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Protein folding in crowding cellular environment often relies on the assistance of various chaperones. Hsp70 is one
of the most ubiquitous chaperones in cells. Previous studies showed that the chaperone—client interactions at the open state
tend to remodel the protein folding energy landscape and direct the protein folding as a foldase. In this work, we further
investigate how the chaperone—client interaction strength modulates the foldase function of Hsp70 by using molecular
simulations. The results showed that the time of substrate folding (including the whole folding step and substrate release
step) has a non-monotonic dependence on the interaction strength. With the increasing of the chaperone—client interaction
strength, the folding time decreases first, and then increases. More detailed analysis showed that when the chaperone—
client interaction is too strong, even small number of chaperones—client contacts can maintain the substrate bound with the
chaperone. The sampling of the transient chaperones—client complex with sparse inter-molecule contacts makes the client
protein have chance to access the misfolded state even it is bound with chaperone. The current results suggest that the
interaction strength is an important factor controlling the Hsp70 chaperoning function.

Keywords: protein folding, molecular chaperone, molecular dynamics, Hsp70

PACS: 87.10.Tf, 87.14.E—, 87.15.Cc, 87.15.hm

1. Introduction

Correct folding is a prerequisite for most proteins in or-
der to perform their biological functions.!!! Although natural
foldable proteins have well evolved to shape up a funneled en-
ergy landscape, > functional requirements,!*~'%! and crowd-
ing environment!!! often impose additional frustration to the
landscape. Consequently, protein folding in cellular environ-
ment may encounter the risk of misfolding and irreversible
aggregation, which can be closely relevant to a number of
severe diseases, such as Alzheimer’s disease, Parkinson dis-
ease, type-II diabetes, etc.'?) Cells utilize various chaperones
to protect proteins from misfolding.!'?!

Hsp70 is one of the most widely investigated molecu-
lar chaperones and it is ubiquitous in both prokaryote and

14151 1t consists of an N-terminal ATP binding

eukaryote. !
domain (NBD) and a C-terminal substrate binding domain
(SBD). The ATP binding and hydrolysis drive the confor-
mational cycle of the Hsp70 SBD between a closed confor-
mation (Fig. 1(b)) and an open conformation (Fig. 1(c)).!!6]
The closed conformation has a higher affinity with substrate
(client) protein, whereas the open conformation has a lower

16.17] The substrate protein can bind to

affinity to substrate.!
and release from the open conformation of the Hsp70 SBD
. Through such Hsp70—client interactions during the confor-
mational cycle of the Hsp70, the Hsp70 chaperone can either

protect unfolded conformations from aggregation by acting as

fCorresponding author. E-mail: xuxl@yzu.edu.cn
© 2023 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/acea6f

a holdase, or actively convert the misfolded substrate protein
to unfolded conformations by acting as a unfoldase.!!3-2%! Re-
cent computational studies by Lu and coworkers revealed that
the interactions between substrate and Hsp70 at open confor-
mation are essential for protein folding, and the Hsp70 tends
to accelerate protein folding by remodeling its folding energy
landscape, which therefore suggests a foldase mechanism. [>!]
However, how the interaction strength between Hsp70 and the
substrate protein affects protein folding was not well studied,
which is crucial for understanding the sequence-function rela-

tion of proteins and therefore for protein design.

L

Fig. 1. Structure of chaperone and substrate. (a) Cartoon representation of
the native structure of the substrate hTRF1. The native contact are formed
mainly between helices H1 and H2 and between helices H1 and H3. The
hydrophobic patch for binding the SBD of the Hsp70 is colored by bright
orange. Panels (b) and (c) are representative structures of the Hsp70 (SBD)-
substrate complex at the closed (b) and open states (c).
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In this work, we investigate the effect of chaperone—
client interaction strength on the Hsp70-mediated folding of
a model protein hTRF1 by using a structure-based coarse-
grained (CG) protein model within the framework of energy
landscape theory.[>#21] The chaperone binding site of this
protein was identified in previous work.!?>?3 In addition,
hTRF1 is marginally stable, and the chaperone binding site
with hydrophobic residues can be exposed in the transiently
unfolded conformation, which makes it have the potential of
misfolding under crowding environment. This protein has also
been used as the model system to investigate the chaperone-
mediated protein folding mechanism in previous experimental
work.[?>241 We showed that the folding rate of hTRF1 has a
non-monotonic dependence on the interaction strength. There
is an optimal chaperone—client interactions strength at which
the chaperone has the highest efficiency of assisting the sub-
strate protein folding. The current results demonstrate the im-
portance of the chaperone—client interaction strength in under-
standing the chaperoning function of Hsp70.

2. Methods
2.1. Coarse-grained protein model

Molecular dynamics simulations have been widely used
in the studies of protein folding, protein aggregation, and other

25271 For large systems involving the time

complex processes. !
scale longer then microsecond, coarse-grained models are of-
ten useful due to its high sampling efficiency.[?®=l In this
work, we used a coarse-grained model to describe the fold-
ing of substrate protein and the conformational changes of
the molecular chaperone. In the coarse-grained model, each
spherical bead represents a residue and it locates at the ¢ po-

sition. The energy function of CG model is given by

V(RIRo) = Vo (R|Ro) + Vie? (R) + Vsp (R|Ro)
+ VKH<R) + Vex(R) + Vele(R)» (1)

where R collectively represents the coordinates of coarse-
grained beads in a given structure and Ry represents the co-
ordinates of the reference native structure. For the substrate
protein hTRF1, the reference native structure coordinates Ry
were obtained from Protein Data Bank with the entry number

1BA5.1321 Vi (R|Ry) represents the potential energy function
|

for a virtual bond. VIEE(R) is a generic flexible local potential
extracted based on statistical survey of coiled segments of the
structures in Protein Data Bank.[>33*! Vg (R|Ry) corresponds
to the structure-based potential shaping up a funnelled energy
landscape.[3’4’35’361 We used the AICG2+ model, which is a
structure-based energy function optimized by using a multi-
scale strategy to describe the funnelled energy landscape of
protein folding.!783%37-38] Vi (R) is introduced to describe
the interactions of the residue pairs that do not form direct
contacts in the native structure and is a knowledge-based non-
specific statistical potential.3°! V., (R) describes the excluded
volume effect of the non-native residue pairs. 33! The last term
describes the electrostatic interactions between the charged
residue pairs, which is given by the Debye—Hiickel theory. ]

On the top of the AICG2+ energy function with mini-
mal frustration, we also introduced an additional term to con-
sider the ruggedness of the energy landscape following previ-
ous work, 211 which is essential for the reasonable description
of the misfolding of the substrate protein. As demonstrated by
the NMR structure of hTRF1 (shown in Fig. 1(a)), the native
contacts of the hTRF1 are formed mainly between « helix 1
(H1) and o helix 2 (H2), as well as between « helix 1 (H1)
and « helix 3 (H3). However, there are rare native contacts
between H2 and H3. Consequently, we introduced non-native
contacts between H2 and H3. The interactions of the non-
native contacts are described by the following Lennard—Jones

potential:

12 10
(o) (o)
Vnnat(rij) = &nnat [50 < > —6.0 < > ‘| y 2)
r,'j I’,'j

where r;; represents the distance between residues i and j,
o =5 A is the equilibrium distance, and non-native contacting
strength € = 3.4 kcal/mol characterizes the frustration extent
of the energy function.

Hsp70 conducts its chaperone function by switching the
conformation of SBD between its open and closed states,
which is governed by an allosteric mechanism coupled with
ATP binding and hydrolysis.[!®!7! Following previous work,
we constructed a double-basin energy function to describe the
intramolecular motions of Hsp70 SBD,?1411 which is given
by the following equation:

VAICGZ+ (R|ROATP) + VAICG2+ (R|R0ADP) + AVS

VHsp7O _
6 =

2

\/ {VAICGZJr (R|RATP) — VAICG2+ (R|RADP) — AV, ]

> +A2. 3)
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In the formula mentioned above, ‘s’ represents the ATP and
ADP states of Hsp70. The open and closed structures of
the Hsp70 are utilized to represent the reference coordinates
RA™ and R{PP, which were obtained from the Protein Data
Bank with entry numbers 4B9Q and 4EZW, respectively. 342!
The parameters AV and Ag regulate the relative stability and
barrier height between the two basins. By tuning these pa-
rameters, one can roughly reproduce the experimental ob-
servation that Hsp70 predominantly adopts a closed confor-
mation when binding with ADP and an open conformation
when binding with ATP.?1:43] By switching the double-basin
energy function from ADP state to ATP state, it is possi-
ble to reasonably simulate the conformational transition of
Hsp70 SBD from closed state to open state.!'6-1821] Similar
energy function with double-basin topography has been suc-
cessfully used in describing the ligand binding coupled fold-
ing and conformational motions of allosteric proteins, 2841441
the molecular mechanism of enzyme catalysis,>*# and fil-
ament assembly!”! in previous works. The energy function
describing the hydrophobic interaction between the chaperone

and substrate is given by 38431

Ves(R) = Cup Y lipSiip (R) + Y €exv(03/1ij). (4
i ij

The first term accounts for the hydrophobic interactions be-
tween the chaperone and substrate. It involves all residues in
the chaperone and in the binding site of the substrate protein.
The substrate residues contributing to the chaperone binding
are K28 to H32 in H2 of hTRF1.1*?] The parameter Cyp reg-
ulates the strength of hydrophobic interactions, enabling us
to explore the role of intermolecular interactions between the
chaperone and the substrate protein on chaperone-mediated
protein folding. The second term represents the excluded vol-
ume interactions. More details of energy function and param-

eters can be found in previous works. [21:48]

2.2. Molecular simulation and data analysis

The molecular simulations were performed using the soft-
ware CafeMol 3.0 with langevin thermostat at temperature of
300 K. 3] Prior to the folding simulations, we conducted equi-
librium simulations with the substrate prebound to the closed
state of Hsp70 for 2 x 108 MD steps to prepare the unfolded
ensemble of the substrate. Then we switched the double-basin
energy function of chaperone from ADP state to ATP state,
leading to the opening of the Hsp70 SBD. Subsequently, we
simulated the folding and release of substrate at the open con-
formation of the Hsp70 SBD.

Following previous work, we constructed the reaction co-
ordinates Q, Q12, Q13, Na3, and Ny, to characterize the sub-

strate folding.[?!! The reaction coordinate Q describes the frac-
tion of formed native contacts. Similarly, Q1 and Qi3 rep-
resent the fractions of the formed native contacts between
HI1 and H2, and between H1 and H3, respectively. Np3 is
calculated as the total number of possible contacts between
H2 and H3, and Ny is the number of non-native contacts
formed between H2 and H3. To describe the dissociation
process between hTRF1 and Hsp70, we have defined reac-
tion coordinates Nygp and Rsp. Nyp represents the number
of formed contacts between Hsp70 SBD and the H2 of the
substrate protein hTRFI.
tween the substrate binding pocket of Hsp70 SBD and the
hydrophobic binding site on H2 of hTRF1. The substrate
is considered to be released from the molecular chaperone

Rgsp represents the distance be-

if the inter-molecule interaction energy is equal to or larger
than 0. The two-dimensional free energy landscape is calcu-
lated by F(x1,xp) = —InP(x1,x;), where x; and xp are the
reaction coordinates and the P(xj,x;) is the probability dis-
tribution along x; and x,. Following previous work, we de-
fined five distinct conformational states, i.e., the native state
N (Q > 0.8)), the unfolded state U (Q2 < 0.3, Q13 < 0.3,
Nmis = 0), the misfolded state o3 (Npyis > 1), the on-pathway
intermediate state I3 (I13 : Q13 > 0.8, Q12 < 0.3, Npis = 0),
and the on-pathway intermediate state /1o (Q13 < 0.3,0Q12 >
0.8, Npis = 0), respectively.[*! The folding pathway is com-
posed of a series of the above defined states in the trajectory.
The structures of Hsp70 and hTRF1 are visualized by PyMOL
and VMD. [4950]

3. Results and discussion

Simulating the whole cycle of the chaperone-mediated
protein folding is computationally challenging by using
molecular dynamics. Therefore we focus on the SBD part
of the Hsp70. Starting from the closed state prebound with
the unfolded substrate hTRF1, we simulated the conforma-
tional switching of the SBD from the closed state to the
open state, which corresponds to the nucleotide exchange step
(Fig. 1(a)). We then calculated the folding time of the sub-
strate hTRF1 starting from the unfolded conformation bound
at the open state of SBD with different chaperone—client inter-
action strengths Cyp. Figures 2(b) and 2(c)) show the mean
first passage time (MFPT) of the substrate folding with two
different criteria in assigning the successfully folded state: (i)
the Q value (i.e., the fraction of formed native contacts) is
larger than 0.8 and the substrate protein is released from the
chaperone; (ii) the Q value is larger than 0.8 without consid-
ering whether the substrate is release or not. For comparisons,

we also calculated the MFPT for substrate release. One can

118701-3
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see that without considering the contribution of substrate re-
lease to the folding time, the MFPT of the substrate folding
decreases with the increasing of Cyp, which is consistent with
previous work.?!! In contrast, when considering the substrate
release step, the MFPT decreases first and then increases with
the further increasing of Cyp. Interestingly, the slowing down
of the protein folding at higher Cyp is not due to the waiting
time of the substrate release, because the time of substrate re-

lease is much shorter even when Cyp is high for the parameter

Closed

range studied in work, although the substrate release time in-
creases with Cyp. For example, at the Cyp of 3.9, the folding
time is 15.31 x 107 MD steps, whereas the substrate release
time is 1.07 x 10’ MD steps, which is 14 times shorter than the
folding time. It is worth noting that the folding time with the
criterion (i) cannot be directly calculated by the folding time
with the criterion (ii) and the substrate release time because

the whole folding process cannot be simply decomposed into

folding and release steps, particularly at high Cyp values.

Dissociated

251 —e— Folded and dissociated 1.0
Folded
2 201 —e— Substrate releasing z 0.8
2 g 5
y 7] =]
A 15 0.6 =
s g 10° §
S z =
2 10 ) 04
o
£ £ 107 02
=5 = “e— Folded and dissociated
‘_._4—_’2/ Folded ; 0
0 - > 10-2 —e— Substrate releasing ;
27 3.0 33 3.6 39 42 2.7 3.0 33 36 39 4.2 2.7 3.0 33 36 39 42
Cir HP Cir
'-------------------l
(e) [0y |
e |
@ ;
( Lo @ :
! I
ADP ATP Substrate 1 N = :
Opening releasing | &= U 1
// 1 !
! _' @ :
|
| 1
1y N |
|

Fig. 2. Hsp70 regulates the folding of the substrate protein hTRF1. (a) Representative snapshots at three different stages of the Hsp70-mediated hTRF1
folding. (b) The mean first passage time (MFPT) for the successful folding of the substrate, i.e., the substrate is well folded and released from the Hsp70
(blue), as a function of chaperone—substrate interaction strength Cgp. For comparison, we also plotted the MFPT of substrate folding without considering
the substrate release step (orange) and the MFPT for the substrate release (red). The standard errors are shown by shaded areas. Panel (c) is the same as
panel (b) but with the y axis being shown by logarithm scale. (d) Cartoon diagram showing the possible conformational states of hTRF1 right before the
substrate releasing step. (e) Probabilities of different conformational states of hTRF1 right before the substrate releasing step at different chaperone—substrate

interaction strength Cyp.

During the folding of the substrate protein, it can in-
volve five possible states, including the unfolded state (U),
correctly folded state (N), on-pathway intermediate /1, on-
pathway intermediate /13, and misfolded state 3. To under-
stand the molecular mechanism of slowing down for protein

folding when considering the substrate release, we calculated

the probability of the events in which the substrate is released
from each of the above five states (Fig. 2(e)), and the results
were shown in Fig. 2(d). At the Cyp value of 2.7, the sub-
strate tends to release at the unfolded state U or on-pathway
intermediate state I1. With the increasing of Cyp, the prob-

ability of events releasing from the correctly folded state (N)

118701-4
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increases and that from unfolded state decreases. For exam-
ple, at the Cyp of 3.3, the substrate tends to dissociate from
the correctly folded N state with the probability of around
0.5, whereas the probability of releasing event from the un-
folded state U becomes negligible. Such result suggests that
the substrate release step and the protein folding are well coor-
dinated at the above Cyp value. This is easy to be understood
because the hydrophobic patch of H2, which corresponds to
the chaperone binding site, tends to be buried in the interior of
the folded h'TRF1, which therefore weakens the chaperone—
client interactions and promotes the substrate release. With
the further increasing of the Cyp values, the substrate tends to
dissociate from the misfolded state 3. For example, at the
Cyp value of 4.2, the probability of substrate release from the
misfolded state I3 becomes 0.875, whereas that from the na-
tive state becomes 0.1. These results suggest that the slowing
down of correct folding with strong chaperone—client interac-
tions is resulted from the improved probability of reentering
into the misfolded state />3 before the substrate release step.

As shown in Figs. 2(b) and 2(c), increasing Cyp tends to
decrease the MFPT to access the folded state of the substrate
protein at the chaperone-bound state. The previous computa-
tional study revealed that the observed acceleration for access-
ing the native state is resulted from the destabilization of the
frustrated pathway (involving the misfolded state I>3) by the
chaperone—client interactions.!*!! Here, the increased proba-
bility of the misfolded state 3 sampled right before the sub-
strate release step with high Cyp may suggest that increasing
the chaperone—client interactions also have the tendency of in-
creasing the chance for the substrate protein to access the mis-
folded state I>3.

201 (a) 25{ (b
5 S 15
3 Z 1.0

0.5 ~ 0.5

0 0

27 3.0 33 3.6 39 42 2.7 30 33 3.6 39 42
C C,

HP HP

Fig. 3. Effect of Cyp on the accessibility of misfolded state. (a) Frequency
of transitions from all other states to the misfolded state />3 during the whole
stage before substrate release as a function of Cyp. Here the frequency of
transitions was calculated by the average times of the corresponding transi-
tions. (b) The ratio of transition times from all other states to the misfolded
state I3 relative to the total transition times between all the states during the
whole stage before the substrate release as a function of Cyp.

Figure 3 shows the frequency and relative ratio of tran-
sitions from all other states to the misfolded state />3. One
can see that before the substrate release step, increasing Cyp
favors the transition from other states to the misfolded state

3. Such result is somewhat counter-intuitive because it is

clear that chaperone—client interactions tends to protect the
substrate from being trapped in the misfolded state as shown
in previous work.?!!

To further understand why increasing the chaperone—
client interaction enhances the probability of accessing the
misfolding state, we calculated the two-dimensional free en-
ergy landscape projected onto the reaction coordinate Q13—Rsp
and N3—Rsp based on the snapshots sampled before substrate
release (Fig. 4). Here Q13 represents the fraction of formed na-
tive contacts between the H1 and H3. N,3 represents the num-
ber of contacts (mostly non-native contacts) formed between
the H2 and H3. Rgp represents the closest distance between
the Hsp70 and client protein. One can see that at relatively
weaker chaperone—client interaction strengths (e.g., Cyp = 3.0
and 3.3), the misfolded state I»3 is rarely sampled. The sub-
strate dominantly adopts the unfolded conformation and the
on pathway intermediates 11> /1;3. With the further increasing
of Cyp (e.g., Cgp = 3.6 and 4.2), the probability of misfolded
state I3 (the state with high N,3 value) increases. We also plot-
ted the average Rsp value (dash line in Fig. 4) calculated using
the snapshot right before the substrate release step for each of
the full folding events. One can see that with the increasing of
the chaperone—substrate interaction strength, substrate has the
chance to deviate from the chaperone by a relatively larger dis-
tance but still remains bound with the chaperone. The larger
Rsp value with high Cyp, although still with minor population,
may make the substrate have larger freedom to sample the mis-
folded state, as the hydrophobic patch is less protected by the
chaperone.

We also observed the similar results from the two-
dimensional free energy landscape projected onto the reac-
tion coordinates Q13—Nyp and No3—Nyp (Fig. 5). Here the re-
action coordinate Nyp represents the number of contacts be-
tween the Hsp70 and substrate. When the Cyp value is low,
a larger value of Nyp is needed to maintain the substrate be-
ing attached to the chaperone. However, with the increasing
of the Cyp, even small number of chaperone—client contacts
can maintain the substrate attached. These results suggest
that when the chaperone—client interaction strength is strong,
even small number of inter-molecule contacts can maintain the
substrate bound with the chaperone. Such sparsely contacted
chaperone—client complex with longer chaperone—client dis-
tance releases the restraint of the substrate conformation by
chaperone. The sampling of such transient chaperones—client
complex with sparse inter-molecule contacts makes the client
protein have chance to access the misfolded state even it is
still bound with chaperone (Fig. 3), which therefore tends to
increase the probability that the substrate releases from the

chaperone with the misfolded state as shown in Fig. 2(e).

118701-5
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Fig. 4. (a) Cartoon structure of Hsp70 SBD (pink) bound with substrate hTRF1 (blue) at open state. The green and yellow beads were used to calculated
the distance between the Hsp70 SBD and the substrate protein Rsp. The two-dimensional free energy profile along the reaction coordinates (Q13, Rsp)
(panels (b), (d), (f), and (h)) and (N»3, Rsp) (panels (c), (e), (g), and (i)) calculated by the snapshots sampled before the dissociation from Hsp70 with
different Cyp values. The reaction coordinate Rsp is defined by the distance between the bottom of the hydrophobic pocket of Hsp70 SBD (ILE438 and
VALA474, green bead) and the hydrophobic patch (K28 to H32, yellow bead) on the H2 of hTRF1. The dashed line represents the average value of Rsp
for the snapshots right before the substrate releasing step calculated from all the substrate folding events. The shading region along the dashed line is

the standard error calculated by bootstrap method.
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Fig. 5. (a) Cartoon structure of Hsp70 SBD (pink) bound with substrate hTRF1 (blue) at open state. The two-dimensional free energy profile along the reaction
coordinates (Q13, Nup) (panels (b), (d), (e), (f), and (h)) and (N»3, Nyp) (panels (c), (e), (g), and (i)) calculated by the snapshots sampled before the dissociation
from Hsp70 with different Cyp values. The reaction coordinate Nyp is defined by the total number of contacts formed between Hsp70 SBD and the H2 (W26 to
Y33) of hTRFI1. The dashed line represents the average Nyp for the snapshots right before the substrate releasing step calculated from all the substrate folding
events. The shaded area of dashed line is the standard error,calculated by bootstrap method.

4. Conclusion

Chaperones are ubiquitous in both prokaryotic and eu-
karyotic cells, and play crucial role in maintaining the struc-
tural stability and functions of proteins in vivo.!'3! The func-
tioning of chaperones involves multiple steps, such as the
chaperone conformational change, cochaperone binding, sub-
strate uptake and release, and ATP hydrolysis.?1-521 All these
steps need to be delicately coordinated in order to achieve
efficient and robust functions. Undoubtedly, the interaction
strengths between all these participants need to be well op-
timized. Previous investigation revealed that the interactions
between the chaperone and client protein at the open con-

formation may remodel the energy landscape and therefore

direct the folding pathways to avoid misfolding.”?! In this
work, we focused on the effect of the interaction strength
between substrate and client at the open conformation. We
found that there exists an optimal interaction strength between
chaperone—client, at which the protein folding and release are
well coordinated, and substrate tends to release from the chap-
erone at native state. When the interaction strength is low, in-
creasing the strength favors the correct folding pathways and
increases the folding rate (Fig. 6). In contrast, when the in-
teraction strength is high, increasing the strength slows down
the folding. Such results provide new insights into the factors
shaping up the high efficiency of the chaperone functioning,

which can be valuable for the protein design.
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Fig. 6. Cartoon diagram showing the effect of interaction strength Cyp between chaperone and substrate on protein folding. When Cyp is small, the substrate
tends to release before the folding and the substrate tends to be trapped at misfolded state and folding is slow. At the optimal Cyp, the substrate tends to
release from the chaperone at the folded state, and increasing Cyp speeds up substrate folding. At large Cyp, the substrate tends to release from the chaperone

at the misfolded state, and increasing Cyp slows down the substrate folding.
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