
Article
Energy landscape remodeling mechanism of Hsp70-
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ABSTRACT Hsp70 chaperone is one of the key protein machines responsible for the quality control of protein production in
cells. Facilitating in vivo protein folding by counteracting misfolding and aggregation is the essence of its biological function.
Although the allosteric cycle during its functional actions has been well characterized both experimentally and computationally,
the mechanism by which Hsp70 assists protein folding is still not fully understood. In this work, we studied the Hsp70-mediated
folding of model proteins with rugged energy landscape by using molecular simulations. Different from the canonical scenario of
Hsp70 functioning, which assumes that folding of substrate proteins occurs spontaneously after releasing from chaperones, our
results showed that the substrate protein remains in contacts with the chaperone during its folding process. The direct chap-
erone-substrate interactions in the open conformation of Hsp70 tend to shield the substrate sites prone to form non-native con-
tacts, which therefore avoids the frustrated folding pathway, leading to a higher folding rate and less probability of misfolding. Our
results suggest that in addition to the unfoldase and holdase functions widely addressed in previous studies, Hsp70 can facilitate
the folding of its substrate proteins by remodeling the folding energy landscape and directing the folding processes, demon-
strating the foldase scenario. These findings add new, to our knowledge, insights into the general molecular mechanisms of
chaperone-mediated protein folding.
SIGNIFICANCE Protein folding is one of the key molecular events in cells. Failure to fold properly may lead to
nonproductive aggregation and various of neurodegenerative diseases. Hsp70 chaperone plays crucial roles in the protein
folding under complex cellular environment. Although it is clear that the Hsp70 chaperones can prevent protein
aggregation and increase folding efficiency, whether the chaperones can be directly involved in the folding process is still
unclear. Here, by performing molecular dynamics simulations, we showed that the Hsp70 chaperone can direct the folding
procedure of the substrate protein by remodeling the folding energy landscape and avoiding the frustrated folding pathway.
Such an effect relies on the direct interactions between the substrate and chaperone during folding, suggesting a foldase
mechanism.
INTRODUCTION

Although most of our current knowledge on protein folding
has been accumulated based on in vitro biochemical
studies, protein folding in cells often involves a more
complicated microenvironment, such as molecular crowd-
ing and oxidative stress, which tends to increase the risk
of misfolding and aggregation (1). Accordingly, a large
fraction of proteins cannot fold spontaneously without
assistance from folding machines. Cells have evolved
Submitted October 5, 2020, and accepted for publication March 12, 2021.

*Correspondence: wfli@nju.edu.cn or wangwei@nju.edu.cn

Jiajun Lu and Xiaoyi Zhang contributed equally to this work.

Editor: Yuji Sugita.

https://doi.org/10.1016/j.bpj.2021.03.013

� 2021 Biophysical Society.

This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).
various kinds of chaperones to aid in robust folding in
such complex environments and prevent nonproductive
misfolding and aggregation, which is essential for the integ-
rity of molecular events in the life cycle of cells (2–6).
Revealing the underlying molecular mechanism of chap-
erone-mediated protein folding is one of the central focuses
in protein folding studies.

Chaperone-mediated protein folding typically involves
the steps of substrate exchange, co-chaperone binding and
unbinding, ATP binding and hydrolysis, and allosteric mo-
tions of the chaperone molecules (7–9), which makes in vivo
studies of protein folding much more difficult than that of
spontaneous folding under dilute conditions. As a conse-
quence, accurate molecular mechanisms of how the molec-
ular chaperones assist in vivo protein folding remain
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FIGURE 1 Three-dimensional structures of the chaperone and substrate. (A and B) Cartoon representations of the three-dimensional structures of the sub-

strate binding domain of the bacteria Hsp70 (DnaK) at closed (A) and open (B) conformations (20,21). The substrate binding site is labeled with a red ellipse.

(C) Cartoon representation of the native structure of the substrate hTRF1 (22). The native contacts are mainly formed between helices H1 and H2 and be-

tween helices H1 and H3. The residues contributing to the chaperone binding are marked by blue. (D) Amino acid sequence of substrate hTRF1, with the

chaperone binding site being colored blue. The six residues with non-native contacting interactions are labeled by triangles. To see this figure in color, go

online.
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unclear, despite their biological significance. There are
several classes of molecular chaperones involved in the pro-
tein homeostasis, among which the Hsp70 chaperones (e.g.,
DnaK in Escherichia coli) and Hsp60 (e.g., GroEL in
E. coli) have been most exhaustively characterized. Early
studies mainly focused on the GroEL chaperonin, based
on which three distinct scenarios have been proposed to
explain the working mechanisms of chaperones in protein
folding (10–13). The most classic scenario is the Anfinsen
cage model (14), whereby the chaperones prevent the
nonproductive intermolecule aggregation in a passive way
by providing an isolated environment or by protecting the
exposed hydrophobic patches of substrate proteins (also
described as holdase). The second scenario is the iterative
annealing model or kinetic proofreading model (10–
12,15–18), in which the chaperone actively converts the
kinetically trapped misfolded conformations of substrate
into unfolded conformation by acting as an unfoldase, al-
lowing substrate proteins to refold. In addition to the above
two scenarios, it has been showed that the confinement ef-
fect of the GroEL chaperonin cage tends to speed up folding
by reducing the conformational entropy of the unfolded
state, which suggests that chaperones can also facilitate
the folding process as a foldase (19).

In recent years, Hsp70-mediated folding has attracted
much attention. Different from the GroEL chaperonin,
Hsp70 is a monomeric chaperone composed of two do-
mains, i.e., the N-terminal nucleotide binding domain and
the C-terminal substrate binding domain (SBD) (Fig. 1).
The nucleotide binding states of the nucleotide binding
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domain allosterically regulate the conformations of the
SBD (5). Upon ATP binding, Hsp70 adopts an open confor-
mation with the hydrophobic substrate binding site exposed,
allowing the binding or releasing of substrate proteins,
whereas in the ADP or nucleotide-free state, the a-helical
lid of the SBD closes, which leads to higher affinity of
unfolded conformations and disruption of non-native hydro-
phobic contacts in misfolded conformations. By repeated
allosteric cycles between the closed and open conformations
driven by ATP binding and hydrolysis, the Hsp70 chaperone
can either protect unfolded conformations or convert the
misfolded substrate to unfolded conformations, which there-
fore contributes to increased fractions of productive folding
(8,23,24). Such a functioning scenario is consistent with the
holdase and unfoldase mechanisms revealed in the studies
of the GroEL chaperonin. However, because of the lack of
a cage architecture, whether Hsp70 can also act as a foldase
to directly assist the folding process remains an open ques-
tion. Recent experimental studies showed that Hsp70 in the
ADP state can reduce the long-range contacts of the bound
unfolded substrate, the human telomere repeat binding fac-
tor (hTRF1), which may therefore lead to biased folding
pathways (25). Whether Hsp70 can continuously modulate
the folding energy landscape and therefore facilitate the
folding by directly assisting the subsequent folding proced-
ure after the closed-to-open conformational change is still
unclear. Experimentally addressing this question is
extremely challenging because it is difficult to characterize
the structure and dynamics of the substrate protein when it is
continuously bound to the chaperone at the open
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conformation. Molecular simulations provide an alternative
way to elucidate the above question because of their ability
to achieve unprecedented temporal and spatial resolutions.
Such methods have been successfully used in investigating
the functioning mechanisms of GroEL-mediated protein
folding in previous studies (11,26–32). The typical time-
scales of the steps involved in the Hsp70 operational cycle
are larger than millisecond. For example, the folding time-
scale of the substrate hTRF1 can be as long as �3.5 ms
(33), whereas the closed-to-open conformational change
of Hsp70 occurs at the timescale of seconds (9). Such a
long timescale is far beyond the accessibility of atomistic
molecular simulations, and coarse-grained simulations are
needed. In this work, by constructing a protein folding
model with a rugged energy landscape, we performed
coarse-grained molecular dynamics simulations for the
Hsp70-mediated folding of hTRF1 (Fig. 1, C and D; (22))
and another two substrate proteins (SH3 and RNase H)
(34,35). The results showed that the presence of the
Hsp70 chaperone with an open conformation alters the
folding pathways of the substrates by remodeling its energy
landscape such that the folding dominantly follows the
smooth pathway with reduced probability of misfolding.
Particularly, we showed that altering the folding pathways
requires the involvement of direct Hsp70-substrate interac-
tions during the folding process. The results of this work
are in line with previous experimental observations (25)
and suggest a crucial role of the Hsp70 chaperone as a fol-
dase during its functional actions.
MATERIALS AND METHODS

Protein model and energy functions

We used a coarse-grained model to simulate the folding and conformational

motions of the substrate proteins and the Hsp70 chaperone, in which each

amino acid is represented by one spherical bead locating at its Ca position.

The intramolecule interactions of the substrate proteins were described by

the following energy function:

V
�
R
��R0

� ¼ VlocðRÞþVSB

�
R jR0

�þVKHðRÞ þ VeleðRÞ (1)

In the above formula,Vloc(R) represents the generic potentials for the angle

(q) and dihedral angle (f) terms and is given by Vloc(R) ¼ P
IV

I
aðqÞþP

IV
I
dihðfÞ, with VI

aðqÞ ¼ �kBTln(P(q)/sin(q)) and V
I
dihðfÞ ¼ �kBTln(P(f)).

Here,R represents the coordinates of the coarse-grained beads in a given pro-

tein structure, and the index I runs over all thebond angles and dihedral angles.

P(q) andP(f) are thedistributions of the angles and dihedral angles formed by

a certain combination of amino acids and were extracted by statistical survey

of the coiled library (36). This generic local potential was developed in (36)

and has been implemented in the software CafeMol used in themolecular dy-

namics (MD) simulations of this work (37). VSB(RjR0) corresponds to the

structured-based term (38,39), which shapes up a funneled energy landscape

driving the folding of the proteins to their native structures (38,40,41). Such

structure-based models showed great success in describing many aspects of

protein folding in previous studies (38,41,42). The coordinates of the refer-

ence native structures (R0) were taken from the Protein Data Bank with the

entry numbers PDB: 1BA5, 2A36, and 1F21 for hTRF1, SH3, and RNase

H, respectively (21,22,43). The atomic-interaction-based coarse-grained
model (AICG2þ) developed in our previous work was used for the first two

terms, i.e.,VAICG(RjR0)¼Vloc(R)þVSB(RjR0), which is a structure-based po-

tential with the interactions optimized using the multiscale strategy (44–47).

The overall strengths of the structure-based interactions in the AICG2þwere

controlled by a scaling factor lSB in AICG2þ (37,46), which were optimized

to reproduce the experimentally observed stabilities of the studied proteins

and were listed in Table S1. More details of the AICG2þ energy function

can be found in (46). For the residue pairs without forming direct contacts

in the native structures, we also applied a nonspecific knowledge-based statis-

tical potentialVKH(R), and the energy function proposed byKimandHummer

was used (48). For the charged residue pairs, the electrostatic interaction term

Vele(R) was applied, which is given by the Debye-H€uckel formula (49).

The above AICG2þ energy function corresponds to a minimally frus-

trated landscape (40). Because the molecular chaperones mostly act on

proteins with rugged energy landscapes, which encounter the risk of mis-

folding, additional frustration needs to be included in the energy function

of the substrate. Although the generic statistical potential (VKH(R)) and

electrostatic potential (Vele(R)) in Eq. 1 can make the energy landscape

more rugged, the resulting frustration is not strong enough to create a mis-

folded state, which is often a feature of the substrate proteins of chaper-

ones. Therefore, we also added a non-native contacting interaction term

to the above energy function to shape up a rugged energy landscape so

that the population of the long-lived misfolded state is significant. For

the three proteins studied in this work, the residues that were bound

with (and therefore protected by) the Hsp70 chaperone were known in ex-

periments (33–35). Therefore, we introduced the non-native contacting in-

teractions specifically between these residues and some other residues

spatially distant in the native structure to produce a long-lived misfolded

state. For example, as shown in the NMR structure of hTRF1 (Fig. 1 C),

helix 1 (H1) forms native contacts with H2 and H3, whereas contacts be-

tween H2 and H3 are rare. To discuss the role of the Hsp70 chaperone in

the folding of hTRF1, we introduced additional contacting interactions be-

tween H2 and H3, with which the folding of the substrate hTRF1 may

involve a kinetic trap that features incorrect packing between H2 and

H3. The residue pairs involved in the non-native contacting interactions

were listed in Table S2 for all three substrate proteins, and the energy func-

tion of the non-native contacting interactions were given by the following

Lennard-Jones potential:

Vnnat

�
rij
� ¼ εnnat

�
5:0

�
s

rij

�12

� 6:0

�
s

rij

�10�
; (2)

with rij being the distance between the two contacting residues and s ¼
5.0 Å being the position of the energy minimum. The parameter εnnat is

the strength of the non-native contacting interactions characterizing the

frustration extent of the energy function. In the following discussions, we

used a wide range of values for the parameter εnnat to test the parameter

sensitivity. We also performed simulations with different number of residue

pairs involved in the non-native contacting interactions (Table S3).

According to previous works (20,50,51), Hsp70 adopts closed and open

conformations in the ADP and ATP states, respectively, demonstrating the

ATP hydrolysis-mediated allosteric feature. To reasonably describe such an

allosteric feature of Hsp70, we designed an energy function with double-ba-

sin topography for the intramolecule interactions of the Hsp70 chaperone

following the scheme proposed by Okazaki and co-workers (52), which

was given by

VHsp
s ðRÞ ¼ VAICG

�
R
��RT

0

�þ VAICG
�
R j jD0
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2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
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; (3)
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where the subscript s ¼ T, D and represents the ATP state and ADP state.

The coordinates of the two reference structures RT
0 and RD

0 were taken

from the Protein Data Bank with entry numbers PDB: 4B9Q and 4EZW

(21,43), corresponding to the closed structure and open structure, respec-

tively. The parameter set DVs and Ds were chosen so that Hsp70 dominantly

adopts a closed (open) conformation in the ADP (ATP) state following the

experimental restraints (Table S4; (50)). Although this model cannot be

directly used to model the nucleotide exchange process, the conversion

from the ADP state to the ATP state of Hsp70 can be effectively described

by the switching of parameters in the energy function from the ADP state to

the ATP state.

The interactions between the chaperone and substrate are given by the

following hydrophobicity-dependent energy function proposed in a previ-

ous work (37,53):

VCSðRÞ ¼ cHP
X
i

ε
i
HPS

i
HPðRÞ þ

X
i;j

εexv

�
sij



rij
�12

(4)

In the first term of the above formula, the index i runs overall all the res-

idues of the Hsp70 and the residues in the chaperone binding sites of the

substrate proteins. cHP controls the overall strength of the hydrophobic in-

teractions. The default value of cHP was set as 5.0, but we also performed

the simulations with different cHP-values. ε
i
HP corresponds to the parameter

set describing the hydrophobicity scores of the residues in the binding sites,

which were listed in Table S5. SiHP(R) describes the ‘‘buriedness’’ of the res-

idue i, which depends on the packing density around the residue i. More de-

tails of the energy function and parameters can be found in (37,53). The

second term describes the excluded volume interactions, with 3exv ¼
0.2 kcal/mol and sij ¼ (si þ sj)/2. Here, the index i and j run over all the

residues of the substrate and the chaperone, respectively. si is the radius

of residue i (Table S6; (48)).
Molecular simulations

Molecular simulations were conducted by using the software CafeMol3.0

(37). The simulation temperature was set as 300 K and controlled by Lan-

gevin dynamics. The friction coefficient was set as 0.08t�1, with t �49 fs

being the time unit used in the CafeMol (37). In the simulations, only the

substrate binding domain of Hsp70 was included. The functioning cycle

of Hsp70 features allosteric motions driven by ATP binding and hydrolysis.

In this work, we did not consider ATP binding and hydrolysis explicitly

because of the computational complexity. Instead, the allosteric cycle

was modeled as the conformational switching between the open and closed

states realized by switching the energy functions of Hsp70 from the ADP

state to the ATP state, which triggers the closed-to-open conformational

change.

Before folding simulations, we prepared two unfolded structural ensem-

bles of the substrate hTRF1 by using thermal denaturation and Hsp70 ac-

tions, respectively, by which we can investigate whether the difference of

the initial structure ensembles can alter the folding pathways. The unfolded

structures of the thermal denaturation ensemble were sampled by equilib-

rium simulations at high temperature for 5 � 108 MD steps, with the MD

time step of 0.4t such that the secondary structure elements and long-range

contacts have been mostly disrupted. We note that the timescale used in

coarse-grained model often corresponds to a much longer realistic time-

scale as discussed in (47), although precise timescale mapping is always

difficult. To ensure that all the secondary structures are disrupted, we

used a sufficiently high temperature (800 K) in the thermal denaturation

simulations. In comparison, the structures of the Hsp70-induced unfolded

ensemble were sampled by equilibrium simulations with the substrate

hTRF1 bound to the closed conformation of Hsp70 for 2 � 108 MD steps.

The simulations were conducted at 300 K so that the secondary structure

elements remained well formed, whereas the long-range contacts were dis-

rupted because of the strong binding of the Hsp70 chaperone. Therefore, the

two unfolded ensembles have different secondary structure contents.
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Folding simulations starting from these two different unfolded ensembles

can be used to investigate the effect of the initial unfolded structures on

the folding kinetics.

In this work, we performed three different kinds of folding simula-

tions, including 1) T-unfolded simulations, 2) Hsp70-unfolded simula-

tions, and 3) Hsp70-mediated simulations. In the T-unfolded

simulations, the folding starts from the thermally unfolded ensemble

and proceeds spontaneously without the involvement of Hsp70 chap-

erone, whereas in the Hsp70-unfolded simulations, the folding starts

from the unfolded ensemble prepared by Hsp70 action and proceeds

spontaneously without the involvement of Hsp70 chaperone. In the

Hsp70-mediated simulations, the folding starts from the unfolded

ensemble prepared by Hsp70 action. Then Hsp70 switches to the open

conformation, and the folding proceeds with the presence of the

Hsp70 chaperone.
Data analysis and reaction coordinates

To characterize the Hsp70-mediated folding of hTRF1, we introduced the

reaction coordinates Q, Q12, Q13, N23, and Nmis. The reaction coordinate

Q describes the fraction of the formed native contacts in a given structure,

which is defined by

Q ¼ 1

Nnat

X
ij

1

1þ exp
�� b

�
l� rij



r0ij
��; (5)

where Nnat is the number of native contacts in the native structure of hTRF1.

The sum index runs over all the residue pairs forming the native contacts. rij
and r0ij are the distances of the residue pair in a given snapshot and in the

native structure, respectively. b and l are two parameters with the values

of 10.0 and 1.2, respectively. Similarly, Q12 and Q13 describe the fractions

of the formed native contacts between H1 and H2 and between H1 and H3,

respectively. N23 is the total number of formed contacts between H2 and H3

in a given structure, which is calculated as N23 ¼ P
i˛H2;j˛H31/[1 þ

exp(�b(l � rij/r
0))], with r0 ¼ 6.5 Å. Therefore, N23 not only includes

the formed native contacts between H2 and H3 but also includes all the

other residue pairs spatially close between H2 and H3 in a given structure.

The Nmis is the number of formed contacts for the residue pairs with non-

native contacting interactions given in Eq. 2. The two-dimensional free en-

ergy profiles were calculated by F(RC1, RC2) ¼ �lnP(RC1, RC2), with the

RC1 and RC2 being two reaction coordinates.

To characterize the folding pathways of the substrate hTRF1, we defined

five conformational states, including the unfolded state (U), native state (N),

misfolded intermediate (I23), and two on-pathway intermediates (I12 and

I13). These states were defined by the conditions (Q12 < 0.3, Q13 < 0.3,

and Nmis ¼ 0); (Q R 0.9); (Nmis R 1); (Q12 R 0.8, Q13 < 0.3, Q < 0.9,

and Nmis ¼0); and (Q12 < 0.3, Q13 R 0.8, Q < 0.9, and Nmis ¼ 0), respec-

tively. The folding pathway was then represented by a sequence of the

above states in a trajectory, with the loops being removed. The transition

state ensemble was constructed by the structures in the transition path of

the substrate folding events with 0.6 % Q % 0.8. The molecular structures

were visualized by the software VMD and PyMol (54,55). Q, Nmis, and the

misfolded intermediate were defined similarly for the substrates SH3 and

RNase H. The mean first passage time (MFPT) of the substrate folding

was calculated based on the folding trajectories by a maximal likelihood

estimation.
RESULTS

Spontaneous folding and kinetic trap

To characterize the conformations accessible by hTRF1
with a rugged energy landscape, we conducted molecular
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FIGURE 2 Kinetic trap and folding pathways in the spontaneous substrate folding. (A and B) Two-dimensional free energy profiles of hTRF1 along the

reaction coordinates (Q12, N23) (A) and (Q13, N23) (B). The native state (‘‘N’’) and misfolded state (‘‘I23’’) were labeled. (C and D) Probabilities of the contact

formation for the sampled conformations in the native state (C) and misfolded state (D). The results for residue pairs not forming native contacts are also

shown when the probabilities exceed 0.1. For reference, all the native contacts are shown by the black squares in the lower-right part. (E and F) Representative

structures of hTRF1 in the native (E) and misfolded (F) states. The green spheres represent the residues with non-native contacting interactions. (G) Cartoon

schematic of the smooth pathway (red) and frustrated pathway (green) for hTRF1 folding. Note that the transition from the state I23 to the state N may involve

other states, which are omitted in the scheme for clarity. To see this figure in color, go online.
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simulations for the isolated substrate hTRF1 (without the
Hsp70 chaperone) at 300 K. The two-dimensional free en-
ergy profiles based on 20 independent simulations with
the length of 5 � 108 MD steps show two major free energy
basins (Fig. 2, A and B), which were labeled as ‘‘I23’’ and
‘‘N,’’ respectively. To more clearly illustrate the structure
features of the two major conformational states, we calcu-
lated the contact probability maps based on the sampled
structures (Fig. 2, C and D). For the conformations locating
at the basin ‘‘N,’’ the native contacts between the helices H1
and H2 and between the helices H1 and H3 are largely
formed, whereas the contacts between H2 and H3 are mostly
lacking (Fig. 2 C), which corresponds to the native-like state
(Fig. 2 E). In comparison, for the conformations locating at
the basin ‘‘I23,’’ a number of non-native contacts between
H2 and H3 are formed, whereas the native contacts are dis-
rupted to a large extent. Therefore, the state ‘‘I23’’ corre-
sponds to a kinetically trapped misfolded state that
features the formation of non-native contacts (Fig. 2 F).

Because of the presence of the kinetic trap, the folding of
the substrate protein can follow two major pathways, i.e., a
smooth pathway and a frustrated pathway (Materials and
methods). In the smooth pathway, the substrate protein folds
to the native structure via the on-pathway intermediate I12 or
I13 without involving the misfolded state (Fig. 2 G, red ar-
row lines). In the frustrated pathway, the folding involves
the misfolded state I23 (Fig. 2 G, green arrow lines). The
representative folding trajectories following the above two
folding pathways were also plotted in the two-dimensional
free energy profiles. For the frustrated pathway (blue), start-
ing from the unfolded initial structure (U), the folding of the
substrate protein was trapped into a misfolded state for a
long time before it folds to the native structure, which there-
fore tends to slow down the folding kinetics. Such a frus-
trated folding model will be used to investigate the role of
the Hsp70 chaperone on substrate folding in the subsequent
discussions.
Protein folding mediated by Hsp70 chaperone

Next, we performed molecular simulations of hTRF1
folding along the rugged energy landscape with the presence
of the Hsp70 chaperone. The operational cycle of Hsp70 in-
volves substrate binding and unbinding, nucleotide ex-
change and ATP hydrolysis, and conformational changes,
which are regulated by the binding of other co-chaperones
such as Hsp40 and nucleotide exchange factors, and the
related timescale of the cycle can be as long as seconds.
Therefore, directly simulating the whole cycle is extremely
difficult even with a coarse-grained model. Here, the allo-
steric cycle of Hsp70 was modeled by switching the energy
functions from the ADP state to the ATP state, which trig-
gers the closed-to open conformational change of Hsp70
(Table S4). Firstly, the substrate with extended form was
put into the binding pocket of Hsp70. After that, a long equi-
librium simulation of 2 � 108 MD steps was performed to
sample the Hsp70-bound ensemble at closed conformation
(Fig. 3 A, left). Such unfolded structures prepared by
Biophysical Journal 120, 1971–1983, May 18, 2021 1975
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FIGURE 3 Hsp70-mediated folding of the

hTRF1. (A) Cartoon representation of the chap-

erone-substrate system at three representative time

snapshots during Hsp70-mediated folding. (B and

C) Populations of the folding pathways without (B)

and with (C) the presence of the Hsp70 chaperone

calculated with εnnat of 2.6 kcal/mol. The line

breadth represents the probabilities of the pathways.

(D and E) Mean first passage time (MFPT) (D) and

probabilities of the frustrated pathway (E) with (or-

ange) and without (blue) Hsp70 for the simulations

with different frustration extents. The standard er-

rors are shown by shaded areas. To see this figure

in color, go online.
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Hsp70 actions constitute the unfolded ensemble and will be
used as the initial structures for subsequent folding simula-
tions. Then, Hsp70 was switched to the open conformation,
and the substrate protein started to fold (Fig. 3 A, middle).
Interestingly, in our simulations, the substrate protein can
stay bound to Hsp70 for a long time; therefore, the folding
occurs with the substrate continuously interacting with the
chaperone. Once the substrate folded to the near-native
structure (Q > 0.8), the Hsp70 chaperone was removed
(Fig. 3 A, right).

To characterize the effect of Hsp70 on the folding ki-
netics, we performed 120 independent folding simulations
with and without the presence of the Hsp70 chaperone at
300 K. The folding simulations without Hsp70 were initi-
ated from the starting structures prepared by thermal dena-
turation. Therefore, the whole folding process, including the
initial unfolded structure and the subsequent folding proced-
ure, is not affected by the Hsp70 chaperone, whereas the
folding with the Hsp70 chaperone was initiated from the
starting structures prepared by the unfolding actions of
Hsp70 described above. The difference between the results
1976 Biophysical Journal 120, 1971–1983, May 18, 2021
from the above two simulations can be used to represent the
effect of Hsp70 on the substrate folding. Without the pres-
ence of Hsp70 (Hsp70-free), there are large fractions of
folding pathways going through the misfolded state I23
(�50%, Fig. 3 B). In comparison, with the presence of the
Hsp70 chaperone, the folding dominantly follows the
smooth pathway, and the population of the frustrated
pathway is minor (�6%, Fig. 3 C). Correspondingly, the
MFPT of the folding was reduced by threefold. The above
results clearly suggest that the Hsp70 chaperone with an
open conformation is able to alter the folding pathways
such that the frustrated pathway is much reduced, which
leads to the acceleration of the overall folding kinetics.

In the above discussions, the default value for the strength
of the non-native contacting interactions (εnnat ¼ 2.6 kcal/
mol) was used (Materials and methods). This parameter con-
trols the frustration extent of the folding landscape. Because
different substrate proteins may involve different extents of
folding frustration, it is interesting to investigate how the ef-
fect of the Hsp70 chaperone depends on the frustration
extent. We therefore performed similar simulations with a



Mechanism of Hsp70-accelerated folding
wide range of εnnat-values. As expected, for the Hsp70-free
simulations, the folding time increases drastically with an in-
crease of frustration (Fig. 3 D, blue). For example, with the
εnnat-value of 2.4 kcal/mol, the MFPT is 0.095 � 107 MD
steps.When the εnnat increases to 3.4 kcal/mol, theMFPT be-
comes 15.6 � 107 MD steps, which amounts to a 164-fold
increment in the folding time. In comparison, the MFPT
only increases slightly for the Hsp70-chaperone-mediated
folding (Fig. 3 D, orange). As a consequence, the effect of
the Hsp70 chaperone becomes much more significant for
foldingwith larger frustrations. The population of the folding
pathways are not changed by the values of the εnnat (Fig. 3E).
Therefore, the increase of the MFPT in the Hsp70-free simu-
lations mainly arises from the elongated time for escaping
from the misfolded state.

The above results demonstrated that the effect of Hsp70 in
the substrate folding becomes more significant when the
extent of frustration increases. In the above discussions, we
introduced the non-native interactions for nine pairs of resi-
dues (Table S2), by which a value of εnnat larger than
2.6 kcal/mol is needed to produce sufficient frustration, so
that the effect of Hsp70 can be observed (Fig. 3 D). We
also performed simulations with 25 (2) residue pairs being
involved in the non-native contacting interactions, and the
threshold value of εnnat becomes much smaller (larger)
(Figs. S1 and S2). Themain results are insensitive to the setup
of the non-native contacting interactions (therefore, the εnnat-
values). For the hydrophobic interactions betweenHsp70 and
substrates, we used the parameter cHP to control the interac-
tion strengths. In this work, a default value of cHP ¼ 5.0 was
used. The resulting average strength per contact is�1.0 kcal/
mol. We also performed simulations with different values of
cHP, and the main results are similar (Figs. S3 and S4).

It is interesting to investigate the molecular events occur-
ring during the conformational switching. Starting from the
closed conformation with the substrate bound, we collected
the transition path trajectories from 120 independent simu-
lations, which are terminated once they arrive at the open
conformation for the first time. The results showed that dur-
ing the closed-to-open conformational switching, the intra-
molecule contacts of the substrate do not change
(Fig. S5), which suggests that the opening of the Hsp70
conformation cannot perform conformational work to the
substrate, consist with the observation in a previous NMR
measurement (33). As expected, the opening of Hsp70 is
accompanied by the decreasing of the chaperone-substrate
contacts and the widening of the substrate binding groove
(Fig. S5), which leads to increased freedom for the substrate
to sample the structures with more native contacts.
Hsp70 chaperone facilitates substrate folding by
remodeling the energy landscape

In the above discussions, the Hsp70-free simulations were
initiated from the unfolded structures prepared by thermal
unfolding. To better understand the role of Hsp70 in sub-
strate folding, we also performed Hsp70-free simulations
with the unfolded structures prepared by Hsp70 actions
(see Materials and methods for the preparation of unfolded
ensembles). Although the three helices are better folded in
the unfolded ensemble prepared by Hsp70 actions (Fig. 4
A) compared with that from thermal unfolding (Fig. 4 B),
both ensembles are lacking long-range contacts, and the
non-native contacting interactions were fully eliminated.
The results showed that the folding time and populations
of the Hsp70-free folding pathways starting from these
two unfolded ensembles are comparable. Such results may
suggest that modulation of long-range tertiary interactions
of the unfolded structures plays a crucial role in modifying
the folding kinetics by Hsp70, which is consistent with the
experimental data shown in (25).

As discussed above, the substrate protein hTRF1 remains
bound to Hsp70 until it folds to the near-native structure
(QR 0.8) in the Hsp70-mediated folding. Therefore, the ef-
fect of Hsp70 on the substrate folding can be attributed to the
direct chaperone-substrate interactions. The two-dimen-
sional free energy profiles constructed based on the sampled
conformations with the substrate bound to the closed (Fig. 4,
E and F) and open (Fig. 4, G and H) states of Hsp70 are
dramatically distinct from that of the free substrate (Fig. 2
A). Particularly, at the open conformation (Fig. 4, G and
H), the conformations corresponding to the misfolded state
can hardly be sampled because of the direct interactions be-
tween the chaperone and substrate. Such results demon-
strated that direct chaperone-substrate interactions tend to
remodel the substrate energy landscape even after the
closed-to-open conformational change of the Hsp70 chap-
erone, which then leads to biased folding pathways. To
further test this mechanism, we then conducted folding sim-
ulations with the substrate continuously bound to Hsp70 at
the early stage of the folding. All these folding simulations
start from the same unfolded structural ensemble prepared
by an Hsp70 action. As control, ‘‘Hsp70-unfolded’’ (the sec-
ond low in Fig. 4, C and D) represents the simulations for
which the folding starts from the same unfolded structural
ensemble but without direct Hsp70-substrate interactions at
the open state. When theQ-value exceeds a certain threshold
Qth, the substrate releases from the chaperone. Larger values
ofQth mean that the substrate remains bound to the open state
of the chaperone for longer time. In Fig. 4,C andD, we show
the results of the simulations with Qth ¼ 0.4, 0.6, and 0.8 at
different εnnat and compared to the result without direct
Hsp70-substrate interactions during the folding process
(Hsp70-unfolded). One can see that with the increase of
Qth, the folding of the substrate gets faster and the population
of the frustrated pathway becomes smaller at a wide range of
the frustration extents. The effect ofQth on the folding time is
more significant for the simulations with larger frustrations.
These results clearly demonstrated that the Hsp70 chaperone
not only modifies the structural ensemble of the unfolded
Biophysical Journal 120, 1971–1983, May 18, 2021 1977
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FIGURE 4 Role of Hsp70 in the substrate protein

folding. (A and B) Unfolded conformations prepared

by Hsp70 actions (A) and thermal unfolding (B). 20

structures are shown, with the residue segment 28–

32 being aligned. (C and D) MFPT of substrate

folding (C) and populations of the frustrated folding

pathway (D) calculated based on different simula-

tion strategies and frustration extents. T-unfolded:

spontaneous folding starting from the initial struc-

tures prepared by thermal denaturation; Hsp70-

unfolded: spontaneous folding starting from the

initial structures prepared by unfolding action of

Hsp70; Qth ¼ 0.4, 0.6, and 0.8: Hsp70-mediated

folding with the chaperone being removed when

the Q score exceeds 0.4, 0.6, and 0.8, respectively.

(E–H) Two-dimensional free energy profiles of the

substrate hTRF1 bound at the closed (E and F) and

open (G and H) conformations of the Hsp70 chap-

erone. To see this figure in color, go online.

Lu et al.
state when bound at the closed conformation of Hsp70 but
also can be involved in the whole folding procedure even af-
ter the closed-to-open conformational switching. It alters the
folding pathways and accelerate the folding eventsmainly by
direct chaperone-substrate interactions during folding,
which implies a foldase scenario of Hsp70-mediated folding.
In addition, the substrate protein can access a much larger
range of the conformational space when bound at the open
conformation ofHsp70 compared to that at the closed confor-
mation (Fig. 4, E–H).

To investigate whether the above-discussed role of Hsp70
on the substrate folding also applies to other substrate
1978 Biophysical Journal 120, 1971–1983, May 18, 2021
proteins, we conducted similar simulations for another
two proteins, i.e., SH3 and RNase H, which are two sub-
strate proteins of Hsp70 and have been studied in previous
experimental works (34,35). Different from the all-a protein
hTFR1 discussed above, these two proteins have the all-b
and a þ b structural classes, respectively. Similar to the re-
sults for hTRF1, one can see that with the increase of Qth,
the folding of the substrate gets faster if the introduced frus-
tration is significant (Fig. 5, A and C). In addition, the pop-
ulation of the frustrated pathway becomes smaller with the
increase of Qth (Fig. 5, B and D). Such results suggest that
directing the folding process of the substrate by direct
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FIGURE 5 Folding kinetics for the substrate pro-

teins SH3 and RNase H. (A and B) MFPT (A) and

populations of the frustrated folding pathway (B)

calculated based on different simulation strategies

and frustration extents for the substrate protein

SH3. (C and D) MFPT (C) and populations of the

frustrated folding pathway (D) calculated based on

different simulation strategies and frustration extents

for the substrate protein RNase H. The folding

pathway was considered as frustrated if the folding

occured via the misfolded intermediate state. To

see this figure in color, go online.

Mechanism of Hsp70-accelerated folding
Hsp70-substrate interaction may be a generic working
mechanism for the Hsp70 chaperone.
Modulation of transition state ensemble

The above results showed that involvement of Hsp70 mod-
ifies the folding kinetics by eliminating the frustrated path-
ways. In fact, because of the energy landscape remodeling,
the relative populations of the two smooth subpathways via
the intermediates I12 and I13, respectively, were also altered
by Hsp70 binding. As illustrated by the structural features of
the transition state ensembles (Materials and methods),
without the presence of Hsp70, the native contacts of the
H1-H2 interface are formed to a large extent (Fig. 6),
whereas those of the H1-H3 interface are mostly absent.
In comparison, for Hsp70-mediated folding, formation of
the H1-H2 contacts becomes less probable, and the H1-H3
contacts can form to some extent. Such results suggest
that binding of Hsp70 not only modifies the relative popula-
tions of the smooth and frustrated folding pathways but also
leads to kinetic repartitioning between the two smooth sub-
pathways. Similar results can also be observed by analyzing
the contact maps of the transition state ensembles (see
Fig. S6) and the folding orders of different parts of the
hTRF1 (see Fig. S7).
DISCUSSION

The molecular mechanisms of Hsp70-mediated protein
folding have been the focus of recent efforts in protein
folding studies. Although the canonical holdase and unfol-
dase mechanisms have been well characterized for Hsp70
(24,56), whether it can also function as a foldase to directly
assist the substrate folding is still in dispute (23,24,57,58),
as it is challenging in experiment to precisely characterize
the folding kinetics with the presence of direct chaperone-
substrate interactions.

The molecular simulations conducted in this work clearly
demonstrated the foldasemechanismof theHsp70 functional
action (Fig. 7). We showed that after Hsp70 converts to the
open conformation during its functional cycle, the substrate
hTRF1 is not immediately released from the chaperone.
Instead, the substrate starts to fold when it remains bound
with the chaperone. Because the hydrophobic residues of
the substrate protein (i.e., Ile29, Leu30, and Leu31 of the
hTRF1), which are prone to form non-native contacts, are
protected by Hsp70 binding, the tertiary interactions of the
substrate favor correct folding and are less inclined to mis-
folded structures. Therefore, the interactions arising from
chaperone binding are able to remodel the intrinsic energy
landscape of the substrate folding, leading to alteration of
the folding pathways. Without the assistance of the Hsp70
chaperone, more than half of the folding events go through
the frustrated pathway, which features an encounter with
the misfolded state. In comparison, the majority of the
folding events follow the smooth pathway when the chap-
erone is involved in the folding process. It is worth noting
that altering the folding pathways by direct Hsp70-substrate
interactions during the folding process does not cost free en-
ergy from ATP hydrolysis. However, because the Hsp70-
mediated substrate folding is one part of the whole Hsp70
operational cycle, the ATP hydrolysis free energy is needed
to drive the Hsp70 cycle, which makes the folding step occur
repeatedly. According to previous studies (20,43,50,51), the
Biophysical Journal 120, 1971–1983, May 18, 2021 1979
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hydrolysis of ATP triggers the open-to-closed conforma-
tional change of the substrate binding domain, which is one
of the key steps of the Hsp70 operational cycle.

Interestingly, in a recent experimental work (25), Sekhar
et al. measured the structural features of the substrate
hTRF1 with NMR at the free form and bound at the closed
state of the Hsp70 by using the 1H-based chemical exchange
saturation transfer (1H CEST), with which the otherwise
invisible state can be measured. They showed that the bind-
ing of Hsp70 in the ADP state (closed conformation) can
significantly reduce the residual long-range (potentially
nonnative) interactions that are encountered in the free
form of the substrate at water solvent. The structural feature
of the Hsp70-bound substrate is similar to that of 4 M urea
denatured substrate concerning the residual long-range in-
teractions. Based on these observations, the authors pro-
posed that Hsp70 can modify the folding pathways of
substrate proteins by removing the long-range interactions.
The elimination of the non-native contacts due to the bind-
ing of Hsp70 observed in the current MD simulations is
consistent with the above experimental results. Here, the
MD simulations showed that the Hsp70-substrate interac-
tions continuously play a role in the whole folding process
even after the closed-to-open conformational change of
Hsp70, therefore demonstrating a foldase mechanism.

The crucial role of the direct chaperone-substrate interac-
tions during substrate folding was also demonstrated by the
molecular simulations of hTRF1 folding starting from the
unfolded structures prepared by Hsp70 action (rich in sec-
ondary structures), but with the chaperone being removed
during folding. The resulted folding kinetics is similar to
that of the spontaneous folding starting from the thermally
denatured structures (lacking in secondary structures),
which suggests that continuously modulating the long-
ranged tertiary interactions during folding are more crucial
than altering the secondary structure contents of the initial
unfolded structures for the Hsp70-chaperone-mediated sub-
strate folding, once the long-range non-native contacts in the
initial unfolded structures were eliminated.
1980 Biophysical Journal 120, 1971–1983, May 18, 2021
The above-discussed energy landscape remodeling
mechanism of Hsp70-mediated protein folding, as shown
by the involvement of direct chaperone-substrate interac-
tions during folding, can be supported by a number of pre-
vious experimental observations (59–61). For example,
based on electron paramagnetic resonance spectroscopy
measurement, Schlecht and co-workers showed that the
substrate proteins bound with the Hsp70 chaperone can
adopt a wide spectrum of conformations, including not
only the conformations with extended structures but also
the conformations with substantial tertiary structures (59),
which implies the feasibility of substrate folding while it re-
mains bound with the chaperone. A single-molecule exper-
iment by Mashaghi et al. also revealed the conformational
plasticity of the substrate binding site and its ability to
accommodate near-native substrate structures (60). In addi-
tion, recent experimental studies showed that the Hsp70
chaperones bound to the substrate protein release in an
asynchronous mechanism (61), which suggests that some
chaperones may stay bound with the substrate at different
stages of the folding and therefore may modulate the en-
ergy landscape and folding pathways. The direct chap-
erone-substrate interactions during substrate folding have
also been suggested for other ATP dependent and indepen-
dent chaperones (62–65). Therefore, remodeling the
intrinsic energy landscape of the substrate proteins by
continuous chaperone-substrate interactions during folding
can be a common mechanism adopted by various of chap-
erones. It is worth noting that the energy landscape remod-
eling mechanism discussed in this work, which is in
correspondence to the foldase scenario, is not exclusive
of the canonical holdase and unfoldase scenarios. On the
contrary, they represent different aspects for the functions
of the chaperones in assisting the folding of substrate pro-
teins. For example, Hsp70 binding may lead to unfolding of
a misfolded substrate (i.e., acting as an unfoldase), from
which subsequent folding can occur. Although directly
simulating such unfoldase action is beyond the capability
of this model because of the involvement of co-chaperone
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binding and ATP hydrolysis, such an unfoldase mechanism
can be indirectly demonstrated by comparing the conforma-
tional distributions of the substrate proteins bound in the
closed state of Hsp70 and those of the isolated substrate
proteins. The results showed that compared to the isolated
substrate, which samples both folded conformations and
misfolded conformations (Fig. 2, A and B; Fig. S8), the sub-
strate bound in the closed state of Hsp70 dominantly adopts
the fully unfolded conformations lacking misfolded struc-
tural features (Fig. 4, E and F; Fig. S8). Such differences
may suggest that Hsp70 has the ability to unfold the mis-
folded protein, supporting the unfoldase mechanism. How-
ever, this kind of simulation cannot unambiguously
discriminate whether the Hsp70-induced substrate unfold-
ing occurs by a power-stroke mechanism or other
mechanisms.

In this work, the release of the substrate from the Hsp70
chaperone was not explicitly modeled. Instead, the Hsp70
chaperone was removed once the substrate folds to a near-
native structure. Although it is still in debate whether the
substrate release follows an active mechanism or passive
mechanism (66), the interaction strength between the sub-
strate protein and the Hsp70 chaperone can affect the life-
time of the bound state. Based on the above discussions,
the interaction strength cannot be too weak. Otherwise,
the substrate cannot remain bound with the chaperone dur-
ing folding. On the other hand, overstabilization of the
bound state may slow down the substrate release (64), which
in turn hinders the functional cycle of the chaperones. In
future studies, it will be interesting to explicitly simulate
the substrate release step and investigate how the binding
affinity between the chaperone and the substrate protein
can affect the efficiency of the chaperone actions.
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