for time-resolved X-ray crystallography,* two-dimen-
sional infrared spectroscopy,” and stopped-flow spectrosco-
py-** In such cases, transient molecular events can be followed
at fast time scales:**’ stopped-flow with milliseconds dead
times; continuous flow with microsecond dead times; and
quenched-flow (separation of reaction and detection), pressure,
or temperature jump methods (rapid unfolding) and methods
with caged substrates on the nanosecond time scale. In the case
of single-molecule measurements, kinetics and dynamic
information as well as information on hidden intermediates
are immediately available from equilibrium measurements.** In
Figure 3a, three scenarios are compared: in the first scenario
(type 1) a single protein with a two-state folding pathway is
studied: the observer follows the state of the protein as a
function of time. This allows one to measure the dwell time
between the two states and compile the transition probability
histogram, which is indicated in Figure 3a. A chaperone could
reduce the transition energy barrier between the two states and
simply increase the folding rate. Alternatively, a chaperone may
change the folding pathway of the protein, e.g, by stabilizing a
transition intermediate. Two experimental single-molecule
schemes are presented in Figure 3a to study such changes. In
one assay (type II), the intermediate is not detected directly,
while in another one (type III) the intermediate and the
individual reaction rates are independently measured. The
shape of the compiled dwell time histogram in the type II
experiment indicates the existence of the intermediates, and
even in special cases, the reaction rates and the number of
intermediates can be inferred.**S However, when multiple on-
pathway intermediates with varying transition energy barriers
are visited and when off-pathway intermediates are populated,
direct detection of the intermediates (as in type III) are
required to measure the kinetics and the nature of the
intermediates.

Single-molecule assays further allow one to simplify complex
reactions by controlling the number of possible intermolecular
interactions (Figure 3b). In complex molecular systems with
multiple components and several competing reaction pathways,
it is often impossible to disentangle the roles of individual parts,
as intermolecular interactions can lead to emergent properties.
For instance, in bulk protein refolding assays, the measured
emergence of protein function can be suppressed by folding
delays of individual proteins as well as by interactions between
multiple off- and on-pathway intermediates leading to
aggregation. Moreover, interactions between the reaction
intermediates can introduce nonlinearity into the reaction
kinetics. The single molecule approach can be informative by
simplifying the system. Figure 3b shows how one can control
the number of possible interactions by designing appropriate
single molecule assays. The FK binding protein (FKBP) and
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the maltose binding protein (MBP) are proteins that self-
interact with opposite impact on their folding yields. FKBP
catalyzes its own folding, while MBP is prone to aggregation
and is client to several chaperones.”” Experiments can be
designed to study the folding of a single FKBP or MBP in the
absence of any interacting partner. Interacting partners can
then be added one by one and the influence of each partner
investigated.

In the scenarios presented in Figure 3, we have a single client
protein, which acts as the reporter molecule, while the
chaperones (and cochaperones) are many and not detectable
directly. Similar experiments can be designed in which one
chaperone molecule is directly detected and surrounded by
many nondetectable interacting client proteins.

3. SINGLE-MOLECULE EXPERIMENTS ON
CHAPERONES AND ASSISTED PROTEIN FOLDING

Protein folding at the single molecule level has predominantly
been studied using fluorescence methods (section 3.1) and
force spectroscopy (section 3.2). Fluorescence methods can be
readily applied to proteins that contain naturally fluorescent
compounds or can be labeled with synthetic fluorophores. By
introducing fluorescent labels at specific positions in the protein
or chaperone, it is possible to use Forster resonance energy
transfer (FRET) to investigate the structure, conformation,
interactions, and dynamics of the substrate—chaperone system.
FRET is the radiationless transfer of energy through dipole—
dipole interactions from a donor molecule to an acceptor
molecule.** The transfer efficiency depends on the local
environment, the spectral overlap of the donor fluorescence
emission spectrum, and the absorption spectrum of the
acceptor, the relative orientation of the donor and acceptor
dipole moments, and the spatial distance (~r"%) between the
donor and the acceptor molecules.*” When an acceptor is in
close proximity to the donor molecule, the emission intensity,
fluorescence lifetime, and polarization of the emission (with
respect to excitation) of the donor chanoges, and enhanced
fluorescence from the acceptor is detected.”® FRET can be used
to probe the proximity of two regions in a single molecule or a
pair of interacting molecules on the scale of 2—10 nm, as we
will describe in section 3.4.

In force spectroscopy, the system under study can be
perturbed mechanically, for example, by pulling the ends of
linear molecules. Optical tweezers (OT) and atomic force
microscope (AFM) have been used to perturb a folded protein
and force it to fully unfolded or to partially folded states. By
monitoring the extension length as a function of force,
intermediate conformations in the unfolding and folding
pathways can be visualized. In addition, after mechanical
unfolding of the protein, the refolding pathway can be
investigated by relaxing the applied force and monitoring the
extent of refolding as a function of refolding time. As
application of force alters the energy landscape of folding, an
external force can be applied to make the energies of folded and
unfolded states similar, and spontaneous fluctuations between
these conformations can be monitored as a function of time.
Forces and distances can be monitored in real time with
piconewton and nanometer resolution.

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

3.1. Single-Molecule Techniques—Fluorescence Methods

3.1.1. Single-Pair Foster Resonance Energy Transfer
(FRET). FRET is based on the energy transfer between two
fluorophores when they are in close proximity. This is the most
prevalent fluorescence-based single-molecule method currently
in use. As the transfer rate is proportional to the sixth power of
the distance between the donor and acceptor molecules, the
method is very sensitive to distances and dynamics on the
molecular scale. Two basic spFRET approaches are used: either
single-molecule experiments are performed in solution, where
single molecules freely diffuses through the observation volume
of a confocal microscope, or the biomolecules of interest are
immobilized on surfaces and investigated using TIRF
microscopy. Solution-based measurements have the advantage
that the molecules do not need to be immobilized, which could
potentially impact the dynamics of the molecules. The photons
emitted from individual molecules are binned together and
analyzed. The use of elaborate excitation and detection schemes
such as alternating laser excitation,®* pulsed interleaved
excitation,®® or multiparameter fluorescence detection® can
be used to obtain information over the stoichiometry,
fluorescence lifetime,” or anisotropy®® of the measured
biomolecules. Single-molecule lifetime-based FRET measure-
ments are independent of fluorescence intensity, and thus, the
effect of intensity noise can be eliminated.”” Transitions from
the unfolded to the folded stated may be followed by diluting
chemically denatured proteins into nondenaturing buffers using
stop-flow techniques and microfluidics.”” The disadvantage of
solution-based measurements is that the experiments are
limited to the diffusion time of the molecules through the
focus of the microscope, usually on the order of a few
milliseconds, only offering a snapshot of the conformation of
the protein. SpFRET dynamics can be measured on longer time
scales by immobilizing the proteins of interest near a coverslip
using various methods.”" TIRF microscopy is typically used in
this case to minimize the axial size of the excitation volume and
thereby minimize background. Information regarding the
number of conformations, which transitions are possible
between the different conformations, and their dynamics can
be extracted from the data using, for example, hidden Markov
modeling.”*

3.1.2. Fluorescence Correlation Spectroscopy (FCS).
FCS analyzes the information available in the fluctuations in
fluorescence intensity.”> These experiments are typically
performed in solution with freely diffusing molecules and
measured using a confocal microscope. Fluctuations in
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fluorescence intensity can arise from such phenomena as
variations in the number of molecules within the observation
volume, molecular rotation, quenching of the fluorophores,
excitation into and return from the triplet state, and changes in
FRET efficiency. From the calculated autocorrelation function,
the concentration of labeled molecules, their translational and/
or rotational diffusion coeflicient, information on the internal
dynamics of molecules,”* and the number of conformational
states and their relative populations can be extracted.”® As the
size and shape of a protein changes as it folds and unfolds, it is
possible to investigate folding via changes in the diffusion
coefficient.”®

3.1.3. Photoinduced Electron Transfer (PET). PET is
based on quenching of a fluorophore by electron transfer from
a close by quencher.”” Typically, tryptophan is used as a
quencher in proteins and guanine in nucleic acids. The rate of
quenching depends exponentially on the distance between the
fluorophore and the quencher and is an excellent probe for
studying short-range interactions (d < 2 nm). The technique
allows for extraction of kinetics information from protein as
they fold or unfold’® below the range possible by FRET.”*"
However, direct distance information is not available.”® PET as
well as FRET can has been combined with FCS to extract
information about dynamics of proteins on the sub-micro-
second time scale.”

3.2. Single Molecule Techniques—Force Methods

3.2.1. Atomic Force Microscopes (AFM). AFM have a
sharp tip mounted on a cantilever that can be used to pull on
proteins that are tethered to the surface. Force probing (10 pN
up to several nanonewtons”') is then achieved by measuring
the deflection of the cantilever from its resting position. The
amplitude and phase of oscillation and/or resonance frequency
of the cantilever may be affected in response to changes in the
interaction force.”> The AFM is well-suited for unfolding
studies: it has been used to unfold proteins”™ and detect
transient unfolding intermediates due to the fast response
provided by the stiff cantilevers. Applicability of AFM to folding
studies is limited by its force resolution and drift.”* A general
drawback of single-molecule force methods is their invasive-
ness. Measurements rely on the application of a force, which
affects folding. This influence may be limited by allowing
folding in the absence of a force and using pulling to assess the
resulting conformation of the protein. A general advantage is
that force can be used to populate intermediate states that
would be difficult to detect otherwise and to assess their
stability, either in isolation or in complex with chaperones.

3.2.2. Optical Tweezers. Optical tweezers exploit the
restoring force exerted by a focused laser on a dielectric particle
to keep the particle near the focus of the laser.”® Forces applied
to tethered proteins are typically in the range of 0.5—65 pN. By
measuring the force between two optical traps,”® drift from the
microscopy can be eliminated, leading to stable measurements,
which can be further improved using correction algorithms.”’
Drawbacks of optical tweezers include having to link the
biomolecule to beads and the need for a significant distance
between beads, which is typically achieved by engineering DNA
tethers to the protein termini. Recently, tethers based on
covalent connections” and Avidin family proteins’ have been
developed that provide connections resistant to force, laser
heating, and oxidative damages.'®

3.2.3. Solid-State Nanopores. Devices with solid-state
nanopores can employ electrical forces'®" or forces generated
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Figure 4. Single-pair FRET Analysis of DM-MBP in spontaneous and chaperonin-assisted folding. (a) A ribbon diagram of the structure of MBP
(PDB code 10MP) with the N-terminal domain shown in yellow and the C-terminal domain in blue. The positions of engineered cysteines are
indicated in red (N domain) and blue (C domain). (b—e) Single-pair FRET measurements of double-labeled DM-MBP (52—298). GdnHCl-
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(Figure is adapted from ref 79 with permission.)

by integrated optical traps'® or AFMs'® to translocate

proteins throu§h a pore in a solid film (e.g, SiN,) or a
biological pore."®* The technique allows for forced unfolding of
proteins and can distinguish between folded and unfolded
states.'”"'% Recently it has become possible to monitor a
protein during unfolding by measuring the residence time and
current blockade.'*

3.3. Initial Single-Molecule Experiments on Chaperones
and Folding

Interestingly, chaperones were one of the first systems
investigated using single molecule methodologies. The AFM
images of the GroEL/GroES cochaperon system were
published by Mou et al in 1996.%> They could directly observe
the 7-fold symmetry of the chaperonin system, and complexes
that were bound with GroES could be distinguished from those
that did not have a GroES bound. The direct interaction of
GroEL/GroES with substrates was investigated using total-
internal reflection fluorescence (TIRF) microscopy in 1999 by
the group of Goto.> GroEL was labeled with TMR, and
substrates (bovine f-lactoglobulin and bovine rhodanese) were
labeled with CyS. Dual-color TIRF microscopy showed
colocalization of the substrates with GroEL.

The first reported single-molecule unfolding—refolding
measurements were carried out using optical tweezers and
AFM on the muscle protein titin in 1997.* Shortly thereafter,
in 2000, single-molecule FRET was used to study the folding
and unfolding pathway of proteins.>> These early studies
offered proof-of-principles for single molecule investigation of
protein folding. The results were in agreement with previous
ensemble measurements,>® while adding novel insights into the
stepwise unfolding and refolding dynamics.

Since these initial studies, single molecule experiments on
isolated proteins have led to important advances, including the
identification of a set of folding intermediates for calmodulin®’
(by OT), an estimation of the transition path time for protein
folding®® (by FRET), kinetic measurements of cotranslational
folding® (by OT), identification of the role of topology in
folding cooperativity®® (by OT), and discovery of a misfolding/
off-pathway intermediate®*™"! (by OT) and metastable
intermediates>*®> (by FRET) allowing for construction of
energy landscape for complex proteins. Single-molecule
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methods have also been used to investigate the conformational
dynamics of intrinsically disordered proteins (by FRET).**%

3.4. Fluorescence Experiments

Single-molecule FRET has been used to follow chaperone-
assisted folding and unfolding of proteins in real time with high
temporal (millisecond) resolution at the single molecule level.
Sharma et al.” engineered several double-cysteine mutants for
donor—acceptor labeling within a slow folding mutant of the
maltose binding protein (DM-MBP). DM-MBP is an ideal
system for investigating how GroEL accelerates protein folding,
as the substrate will fold spontaneously over several minutes
but folds up to 13 times faster in the presence of the
chaperonin. The authors ensured that the labeling did not affect
the folding rate of the protein. Stopped-flow ensemble FRET
measurements showed that, in the absence of the barrel-shaped
chaperonin GroEL, the protein collapses to a compact state
within milliseconds. In the presence of GroEL, after the initial
collapse, the protein expands rapidly with a t,/, on the order of
100 ms. SpFRET was used to study the structural heterogeneity
of client proteins upon binding to GroEL binding (Figure 4). In
the absence of chaperone, the protein adopts a uniformly
compact conformation within the first 200 s of spontaneous
refolding.

Binding to GroEL induces fast unfolding and the emergence
of a heterogeneous conformational distribution of the client
protein with molecules populating both compact and locally
expanded states. Steady-state anisotropy and FRET measure-
ments performed at different locations along the polypeptide
chain of DM-MBP showed that ATP binding to GroEL
induced release of parts of the substrate, while other regions
experienced an additional stretching of the substrate before it
was released and encapsulated in the folding cavity.

In a further study, Chakraborty et al.>* used spFRET data to
support the thesis that GroEL/GroES can rescue a protein
from a kinetically trapped state. This is consistent with the idea
that GroEL can unfold a misfolded protein and give it a new
opportunity to refold properly. Hofmann et al® reported
spFRET results that show differential effects of the chaperonin
system on folding rates of different domains of the substrate
protein rhodanese. The results showed that confinement in the
chaperonin decelerates the folding of the C-terminal domain of
the substrate protein rhodanese while the folding rate of the N-
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Figure S. (a) A schematic representation of the single-particle uncoating assay for clathrin-coated pits. The fluorescence intensities from labeled
clathrin and Hsc70 were monitored using TIRF microscopy for clathrin/AP-2 coats captured on the surface of a PEG-modified glass coverslip. (b)
Representative time traces of a single-particle uncoating assay. The left and right panels show the first and last frames of the fluorescence channel
used to monitor the signal from coats tagged with clathrin LCa—AF488, respectively, and the middle panel shows a kymograph generated from the
vertical axis indicated by the arrows in the left panel showing the unsynchronized disappearance of clathrin fluorescence. Hsc70—ATP (1.2 uM)
arrived in the flow chamber at ¢ = 0. (c) The uncoating profile from a single coat. The selected snapshots from the time series (top panels) show the
fluorescence from clathrin and Hsc70 in the selected coat at various time points during the uncoating reaction carried out with 0.9 M Hsc70. The
snapshots are background-corrected averages of three successive frames. The plot shows intensity traces of the clathrin (blue) and Hsc70 (orange)
signals. The t = 0 time point is the moment at which a rapid increase in Hsc70 background signal is recorded; this event corresponds to the arrival of
Hsc70 within the evanescent field at the coverslip. (d) Histogram of the number of trimers (triskelions) per coat at the beginning (top) and the end
(bottom) of the single-particle uncoating assay carried out with 1.2 4uM Hsc70. The number of trimers in intact coats follows a normal distribution
with a mean of 34 triskelions per coat (top panel). In most cases, only one or two trimers remained at the site of a coat at the end of the reaction
(bottom panel). Objects with overlapping point-spread functions were excluded from this analysis (au, arbitrary units). (Figure is adapted from ref
87 with permission.)

terminal domain was unaffected. The results show that the which suggests that only the R form should be populated at
influence of the chaperonin depends on the substrate. This high [ATP]. The dominant formation of R at high [ATP] is,
approach opens the door to establishing the mechanism of how however, in agreement with the existing model for the
GroEL affects the conformation of its client proteins and helps chaperone cycle.”*
them fold.® To understand how chaperones modulate protein folding, it
A key aspect in resolving the mechanism of GroEL-assisted is important to know the number of chaperones bound to a
protein folding is the conformational dynamics of the single client protein. Fluorescence cross-correlation spectros-
chaperinin itself. Interconversion of GroEL between its two copy (FCCS) has been used to assess the stoichiometry of
allosteric states (T and R) has been investigated using the PET- chaperone—protein complexes.*> Sharma et al.”” used pulsed
FCS technique at the single molecule level. This study’* interleaved excitation (PIE)®® in conjunction with FCCS to
investigated a double mutant (F44W, K327C) of the single-ring verify that only one substrate (MBP) is bound to GroEL at a
version of the GroEL at various levels of ATP concentrations. time.
The T state exhibits a low affinity for ATP, while the R state has To further probe the interplay between GroEL and its
high affinity for ATP.** In the T conformation, the clients, TIRF microscopy based single-molecule experiments of
incorporated tryptophan quenches the fluorescence label and GFP refolding in the cavity of GroEL/GroES were performed
becomes visible as an additional relaxation in the autocorrela- by the group of Funatsu.”* While the fluorescence recovery
tion function on the microsecond time scale. The FCS behaved as a single exponential process in the absence of
experiments showed that, even at ATP saturation, ~50% of chaperone, in the presence of GroEL—GroES—ATP, the
the molecules adopt the T state at the steady state, indicating fluorescence recovery showed a delay of nearly 3 s. The lag
constant out-of-equilibrium cycling between the T and R time indicated a conformational transition in the apical domain,
forms.”* This is in contrast with thermodynamic predictions, which, in turn, is required for unbinding of GFP from the
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domain and encapsulation in the cavity. This transition was
followed by a second transition with slightly slower kinetics (¢
~ § s) before the substrate was released at the end of the
chaperone cycle. Hence, the authors proposed a so-called “two
timer pathway” for GroEL/GroES assisted protein folding.**

SpFRET studies have also addressed the structural
heterogeneity of mitochondrial Sscl, a chaperone from the
HSP70/DnaK family, by measuring distributions of FRET
efficiencies.”® Surprisingly, while the ATP state showed
structural uniformity, the ADP state was found to be
heterogeneous in conformation. Similar results were obtained
in spFRET measurements for the endoplasmic reticulum
Hsp70 homologue®® and in bulk electron paramagnetic
resonance measurements for E. coli Hsp70.28 By encapsulating
Sscl in 200 nm large vesicles and immobilizing the vesicles to a
quartz prism, surface-based spFRET could be performed to
follow the dynamics of Sscl in real time over minutes.””” These
experiments verified that the heterogeneity detected previously
in the ADP state is due to dynamic fluctuations between a
nucleotide-free and ADP-bound conformation. Upon identi-
fication of different conformations via their FRET efficiency,
Sscl was encapsulated in vesicles with substrate and ATP, and
the dynamics of the conformational cycle was followed. The
authors could show that the chaperone was in a nucleotide-
bound conformation immediately before substrate binding and
that, upon dissociation of the substrate, Sscl returned to a
nucleotide-bound conformation without going through the
nucleotide-free state.

In another study, the group of Hugel used surface-based
spFRET with Hsp90 dimers caged in lipid vesicles to study the
conformational fluctuations and dimerization of the chaperone
at its C- and N-terminal interfaces.>”*® Surprisingly, they found
that the fluctuations between the open and closed state of the
N-terminus of Hsp90 occurred on a much faster time scale than
ATP hydrolysis and showed that ATP hydrolysis and the
conformational cycle are not tightly coupled. Opening and
closing of the C-terminal dimer were also observed with fast
kinetics. Dimerization of the C- and N-terminal domains was
found to be anticorrelated and binding of nucleotides
destabilized the closed conformation of the C-terminal
domains. These studies offer an exciting first view into the
complex conformation dynamics of Hsp70 and Hsp90
chaperones and their coupling with the ATP hydrolysis cycle.
It would be intriguing to observe how these dynamics are
affected by interacting clients, and vice versa, how client
conformations are affected by these interactions.

The chaperone-assisted disassembly of clathrin-coated
vesicles was studied using single-particle fluorescence imaging
combined with microfluidics and TIRF illumination (Figure S).
Bdcking et al.*” studied how Hsc70, a member of Hsp70 family,
catalyzes a large-scale disassembly reaction in real time. Single
clathrin coats were fluorescently labeled and immobilized on a
coverslip within a micro fluidic channel. Fluorescently labeled
chaperone was flowed through the sample cell and the binding
the Hsc70 to the clathrin-coated pits and the final uncoating
was followed via the fluorescence intensity using TIRF
microscopy. The authors found that once the Hsc70 reached
a critical concentration of one Hsc70 molecule per two binding
sites, a rapid cooperative uncoating of the vesicle follows. These
results are consistent with bulk studies indicating that Hsp70
can act as an “unfoldase”.*®

Elegant single-molecule experiments were performed in the
group of Moerner using an anti-Brownian electrokinetic
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(ABEL) trap. The ABEL trap generates electrophoretic and
electroosmotic forces by applying a voltage to electronic leads
positioned near the focus of a confocal microscope with single-
molecule sensitivity to keep fluorescently labeled molecules in
the focal volume.*” By canceling the Brownian motion of the
molecule, the molecule can be effectively immobilized while
being still free in solution. Hence, it combines the advantages of
solution measurements with that of immobilization. Jiang and
co-workers used the ABEL trap to immobilize single TRiC
molecules and counted the number of fluorescently labeled
ADP and ADP-ALFX molecules attached to the chaperonin.”
By determining the stoichiometry of ADP-Cy3 attached to
TRiC complex as a function of time, it was found that the
number of complexes containing fluorescently labeled ADP
decreased with time while the fluorescently labeled complexes
usually still had eight ADP molecules bound. This suggests a
high cooperativity within TRIiC that leads to the rapid release of
all eight ADP molecules

3.5. Force Spectroscopy and Pulling Experiments

In mechanical manipulation approaches (see section 3.2),
proteins are held via their termini between a flat surface and a
cantilever (in the case of AFM) or between two micrometer
size beads (in the case of optical tweezers). By applying
mechanical force to the molecular ends, the proteins are
stretched and forced to unfold. The end-to-end distance of the
protein can be monitored during the experiment. The methods
can also be used to study protein folding, by relaxing the
unfolded protein and then monitoring both the force and the
effective protein end-to-end distance by consecutive pulls with
different waiting times.

Bechtluft et al.*”" used optical tweezers to demonstrate how
SecB, the ATP-independent E. coli chaperone involved in
protein translocation across the plasma membrane, modulates
the folding pathway of MBP (Figure 6). MBP unfolding was
found to occur in two steps: first, a C-terminal part (~28 nm)
was unfolded resulting in an MBP core intermediate. The core
intermediate then unfolded in one step. During MBP folding,
the extended peptide is compacted to a molten globule state
followed by folding of the MBP core. The effect of SecB was
found to be specific: tertiary contacts were effectively blocked
in the transition to the core state while the transition from the
core to the native state was unaffected by SecB (Figure 6e,f).
Suppression of tertiary contacts had been also observed for
GroEL using NMR spectroscopic techniques and computa-
tional modeling.'’” By analyzing a tandem 4MBP construct that
during refolding is highly prone to misfolding (Figure 3b), SecB
was found to prevent the stable aggregation interactions
between MBP molecules and thus to significantly alter the
folding pathway of MBP. These findings illustrate the benefit of
single-molecule methods: the ability to probe how individual
folding transitions within the larger folding pathway are affected
by chaperones. Hence, this approach opens the door to
studying whether and how chaperones such as Hsp70, Hsp90,
and trigger factor influence the conformational search of folding
protein chains.

In two other studies, Aubin-Tam et al. and Maillard et al.
demonstrated how ClpXP and ClpX unfold individual protein
domains in a highly cooperative manner prior to their
degradation.'® Their finding supports a power-stroke model
of denaturation, in which enzyme-mediated unfolding of stable
protein domains involves concurrence of mechanical pulling of
the template through the enzyme pore and a transient
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Figure 6. Force-induced unfolding of MBP. (a) A schematic of the
experimental setup is shown. MBP is tethered between the two beads:
One is held on a position-controlled micropipet, the other is held by
an optical trap that detects the applied force. At the C-terminus, MBP
is attached via an antibody—myc-tag connection, whereas at the N-
terminus it is attached via streptavidin—biotin linkages to a DNA
tether, which in turn is attached to the bead surface via an antibody—
digoxigenin connection. (b) A model showing the force-induced MBP
folding and unfolding transitions observed in the experiments and
their dependence on SecB. (c) Force—extension curves were measured
in the absence of SecB showing unfolding at high force (blue),
refolding at low forces (green), and again unfolding at high force
(red). (d) Force—extension curves measured in the presence of SecB
(0.1 uM). The second stretching curve (red) lacks the typical
unfolding features, showing that stable tertiary interactions are absent.
(e) Force—extension curves of the C-terminal regions of 4MBP in the
absence of SecB. The construct was first stretched, resulting in the
predicted gradual unfolding of the external a-helices (red helices in
panel a), and then relaxed before the core structures could unfold.
During relaxation, the near-equilibrium refolding of the same a-helices
was observed directly as a shortening of the tether. The dotted lines
indicate the wormlike chain model (WLC) behavior: The first denotes
the DNA alone, whereas, in the second, a 4 X 91 residue-compliant
polypeptide was added, representing the unfolded external a-helices.
(f) Force—extension curves of the C-terminal regions of 4MBP in
presence of SecB (0.1 uM). The SecB interactions do not alter this
refolding transition. (Figure is adapted from ref 47b with permission.)

stochastic reduction in protein stability. This interplay between
the client and chaperone dynamics is visible in particular at the
single-molecule level and central to understanding the
mechanisms that chaperones employ. It will be of interest to
explore whether similar peptide-liberation mechanisms are also
used in other ring-like chaperone systems, such as those
involved in disaggregation.

AFM has been applied to image chaperones to gain structural
insight or to assay their binding and localization: Structural
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analyses of GroEL, GroES, and oligomeric GroES have been
performed using liquid AFM.*>'® Tt has also been used to
confirm the presence of Hsp60 on the membrane of stressed
cells at a high lateral resolution.''® In another study, Zhu et
al.'"" found that the small heat shock protein aB-crystallin
interacts and protects cardiac titin from damage. This is
achieved by lowering the persistence length of the titin N2B-Us
element and by reducing the unfolding rate of the Ig domain
flanking the N2B-Us.

AFM experiments have been conducted to probe binding of
chaperones to client proteins as well as stabilization of the
clients. Here, one of the interaction partners is attached on the
surface, while the other is connected to the AFM tip. An AFM
study showed that interaction forces between substrates
(destabilized mutant of citrate synthase and beta-lactamase)
and GroEL decrease in the presence of ATP (but not ATP-y-S)
and that the force is smaller for nativelike proteins than for the
fully denatured ones.'”" Such AFM methods may be expanded
to probe the nature of client—chaperone complexes by
monitoring in detail how the client is removed from the
interacting GroEL chaperone. AFM has also been used to
analyze interactions of a-synuclein with microbial esterases.
The interaction of a-synuclein with esterase appears to be
highly specific and can protect the native conformation of
esterase.

3.6. In Silico Single-Molecule Methods

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

The role of confinement in folding has been investigated in a
number of simulation and theoretical studies. Of particular
interest has been the direct role (in contrast with the passive
antiaggregation role'') of confinement in protein folding and
unfolding,'"” folding pathway,"'® and protein stability."'” The
formation of various motifs such as the ﬂ-hairpin120 and the a/
p-sandwich fold"'”” and even small proteins with different a//-
content'*' have been simulated under confinement with
spherical, cylindrical, or cubic geometries. Jewett et al.
considered patchy surfaces with attractive hydrophobic and
repulsive hydrophobic interactions.'”> Others considered
purely repulsive walls."*”>'?*'23 One can also generate cavities
by using many repulsive spheres, which simulates the effects of
crowding.'”* In general, the picture emerging from these
studies is that confinement results in an increased thermody-
namic stability and more compact unfolded conformation.
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Figure 7. Simulations of trigger factor conformational dynamics: (a) crystal structure of trigger factor (TF) monomer (PDB code 1W26), with its N-
terminal domain (blue), PPIase domain (red, also called “head”), and C-terminal domain consisting of two armlike extensions (Arm]1, orange; Arm?2,
green). The signature motif acts as the binding site for the ribosome. (b) Three collapsed structures observed during the simulation time, showing
contacts between the arms and head or N-terminus. (c) Free energy plot for distance between Head and Arm1 vs N-terminal and Arm2 shows three
regions corresponding to initial extended structure (I), semicollapsed (II), and the completely collapsed conformation (III). The deepest well
corresponds to the completely collapsed conformation. Contour lines represent a free energy difference of 1 kT. (d) Hydrophobicity of TF is
displayed as a colored barcode: (A) standard hydrophobicity of TF per residue, (B) standard hydrophobicity of TF residues, (C) in the extended
state and (D) in the collapsed state (FC). (E) Barcode representing the extent of buried (white) and exposed (blue) residues upon collapse. (F)
These plots are overlaid on the probability graph of formation of contact pairs in NtA2 and HA1 collapses. (Figure is adapted from ref 127 with

permission. )

The average structure of DnaK—DnaJ complex was obtained
by MD simulation.'>® Liwo et al simulated the full transition of
an Hsp70 from the SBD-closed to the SBD-open conformation
by conducting canonical and multiplexed replica exchange
simulations of the conformational dynamics of Hsp70s using a
coarse-grained molecular dynamics approach with the united-
residue (UNRES) force field."*® The results confirmed the
experimentally observed influence of ATP-binding on the
transition of Hsp70s from the SBD-closed to the SBD-open
form.”

The nucleotide dependence of the dynamics and structural
heterogeneity of Hsp90 have been studied recently using novel
simulation methods. In one study, comparisons were performed
of the dynamics of Hsp90 from different sources. Morra et al.
considered the fluctuations of the distances of all pairs of amino
acids (based on several hundred nanosecond atomistic MD
simulations) and thereby found the regions subject to the
largest deformation of their structural neighborhood upon
exchange of the nucleotide from ATP to ADP.'*® To gain
insight into motions at the scale of domains, a minimalistic
quasirigid domain description was used. The results pointed
toward two functional sites important in nucleotide-mediated
structural changes, one being at the interface of the middle
domain and N-terminal domain and a second one within the
middle domain. In another study, using molecular dynamics
simulations combined with principal component analysis and
the energy landscape model, a network of conserved regions
was identified with a possible functional role in coordinating
functional dynamics, principal collective motions, and allosteric
signaling of Hsp90 and its homologues.'*
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Atomistic molecular dynamic simulation'*” on single trigger
factor have indicated that the solution structure of trigger factor
collapses into various compact structures (Figure 7a—c) that
are remarkably different from the crystal structure (and its
structure on the ribosome). To understand the functioning of
the chaperones and their interactions with clients, the surface
properties of the chaperones are central. Surface hydro-
phobicity is commonly estimated typically by considering the
hydrophobicity of the individual residues."** However, as the
hydrophobic effect is a collective phenomenon, the surface
properties may not be properly determined from the individual
residues. Recently, a method was proposed on the basis of
neutral Lennard-Jones methane-like particles as hydrophobic
probes to characterize the hydrophobicity of protein surfaces
more accurately."*' This method has been recently applied to
characterize the surface of trigger factor'>” (Figure 7d).

With new developments in coarse graining protocols and
efficient atomistic modeling approaches, we expects that silico
studies of chaperones and chaperone-assisted protein folding,
combined with single-molecule experiments, to become a very
powerful tool for unraveling the mechanism of chaperone-
assisted protein folding.

4. CONCLUSION

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

Studying chaperone-assisted protein folding poses consid-
erable challenges, as the functions of chaperones are diverse
and a large number of cochaperones participate, while at the
same time the effect of the chaperone may be substrate
dependent. Although single-molecule studies have already
contributed to a deeper understanding of assisted protein
folding, we have only begun to scratch the surface. Important
general remaining issues include the following: providing
insight into the structure and dynamics of the intermediate
states in the folding pathways of complex proteins; under-
standing how the different chaperone systems act differently on
folding pathways; probing the direct interaction between
folding intermediates and chaperones; and investigating protein
folding mechanisms in more complex environments, e.g., in the
presence of a network of chaperones and cochaperones, with
the ultimate aim of performing such experiments in living cells.
These types of studies may provide insights into the
consequences of a failure of the proteastasis system caused by
imbalance or even absence of sufficient chaperone capacity, e.g.,
the development of protein misfolding diseases'>> and other
biologically relevant processes as well as details regarding the
pathways protein chaperone-assisted protein folding. Issues
specific to different chaperones are discussed in section 1.1.

Studying the structure of folding intermediate states using
traditional methods of structural biology is often not feasible,
because of the dynamic nature of both the client and chaperone
and the low occupancy of transient intermediate states. Single-
molecule methods provide a way to start addressing this issue.
Force-based methods have been used to directly probe
intermediate folded states and may thus be used to explore
whether chaperones promote their occurrence. Because the
measurements occur in real time, one could attempt to
determine whether chaperones alter the sequence of states that
are visited as a protein folds. Whether chaperones indeed
interact with intermediate folds may also be studied directly, for
instance, by quantifying the forces required to unfold them or
by measuring their lifetime in the absence or presence of
applied force. Misfolding interactions within proteins have been
detected by optical tweezers,’”®"® and hence, one can
investigate whether chaperones are able to specifically suppress
these transitions. While aggregation necessarily involves
multiple proteins, one can mimic aggregation in constructs
where protein monomers are arranged head to tail.*’® Such
constructs allow one to address how chaperones are able to
fight aggregation while still allowing folding. spFRET on
multiple labeling sites allows one to determine the position of
flexible regions in proteins or even entire structures.'> As
spFRET can identify subpopulations, the structures of the
different subpopulations can be determined independently,
even for dynamics complexes. Hence, one may employ this
method to follow how a chaperone affects the folding dynamics
of specific regions along the protein chain.

Single-molecule methods allow one not only to study the
conformation and dynamics of chaperones and their influence
on the conformation of substrates but also to investigate the
protein-folding landscape.”””® Similar methods could be used
to explore how folding landscapes are altered by chaperones. By
binding and unbinding substrate proteins, chaperones could
protect protein chain regions from unwanted interactions
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within and between proteins and, hence, improve the folding
yield. By interacting with hydrophobic side chains, chaperones
will increase the entropy since water will be released. Local
unfolding could increase conformational entropy of the chain
but at the same time decrease the overall entropy due to
ordered binding of water to hydrophobic side chains. In the
folding landscape, this would correspond to increasing the
barrier to the aggregated state. It has often been speculated that
chaperones have more elaborate mechanisms with a more
direct role in protein folding. Chaperones such as GroEL,
which provide a folding cavity for their substrates, may aid
protein folding by confinement, thereby lowering the entropy
and consequently raising the energy of the unfolded state and
lowering the barrier to the native state. One may also speculate
that chaperone interactions lower the barrier to the native state
by stabilizing the folding transition state in a manner that
resembles a classical catalyst. Alternatively, chaperones may
produce new intermediates and, hence, steer folding pathways
along them toward the native fold. These types of questions are
now directly addressable using single-molecule techniques.

As chaperone-assisted folding pathways involve a number of
players and interactions, one of the next steps for single-
molecule experiments on chaperones is to increase the
complexity of the systems. This can be done in a multitude
of ways. For example, in spFRET and PET experiments, one
can incorporate more components into lipid or polymeric
vesicles.”"*"** Microfluidic devices can be used to allow rapid
mixing and dilution for investigating protein unfolding and
refolding. In this way, different components (e.g., substrates,
chaperones and cochaperons, and nucleotides) can be added at
controlled time points and known concentrations. To allow a
more detailed study of the interactions of multiple components,
multicolor experiments will become useful such as three- and
four-color FRET."® The consequence of increasing the
number of fluorescent labels goes well beyond the addition of
another channel of information but allows new types of
questions to be investigated regarding the coordinated
interaction and dynamics of biomolecules. For example, the
conformation of a protein can be monitored (e.g, with
spFRET) in the presence or absence of a binding partner
(labeled in a third color), or the order in which domains fold in
a multidomain protein could be determined using multicolor
FRET.

The ultimate single molecule assay on chaperone-assisted
protein folding would be to follow protein folding inside the
highly crowded living cell."*® Recently, it has already become
possible to measure the 3D structure of proteins within living
cells using high—resolution heteronuclear multidimensional
NMR spectra.">” Many steps toward single-molecule folding
experiments in live cells have already been taken, includingg the
first live-cell folding experiments on the ensemble level*® and
single-molecules measurements in living cells"*” and bacte-
ria."* Single-molecule experiments in live cells can also be
complemented with experiments in isolated organelles or in
cellular extracts, which are easier to perform while near-to-
native conditions are maintained and also direct manipulation
of the molecules under investigation is allowed.

In summary, single-molecule methods provide an exciting
new tool to address many of the long-standing questions in
chaperone-assisted protein folding. A better understanding the
dynamic interplay between chaperone and client will provide a
new perspective to the chaperone field and has the potential to
fundamentally alter the protein-folding problem.
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