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Abstract

The heat shock protein 70 kDa (Hsp70) chaperone system serves as a critical

component of protein quality control across a wide range of prokaryotic and

eukaryotic organisms. Divergent evolution and specialization to particular organ-

elles have produced numerous Hsp70 variants which share similarities in structure

and general function, but differ substantially in regulatory aspects, including con-

formational dynamics and activity modulation by cochaperones. The human

Hsp70 variant BiP (also known as GRP78 or HSPA5) is of therapeutic interest in

the context of cancer, neurodegenerative diseases, and viral infection, including

for treatment of the pandemic virus SARS-CoV-2. Due to the complex conforma-

tional rearrangements and high sequential variance within the Hsp70 protein fam-

ily, it is in many cases poorly understood which amino acid mutations are

responsible for biochemical differences between protein variants. In this study,

we predicted residues associated with conformational regulation of human BiP

and Escherichia coli DnaK. Based on protein structure networks obtained from

molecular dynamics simulations, we analyzed the shared information between

interaction timelines to highlight residue positions with strong conformational

coupling to their environment. Our predictions, which focus on the binding pro-

cesses of the chaperone's substrate and cochaperones, indicate residues filling

potential signaling roles specific to either DnaK or BiP. By combining predictions

of individual residues into conformationally coupled chains connecting ligand

binding sites, we predict a BiP specific secondary signaling pathway associated

with substrate binding. Our study sheds light on mechanistic differences in signal-

ing and regulation between Hsp70 variants, which provide insights relevant to

therapeutic applications of these proteins.
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1 | INTRODUCTION

The heat shock protein 70 kDa (Hsp70) molecular chaperone is a class

of proteins found across a wide range of prokaryotic and eukaryotic

organisms, with no fewer than 13 isoforms in humans alone.1–3 Their

functional roles include protein (re-)folding, membrane translocation,

regulation of apoptosis, and disaggregation of denatured proteins in

cooperation with other chaperone systems.1–7 Being both ubiquitous

and critical to cell damage mitigation, they are also of therapeutic

interest for a variety of conditions such as cancer and neurodegenera-

tive disorders.2,3,7–12 The ATP-driven conformational cycle allows

Hsp70s to transiently bind exposed hydrophobic stretches of sub-

strate proteins and selectively modulate their folding process. Struc-

turally, a Hsp70 protein is divided into a number of distinct modular

domains: The nucleotide-binding domain (NBD) is an actin-like

ATPase with two rotatable lobes (NBD-I and NBD-II), connected to

the substrate binding domain (SBD) via a flexible linker region (NBD–

SBD linker). The SBD is further divided into a β-sandwich core form-

ing a cleft for binding of target peptides or proteins (SBDβ) and an

α-helical lid which can dynamically open and close over the binding

cleft (SBDα), followed by an unstructured C-terminal tail.2,6,7,11,13,14 In

the ATP-bound state of the conformational cycle, the NBD and SBDβ

are predominantly docked onto each other, with the SBDα lid in the

“open” conformation and stabilized by contacts with the NBD

(Figure 1). In this docked conformation, the NBD–SBD linker is nes-

tled in a cleft formed on the surface of NBD-II. Upon binding of a sub-

strate polypeptide in the SBDβ binding cleft, the NBD–SBD interface

partially undocks, allowing the NBD lobes to rotate into a position

activating ATP hydrolysis. This leads to complete undocking of the

NBD–SBD domains, freeing the NBD–SBD linker and stabilizing

Hsp70 in a conformation with two separate domains, the NBD bind-

ing ADP and the SBD binding the substrate. The cycle is finally

F IGURE 1 Structural organization and conformations of heat shock protein 70 kDa (Hsp70) chaperones. (A) Simplified representation of the
Hsp70 conformational cycle. (B) Protein structure network of DnaK-ATP bound to the NRLLLTG peptide. (C,D) Representative structures of
DnaK-ATP (C) and DnaK-ADP (D) extracted from molecular dynamics simulations with subdomain coloring. ATP/ADP nucleotides are shown in
brown. NBD, nucleotide-binding domain; SBD, substrate binding domain.
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completed by nucleotide exchange of ADP to ATP and subsequent re-

docking of the NBD and SBD domains.2,6,7,11,14–17 This complex

orchestration is achieved through multiple pathways transmitting con-

formational changes and fluctuations throughout the protein, with the

nucleotide and protein substrate ligands acting in concert to advance

the conformational cycle.2,6,7,11,13,14,16,18,19 In addition, co-chaperones

like J-domain proteins (JDPs) or nucleotide exchange factors (NEF)

accelerate these processes by forming transient complexes with

Hsp70 and modulating its functional and conformational

cycle.2,6,7,11,15,20–23

Of the diverse family of Hsp70 proteins, the Escherichia coli var-

iant DnaK is by far the most extensively studied. A comprehensive

series of biochemical experiments has investigated effects of point

mutations on protein activity,13 gradually assembling a model for

understanding the underlying allosteric mechanisms advancing the

conformational cycle. While Hsp70s from other organisms generally

share the same structural architecture, it has been noted that they

can differ substantially in substrate recognition, allosteric signaling,

and co-chaperone interactions.1,2,7,15,16,24–29 The human Hsp70 iso-

form binding immunoglobulin protein (BiP; also known as GRP78 or

HSPA5) is usually found in the endoplasmatic reticulum, where it

folds membrane and secretes proteins.30,31 However, under specific

conditions BiP or its isoforms can appear in certain cell types within

the cytosol, nucleus, mitochondria, and on the cell surface

(csBiP).32–34 Tumors and cells under stress show elevated levels of

csBiP compared to normal cells, which has prompted investigations

into applications for cancer detection and therapy.35–39 Moreover,

csBiP is implicated as a coreceptor promoting host cell entry for

several coronaviruses, including the pandemic virus SARS-CoV-

2,40–44 and has been suggested as a therapeutic factor for severe

COVID-19 cases.41,44 Elucidating the evolutionary differences dis-

tinguishing Hsp70 variants could deepen our understanding of this

important protein class and help to tailor drugs to the specific prop-

erties of the targeted protein. The sequence homology between BiP

and DnaK is below 50%, while several functional differences have

been reported between the two variants, such as propensity of

NBD–SBD docking, post-translational modifications or interactions

with cochaperones modulating allosteric signaling.7,16,24,31,45–47 It is

mostly unknown which mutations are responsible for the observed

functional and regulatory differences,48 which are difficult to pin-

point due to the large size of Hsp70s (>600 amino acids), high

sequential variance within the family and the complexity of the con-

formational cycle. In this work, we investigated residues associated

with conformational control in the Hsp70 proteins DnaK and BiP

using our recently developed difference node correlation factor

(DNCF) method, which is based on estimating the shared informa-

tion between interaction timelines obtained from molecular dynam-

ics (MD) simulations and evaluating how this shared information is

modulated by, for example, binding of a ligand.49 This method

implements a new variant within the class of graph-based allosteric

prediction frameworks, which have been applied with success to a

diverse range of proteins such as CFTR,50 GPCRs,51 myoglobins,51

Hsp90,52 and others.

Although there have been a number of studies reporting compu-

tational predictions of allostery in Hsp70s,53–60 there is limited infor-

mation on how evolutionary differences affect transferability of

allosteric models between DnaK and BiP. Our predictions comple-

ment the set of experimentally determined individual residues by pre-

dicting pathways of conformationally coupled residues, which we

presume to be involved in the initiation of conformational changes

and allostery following a ligand binding event. On this basis, we sug-

gest a number of residue positions which might explain the functional

differences between DnaK and BiP.

2 | MATERIALS AND METHODS

2.1 | Protein structures

Structures for full length DnaK-ATP (PDB-ID: 4B9Q), BiP-ATP (PDB-

ID: 5E84), and DnaK-ADP (PDB-ID: 2KHO; first model in file was

used) were acquired from the RCSB PDB web site. Protein models

were adjusted to reflect the sequences in Text S1 using IRECS61 to

mutate side chains in 4B9Q and MODELLER (v 9.18)62 to mutate and

add missing residues in 5E84, selecting the model with the best DOPE

score out of 100 candidates. Structures containing only the NBD were

derived from the full-length structures by cutting at the N-terminal

side of the NBD–SBD linker. For DnaK-NBD-ADP, the structure of

full-length DnaK-ADP was cut at the linker and ADP/Mg2+ was added

based on the 4B9Q structure. The structure for BiP–NBD–ADP was

created as a homology model using MOD based on a template of

yeast BiP (PDB-ID: 3QFU), using the same procedure as described

above. For all systems, ATP-to-ADP variants were obtained by cutting

the terminal ATP phosphate from the corresponding ATP-bound

structures. Ions present in crystal structures were removed with the

exception of magnesium located in the nucleotide binding pocket. The

NRLLLTG peptide was added to relevant systems based on the con-

formation found in the DnaK–peptide complex (PDB-ID: 1DKX). To

allow for easier comparison between systems, indices describing resi-

due positions were adjusted in all systems to reflect the DnaK

sequence (UniProt-ID: P0A6Y8), adding PDB residue insertion codes

as needed (see full sequence alignment in Text S2). Furthermore, a

complete mapping of the DnaK residue indices to the UniProt

sequence numbering of BiP (UniProt-ID: P11021) is provided in

Table S1. Protein regions were defined by the following residue index

ranges, based on DnaK: NBD-I from 1 to 177, NBD-II from 178 to

383, SBDβ from 384 to 506, and SBDα from 507 to 603.

2.2 | MD simulations

MD simulations were performed using the

Amber16-AmberTools16/17 software suite63 with the Amber14SB

force field,64 and TIP3P water65 using ATP/ADP parameters from

Meagher et al.66 The system was solvated in a cubic water box using a

minimum solute-face distance of 12 Å and neutralized with NaCl. For
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the nonbonded interactions a 12 Å direct space cutoff and particle

mesh Ewald (PME) summation for long-ranged electrostatic interac-

tions were applied. Energy minimization was performed until conver-

gence to 0.01 kcal mol�1 Å�1 was reached using the XMIN minimizer.

Afterwards, the volume of the solvent box was adjusted to a density

of 1.00 kg m3. Systems were gradually heated from 0 to 300 K over

1.5 ns using a variant of our published heatup protocol,67 restraining

all heavy atoms with a force constant of 3.00 kcal mol�1 Å�2 until

20 K and all protein backbone atoms until 200 K. SHAKE68 was

applied to all bonds involving hydrogen and an integration time step

of 1 fs was used during heatup, increasing to 2 fs for subsequent pro-

duction runs. For heating and temperature control, a Langevin ther-

mostat was used with a collision frequency of 4 ps�1, and beginning

from the final 0.5 ns of the heatup, a Berendsen barostat was

employed with a relaxation time of 1 ps. For each system, three inde-

pendent replica runs were simulated for 400 ns each, starting from

separate heatup runs and with randomized Langevin seeds. The initial

100 ns of each run were removed before analysis to reduce bias

toward initial structures. Atom interactions were extracted from MD

trajectories with CPPTRAJ,69 using the “nativecontacts” command for

contact timelines (distance cutoff 5 Å; saving both native and nonna-

tive time series), and the “hbond” command for hydrogen bonds (dis-

tance cutoff 3.5 Å; angle cutoff 135�).

2.3 | Protein structure networks

For analyses of protein structure networks and related quantities we

used our network analysis tool SenseNet (version 1.1.0),49 a plugin for

Cytocape 3 (version 3.6.1).70 CPPTRAJ outputs of contact and hydro-

gen bond timelines were processed using AIFgen49 and loaded into

SenseNet. Edges representing interactions occurring in less than 10%

of the total simulation time were removed from the networks to mini-

mize the influence of spurious interactions. DNCF scores were calcu-

lated in SenseNet as described before,49 using the “Correlation”
function set to the “Neighbor” and “Mutual information difference”
modes. The obtained edge scores were then summed up using the

“Degree” function. Edges of the two networks were considered

equivalent if they connected the same residues and were of the same

interaction type (edge mapping set to “Match Location”). As reference
for DNCF calculations, we selected the corresponding networks from

Hsp70-ATP (for analyses of the full-length protein) or Hsp70-NBD-

ATP (for analyses of the isolated NBD domain). The DNCF method

evaluates the changes in conformational coupling in neighboring inter-

actions between a target and a reference simulation, for example,

between Hsp70-ATP and Hsp70-ATP-to-ADP. Contacts and hydro-

gen bonds between residues are described as a timeline encoding the

number of interactions in each time frame of the MD trajectory. The

DNCF score is calculated as follows: Each carbon–carbon contact and

each hydrogen bond in the network is represented by a separate edge

X in the network. Another edge Y is said to be neighboring if it shares

at least one node with X. In other words, the neighboring interactions

represented by X and Y share at least one common residue (e.g., two

different hydrogen bonds formed by one residue to different interac-

tion partners). For each pair of neighboring interactions X and Y in the

target simulation, the equivalent interactions bX and bY are obtained

from the reference simulation. Then, the change in shared information

of the selected interaction pair between timelines from the target and

reference simulation is evaluated using the difference in pointwise

mutual information as

I X;Yð Þ¼
X
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� �

X
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� �

p x, yð Þ � log2
p x, yð Þ
p xð Þp yð Þ

� �

�bp x, yð Þ
�

�

�

�

� log2

bp x, yð Þ
bp xð Þbp yð Þ

� ��

�

�

�

�

�

�

�

,

ð1Þ

with bX, bY denoting the timelines from the reference simulation match-

ing the locations of X and Y of the target simulation, and p,bp repre-

senting the probabilities of interaction states within the target and

reference timelines. Finally, the DNCF score for each residue is

obtained by summing the contributions of Equation (1) for all interac-

tions that residue is participating in. More methodological details,

including an extensive discussion on network parameters and simula-

tion setups, can be found in our previous work.49

Random walks weighted by DNCF scores (“DNCF-RW”) were

performed using the “Random Walk” function of SenseNet in “Tar-
geted Symmetric” mode, starting from the node representing the cen-

tral leucine of the NRLLLTG peptide substrate and stopping the

search when the ATP node was reached (or vice versa). Given a start-

ing (“current”) node for the random walk, the next node to be visited

is selected from the list of connected neighbor nodes with the proba-

bility distribution

p ið Þ¼ DNCF ið Þ
P

n∈N
DNCF nð Þ , ð2Þ

where the candidate node i is part of the set of neighbors N, that is,

nodes connected to the current node. Revisiting nodes was permitted,

but their contribution was only counted once. The search was

restarted if the target node was not found after 1000 steps, and in

addition with a probability of 0.1 at each step, ensuring that the

search rejected pathways substantially longer than the shortest possi-

ble path (see Section 3). Shortest paths between two nodes were cal-

culated using Dijkstra's algorithm, as implemented by the “Shortest
path” function of SenseNet. Plots were generated using matplotlib

(version 3.0.3)71 with pictures of molecular structures by VMD (ver-

sion 1.9.3)72 and open-source PyMOL (Schrodinger, LLC. 2010. The

PyMOL Molecular Graphics System, Version 1.8.4.0).

2.4 | Analysis of NBD lobe rotation

All clustering analyses were performed with the “cluster” command of

CPPTRAJ. First, trajectories were aligned to the Cα atoms of NBD-I.
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Following this alignment, root mean square deviations (RMSD) calcu-

lations of the NBD lobe rotation state were performed by calculating

the RMSD values of Cα atoms in NBD-II. Next, trajectory frames were

hierarchically clustered by their pairwise RMSD (using complete link-

age) until two clusters remained. The centroid structures of each clus-

ter were chosen as representatives. Rotational (screw) axes describing

the relative lobe motion was calculated with CPPTRAJ in a two-step

process: First, the representative cluster structures obtained before

were aligned to the Cα atoms of NBD-I of a reference structure, that

is, clusters of Hsp70-NBD-ATP-to-ADP trajectories were aligned to

the crystal structures to Hsp70-NBD-ATP. Next, structures were

aligned to NBD-II of the reference, extracting the corresponding rota-

tional and translational matrices of that motion, from which the axes

and angles of lobe rotation were subsequently calculated. An analo-

gous procedure was applied to calculate the screw axes for all individ-

ual trajectory frames in order to yield the distribution of rotation

angles during simulation.

3 | RESULTS AND DISCUSSION

We set out to predict protein residues responding to different ligand

configurations in the Hsp70 proteins DnaK and BiP using the DNCF

analysis,49 which is based on evaluating the mutual information

between the timelines of residue interactions in a protein structure

network. First, we performed MD simulations of DnaK and BiP in dif-

ferent configurations, that is, bound to ADP, ATP, and the peptide

substrate NRLLLTG (Table S2). The set of simulated systems includes

Hsp70 in the ATP bound conformation (“Hsp70-ATP”) and an in-silico

modeled conformation bound to ATP and the NRLLLTG peptide

(“Hsp70-ATP-pep”), which was chosen to approximate the substrate

binding phase of the conformational cycle (Figure 1A). The process of

substrate binding leading up to ATP hydrolysis involves an intermedi-

ate structure characterized by partial undocking of the NBD–SBD

interface, which is not easily accessible to experimental methods of

structure determination. A structure of DnaK-ATP-pep was reported

recently, though only after the production of our simulations and our

analyses had concluded, and no corresponding structure is currently

available for BiP.73 In the absence of this intermediate structure at the

time of this work, we created variants based on the Hsp70-ATP struc-

tures, replacing ATP with ADP in silico (“Hsp70-ATP-to-ADP” and

“Hsp70-ATP-to-ADP-pep”), which represents an artificial conforma-

tion for investigating the ability of protein residues to sense the ATP

terminal phosphate. Each system was simulated for a total length of

1.2 μs, distributed over three independent runs of 400 ns each. The

trajectories appear stable within expected variance as observed from

the evolution of RMSD and force field energy terms (Figures S1–S6).

A detailed discussion of these analyses can be found in Text S3.

From these trajectories, interaction timelines of carbon contacts

and hydrogen bonds were extracted, transformed into networks and

subsequently analyzed with SenseNet as described in our previous

publication.49 In these networks, residues are represented as nodes,

which are connected by edges corresponding to residue–residue

interactions. A residue pair can be connected by either a carbon con-

tact interaction, a hydrogen bond interaction or both (using two sepa-

rate edges). Furthermore, each interaction is associated with a

timeline encoding the interactions state, that is, number of interac-

tions, between two residues at different snapshots of the simulation.

For example, a timeline of “1023” associated with a hydrogen bond

between residues A and B indicates the presence of 1, 0, 2, and

3 hydrogen bonds at different timeslots of the simulation. Conforma-

tional correlation can then be measured by analyzing the correlation

between timelines of different interactions. In the DNCF analysis,49

this correlation is modeled by evaluating the mutual information

between the timelines of neighboring interactions in the network (see

Section 2). The DNCF score can be intuitively understood as the

answer to the following question: Provided that we observe 0/1/2/3

or any larger number of hydrogen bonds (or carbon contacts) between

residues A and B at a particular time frame of the simulation; does this

influence the likelihood of observing a specific number of hydrogen

bonds (or carbon contacts) in its close environment? If there is a corre-

lation, we quantify the amount of shared information between inter-

action timelines. In the final step, the DNCF score calculates by how

much this shared information between timelines (of its interactions)

changes between two simulations. For example, the DNCF score of

DnaK-ATP-pep (with DnaK-ATP as reference) indicates whether the

shared information between specific interaction timelines changes

due to the introduction of the peptide ligand. The DNCF score of resi-

due A thus corresponds to the difference of shared information

(in bits) between two simulations summed over all interactions (hydro-

gen bonds and carbon contacts) involving residue A.

By calculating the mutual information between interaction time-

lines of neighboring nodes in the network, residues with strong con-

formational coupling to their local environment can be predicted. In

this context, the term “information” should not be understood as flow

of bits through the protein but as contact transfer indicating routes of

correlated conformations between adjacent residues. This information

is summarized into a DNCF score for each residue, which corresponds

to the change in shared information encoded in the interactions

between two different system configurations. It is important to note

that the mutual information between residues depends not only on

the residues itself but on the rigidity or packing of the environment.

For example, a binding event may rigidify a protein region and in turn

alter the mutual information transfer and coupling of contacts

between residues. Hence, it can open new routes or pathways of

mutual interaction transfer between neighboring residues. Our DNCF

analysis aims at predicting residues contributing to the Hsp70 alloste-

ric network by assessing differences in the conformational coupling of

residue interactions between different Hsp70 configurations, that is,

either when bound to ATP, ADP, or the NRLLLTG peptide substrate.

After performing MD simulations for the selected Hsp70 configu-

rations, hydrophobic contacts and hydrogen bonds were extracted

from the trajectories and transformed into structure networks

(Figure 1B). The layout of nodes in these networks was chosen to

approximate the structural organization of the protein, which allows

to inspect the interfaces between subdomains and trace pathways
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between key regions. In the ATP bound form of DnaK, both NBD

lobes form an interface to the SBD, but only NBD-I has direct contact

to the SBDα lid region (Figure 1B–D). The same structural organiza-

tion is observed in the network of BiP. Using Dijkstra's algorithm, we

determined that depending on the system, a minimum of six to seven

edges need to be traversed to reach the central leucine of the

NRLLLTG peptide starting from the ATP/ADP node (Table S3). This

indicates a substantial distance over which a conformational signal

has to be transmitted between the nucleotide and the substrate pep-

tide binding site located within the SBD. In order to predict which res-

idues might respond to this process in DnaK, we first calculated

DNCF scores for networks based on simulations of three different

configurations, that is, DnaK-ATP-to-ADP, DnaK-ATP-pep and DnaK-

ATP-to-ADP-pep. As reference configuration for the DNCF calcula-

tions, we chose the network generated from the trajectory of DnaK

bound to ATP (“DnaK-ATP”). Using this setup, the DNCF scores of

the DnaK-ATP-to-ADP system, using DnaK-ATP as a reference, are

elevated by the conformational differences induced by the in-silico

exchange of ATP to ADP. In order to evaluate the agreement of our

predictions with experimental data, we compared the resulting DNCF

scores (Table S4) to a set of experimentally verified residues associ-

ated with allosteric effects, as found predominantly in DnaK. This

dataset is composed of residue positions for which mutations affected

the coupling between binding of the polypeptide substrate, nucleotide

binding at the NBD, ATP hydrolysis, and NBD–SBD dock-

ing8,13,19,22,74–84 (Table S5). As there is no comparable dataset avail-

able for specifically “non-allosteric” residues in this system, for the

purpose of evaluation we categorized all residues not present in the

experimental dataset as “non-allosteric”; assuming that the majority

of relevant allosteric residues are already known (in DnaK), the error

induced by misallocating a presumably low number of unknown allo-

steric residues is expected to be limited. The vast majority of experi-

mentally verified residues were determined in DnaK as the most

frequently investigated Hsp70 representative, whereas available data

for other Hsp70 variants was too limited to allow for quantitative vali-

dation. In addition, we were careful to exclude functional mutants

with no clear relation to an allosteric effect, that is, a mutation that

was more likely to influence ligand binding affinities than communica-

tion. We began our evaluation by observing the distribution of DNCF

scores within the networks, finding that all systems diverged

substantially from the hypothetical normal distribution, with a notable

tendency toward a log-normal shape (Figure S7). Therefore, we used

the nonparametric Mann–Whitney-U (MWU) test to evaluate

whether known allosteric residues exhibited higher DNCF scores, and

found a significant (p < .01) increase in all tested systems (Table 1).

Next, the difference between these two groups was quantified using

the area under the receiver operating characteristic curve (rocAUC).

The DNCF scores of all DnaK systems achieved rocAUC values of

≥ 0.84, with DnaK-ATP-to-ADP-pep yielding the top rocAUC of 0.86

(Table 1, Figure S8). Substantial association of DNCF scores with the

experimental set of allosteric residues is also observed for the corre-

sponding BiP simulations, although rocAUC scores are reduced by

0.02–0.08. Intuitively, the rocAUC indicates the probability of a ran-

domly selected allosteric residue having a higher DNCF score than a

randomly selected non-allosteric residue; the observed rocAUC

decrease in BiP systems thus corresponds to a lower probability of

correctly ranked residue pairs by 2%–8%. This decrease might be

caused by subtle differences between the allosteric networks of BiP

and DnaK, as the latter was the primary source for the experimental

dataset. Thus, the rocAUC rankings do not necessarily indicate a dif-

ference in prediction quality between the system, but rather reflect

the biases of the experimental dataset. Nevertheless, DNCF scores of

BiP systems are still strongly correlated with known allosteric residues

in DnaK, as prediction performance remains much higher than for a

random model (rocAUC = 0.5). Overall, due to the consistently strong

agreement of DNCF scores with experimental data in all systems, we

conclude that our analysis is able to detect known allosteric residues

in DnaK/BiP, which are important for the conformational coupling

between the nucleotide binding region and the substrate binding

region. From this basis we proceeded to predict additional candidates

with potential coupling function, particularly those which may fulfill

specific roles in either protein. As DnaK/BiP-ATP-to-ADP-pep consis-

tently showed the best agreement with experimental data, we chose

to focus on these configurations for further in-depth analyses.

We next investigated the structural distribution of DNCF scores

within Hsp70-ATP-to-ADP-pep networks (Figure 2). The highest scor-

ing residues, that is, within the top 10% of the network distribution,

were extracted (Table 2) and mapped to the protein structures

(Figure 3). Beginning with the DnaK network, Figure 2A,C shows that

high-scoring residues are organized into localized clusters. The major-

ity of residues with high DNCF scores are located in proximity to the

shortest network path between the ATP/ADP nucleotide and

NRLLLTG peptide (Figure 3A,B). This aligns with the experimental

dataset of allosteric residues (Table S5), which were primarily deter-

mined by investigating the coupling between ATP hydrolysis and pep-

tide binding. An additional cluster extends from the direct NBD–SBD

pathway into a separate region, close to the NBD–SBD linker region

and the binding site of the J-Protein cochaperone DnaJ85 (Figures 2A,

3B). The linker itself (residues 388–394) exhibits slightly higher than

average DNCF scores, less than expected considering the linker's

well-established importance for controlling the NBD–SBD docking

dynamics.18,56 However, several of the adjacent high scoring residues

are involved in the interface between DnaK and DnaJ (Figures 2A and

TABLE 1 Mann–Whitney-U tests for association of DNCF scores
with a dataset of experimentally verified allosteric residues

System MWU p-value rocAUC

DnaK-ATP-to-ADP 1.26 � 10�11 0.84

DnaK-ATP-pep 1.28 � 10�11 0.84

DnaK-ATP-to-ADP-pep 4.09 � 10�13 0.86

BiP-ATP-to-ADP 1.50 � 10�7 0.76

BiP-ATP-pep 1.82 � 10�10 0.82

BiP-ATP-to-ADP-pep 7.37 � 10�12 0.84

Abbreviation: rocAUC, receiver operating characteristic.
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3B), which plays a substantial role in initiating the undocking of the

NBD–SBD domain preceding ATP hydrolysis.16,85 The observation

that residues surrounding the linker have higher scores than the linker

itself suggests that DnaJ binding may trigger a cascade of conforma-

tional changes involving residues such as R167, I168, I169, I207,

K214, T395, and D481 (Figure 3B), leading to subsequent unbinding

of the actual linker residues. Residues R167, I168, I169, and D481 are

known to affect ATP hydrolysis and/or its stimulation by DnaJ,19

while I207 was found to co-evolve strongly with SBD residues.86 Dur-

ing the preparation of this manuscript, a structure of DnaK-ATP-pep

was published in the suggested allosterically active conformation,73

which is characterized by partial undocking of NBD and SBD domains.

The conformational differences, compared to previous crystal struc-

tures of full length DnaK, were found to be concentrated in the

protein region between residues 220 and 231.73 This corroborates

with a large cluster in our predictions, namely T221, N222, T225,

H226, L227, and D231 (Figure 3A,B). We expect that it should be

interesting to include MD simulations based on this conformation in

future analyses, provided the corresponding structure can be obtained

for BiP. In summary, we were able to find several localized clusters of

predicted allosteric residues in DnaK, of which a substantial number

are supported by previously established experimental evidence.

In addition to clusters characterized by distinct structural regions,

DNCF scores also show a tendency to cluster within the protein

sequence (Figure 4A). Both the SBDβ and NBD domains (including the

NBD-I and NBD-II lobes) contribute high DNCF scores (Figure S9),

and only the SBDα domain appears to lack any pronounced residues.

Analyzing the localization of high scoring residues in more detail, we

F IGURE 2 Structures and residue interaction network of heat shock protein 70 kDa proteins. (A,B) Protein structure networks obtained from
molecular dynamics simulations of DnaK-ATP-to-ADP-pep (A) and BiP-ATP-to-ADP-pep (B). Nodes are colored according to the z-score
normalized DNCF scores of their associated residues. Cochaperones DnaJ and grpE are indicated as colored shapes to visualize the location of
their DnaK binding sites as observed from PDB structures (PDB-IDs: 5NRO, 1DKG), but were not present during simulations. Corresponding
locations for the BiP cochaperones are estimated by homology: BAP from yeast Sil1 (PDB-ID: 3QML) and ERdJ3 from Escherichia coli DnaJ (PDB-
ID: 5NRO). (C,D) Representative structures extracted from molecular dynamics simulations of DnaK-ATP-to-ADP-pep (C) and BiP-ATP-to-ADP-
pep (D) with residues colored according to their z-score normalized DNCF scores
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find particular enrichment at the subdomain interfaces between

NBD-I, NBD-II, and SBDβ, while residues in the protein core and the

NBD–SBDα interface trend toward lower scores (Figure S10). These

observations suggest that the extensive subdomain interfaces formed

in DnaK play a key role for conformational control, potentially by

modulating residue packing and flexibility (e.g., NBD lobes) and

changes in the equilibrium of interdomain binding (e.g., NBD–SBD

docking). Comparing the DNCF score distributions between DnaK

and BiP, we find that the trends for the NBD–SBD interface and its

linker region are highly similar between these related proteins

(Figures 2B,D, 3C,D, 4B, S11, and S12). However, while the rough

structural locations of allosteric regions seemed well preserved in gen-

eral, the sets of predicted residues in the top 10% percentile diverge

substantially (Table 2), and in addition include residues which are

unique to either protein variant, such as K214 in DnaK and Q384b in

BiP. Therefore, we next focused our efforts on investigating the dif-

ferences between the predicted sets of allosteric residues for DnaK

and BiP.

Having observed similar DNCF score distributions between

DnaK and BiP simulations, we set out to determine which residues

were shared between both proteins or specific to either protein

variant. The correlation between DNCF scores of DnaK-ATP-to-

ADP-pep and BiP-ATP-to-ADP-pep (Figure 4C) is lower than the

average between different configurations of the same protein

(Spearman's r: 0.74 vs. average of simulations involving BiP: 0.87

± 0.02 or DnaK: 0.9 ± 0.02) (Table 3), which suggests systematic

differences between DnaK and BiP. Based on these differences, we

created residue sets of predictions specific to each Hsp70 variant,

that is, likely to contribute to allosteric signaling in one system but

not in the other. For this, we selected residues which were specific

to DnaK or BiP, that is, residues which were (i) within the top 15%

of the DNCF scores in DnaK-ATP-to-ADP-pep as well as

(ii) concurrently in the lower 15% of the log-normal DNCF score

distribution estimated for the experimentally determined allosteric

set in BiP-ATP-to-ADP-pep, and vice versa. In addition, we selected

the residues which occurred in the top 10% of both systems as the

“common” set of conserved allosteric residues (Table 4). The

regions containing conserved allosteric residues (Figure 5) resemble

the clusters of top scoring residues detected before (Figure 3). Out

of the 30 allosteric candidates predicted specifically in either DnaK

or BiP, 13 are related to amino acid mutations or insertions

(Table 4). Residue positions with specific differences between

DnaK and BiP are found in several regions: The first cluster, which

is specific to DnaK, (Figure 5A,B) contains residues which contrib-

ute to the NBD–SBDβ interface (N147, D148, Q150, D481). Muta-

tional studies have shown that these residues are important for

stabilizing the NBD–SBDβ interface as well as allosteric signaling in

DnaK.19 The fact that these residue positions do not feature as

prominently in BiP in our predictions suggests diminished dynamics

at these locations compared to DnaK. This interpretation is backed

by experimental data: Introduction of the D481N point mutation in

DnaK, which is the wild type residue variant for BiP, is capable of

disturbing the equilibrium of docked–undocked conformations at

the NBD–SBDβ interface.16 A similar trend toward rigidification of

the same interface has been reported in multiple instances for BiP

compared to DnaK.24,31,87 In DnaK, D148 contacts the SBD via

Q442 and is an essential residue for communication of the peptide

binding signal from the SBD to the NBD in DnaK.19 However, in

BiP the corresponding position on the SBD side harbors a nega-

tively charged residue (Q442E), creating electrostatic repulsion to

D148. In combination, these data point toward substantial changes

in the interaction pattern of the N147N-D148D-Q150Q-D481N-

Q442E cluster between DnaK and BiP, which may explain differ-

ences in the dynamics of the NBD–SBD interface and allosteric

communication. The second cluster is composed of residues spe-

cific to either DnaK or BiP (Figure 5B,D) and is found in the vicinity

of the NBD–SBD linker (G180G, G184R, K214�, �[384b]Q,

V386T, T395C), indicating another potential key region for differ-

ential regulation of NBD–SBDβ docking in these two protein vari-

ants. As it is this region that binds the J-domain in DnaK,85 the

characteristic domain shared between BiP's ERdJ1–ERdJ7 cocha-

perone families,31 it appears likely that differences in the linker

environment reflect evolutionary specialization to different sets of

cochaperones. Another cluster, which is specific to BiP, is formed

by residues located in the SBD loops (T428T, E430S, A435T,

P470P, K491K, S493T, G494G, K498K, I501I). Residues 428 and

430 are part of the SBDβ's L1,2 loop and Residues 491–501 are

part of the β8 sheet, two structural elements which have been

shown to assume multiple distinct conformations in BiP.88 In our

data, these residues showed high DNCF scores exclusively for BiP,

which might indicate increased conformational flexibility of the

SBD in BiP compared to DnaK. Finally, positions 61, 62, and 65 are

located close to the binding interface of NEF grpE (Figures 2A and

S13) and one can speculate that these residues may be utilized to

facilitate opening of the NBD loops. It is not surprising that this

TABLE 2 Prediction of residues which contribute to the coupling
between substrate and nucleotide binding in DnaK/BiP according to
DNCF scores

System Residues

DnaK-ATP-to-

ADP-pep

L9 A58 F67 K70 R71 R75 E81 R84 T141 V142

P143 A144 Y145 F146 N147 D148 R151 I168

I169 N170 E171 P172 Y193 L195 T199 F200

D201 I202 I207 K214 T221 N222 T225 H226

L227 D231 L320 V340 T395 L397 L399 I401

T437 I438 Q442 L454 Q456 F457 N458 L459

I472 F476 D481 D490 Q497

BiP-ATP-to-

ADP-pep

L9 F42 K70 R71 R75 K100 V142 A144 Y145 I169

N170 E171 T173 I177 Y179 G180 L181 R184

F193 D194 L195 T199 F200 D201 V202 L205

I207 F216 T221 N222 T225 L227 E230 F232

V340 Q384B T386 L389 L391 D393 L399 I401

E402 M408 L411 T428 T435 V436 I438 E442

F457 L459 T460 I462 P470 Q471 I472 F476

D490 T493 N497 K498

Note: Residue positions corroborated by the set of experimentally verified

residues are marked in bold font.
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region lacks high-scoring residues in our BiP simulations

(Figure 2B), as NEFs of eukaryotic organisms including BiP

(e.g., BAP89,90) are thought to have evolved independently from

grpE and might thus utilize a different mechanism.91

Communication of the peptide binding signal through the protein

to induce ATP hydrolysis is an essential step in the conformational

cycle of Hsp70, which aligns with our observations of predicted allo-

steric residues clustering along the shortest path between the nucleo-

tide binding site in the NBD and peptide binding pocket in SBDβ.

However, the DNCF predictions, in isolation, account only for the

conformational influence of individual residues, particularly those

close to the nucleotide and substrate binding sites as these adapt fast-

est to the different configurations probed in our simulations, that is,

in-silico exchange of ATP to ADP and the NRLLLTG peptide. Thus,

conformationally coupled residues located in the intermediate region

between the NBD and SBD may be overlooked within the limited

ns–μs timescale of our simulations, which is much shorter than the

estimated ms–s timescale characteristic for processes within the

Hsp70 conformational cycle.15,84 To address this problem, we set out

to combine our predictions of individual residues into a chain of con-

formationally coupled residues, focusing specifically on the process of

protein activation triggered by binding of the peptide substrate. We

chose to perform our analyses on the Hsp70-ATP-pep systems as

the configuration representing the closest approximation to that

step of the conformational cycle. Starting from the node represent-

ing the central leucine of the NRLLLTG peptide in the network, we

performed a weighted random walk traversing edges until the ATP

node was reached, while keeping track of the visited nodes. The

probability of jumping from one node to a neighboring node was

chosen to be proportional to their relative DNCF scores, such that a

node with twice the score than its alternative was two times as likely

to be chosen for the next step (see Section 2). The procedure was

then repeated after interchanging source and target nodes, that is,

starting from ATP and finishing at the central leucine of the peptide.

These runs, both in the forward and backward direction, were per-

formed 10 000 times each and summed to yield the final result. This

approach combines the advantages of two strategies: First, the

DNCF method provides information about the conformational cou-

pling of individual residues to their environment, and how this cou-

pling is affected by different ligand binding states. Then, this

information is supplemented with a search for the shortest paths

connecting two regions, that is, nucleotide and peptide binding

pockets, a technique that serves as the foundation for the class of

centrality-based methods to predict functional residues in

F IGURE 3 Residues showing strong conformational coupling with the nucleotide and peptide substrate according to their DNCF scores.
Residues marked in blue are part of both the predicted set and the set of experimentally verified residues. The shortest inter-residue path

between ADP and the central leucine of the NRLLLTG peptide is shown in black. The nucleotide-binding domain–substrate binding domain linker
is indicated as red spheres. (A,B) Residues within the top 10% of DNCF scores mapped onto DnaK (blue, green). The location of the J-domain of
the DnaJ cochaperone in the complex (PDB-ID: 5NRO) is indicated as an orange cartoon, though it was not present during simulation. (C,D)
Residues within the top 10% of DNCF scores mapped onto BiP (blue, red)
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proteins.92–94 Our combined approach yields a score that accounts

both for the conformational coupling of individual residues and their

interconnectivity, that is, their closeness to the regions of interest

and other residues with high DNCF scores. Figure 6 shows the sig-

naling pathways predicted by this score, denoted as DNCF-RW

(“DNCF Random Walk”; raw scores reported in Table S6).

F IGURE 4 Correlation of
DNCF scores obtained from
molecular dynamics simulations
of DnaK and BiP. Residues with
experimentally verified allosteric
roles are shown in orange. (A,B)
Normalized DNCF scores of
(A) DnaK-ATP-to-ADP-pep and
(B) BiP-ATP-to-ADP-pep plotted

over the protein sequence.
(C) Scatterplot showing the
correlation between DNCF scores
of DnaK-ATP-to-ADP-pep and
BiP-ATP-to-ADP-pep. NBD,
nucleotide-binding domain; SBD,
substrate binding domain.

TABLE 3 Spearman's correlation coefficients for DNCF scores obtained from network analysis of molecular dynamics trajectories

DnaK-ATP-to-ADP-pep DnaK-ATP-pep DnaK-ATP-to-ADP BiP-ATP-to-ADP-pep BiP-ATP-pep

DnaK-ATP-to-ADP-pep

DnaK-ATP-pep 0.93

DnaK-ATP-to-ADP 0.89 0.88

BiP-ATP-to-ADP-pep 0.74 0.72 0.61

BiP-ATP-pep 0.76 0.74 0.65 0.89

BiP-ATP-to-ADP 0.68 0.62 0.59 0.85 0.87

Note: System combinations featuring the same protein are highlighted in green.
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As described above, we selected sets of shared and specific resi-

dues defined by the highest and lowest score percentiles, that is, resi-

dues which are both within the top 15% of the evaluated score in one

system and within the lower 15% percentile of distribution obtained

from the set of experimentally verified allosteric residues in the other

system. The set of residues common to both systems consists of

TABLE 4 Prediction of residues with specific signaling properties to either DnaK or BiP according to DNCF and DNCF-RW scores

System Method Residues

DnaK/BiP commona DNCF L9L, K70K, R71R, R75R, V142V, A144A, Y145Y, I169I, N170N, E171E, Y193F, L195L, T199T, F200F,

D201D, I202V, I207I, T221T, N222N, T225T, L227L, V340V, L399L, I401I, I438I, Q442E, F457F,
L459L, I472I, F476F, D490D, Q497N

BiPb DNCF -(106a)I, G180G, G184R, E267E, K270K, V365I, �(384b)Q, V386T, T428T, E430S, A435T, N451N,

D460T, P470P, K491K, S493T, G494G, K498K, I501I

DnaKb DNCF N61N, P62P, T65T, N147N, D148D, Q150Q, T185E, K214-, F357F, T395C, D481N

DnaK/BiP commona DNCF-RW K70K, R71R, I73I, R75R, P143P, A144A, Y145Y, F146F, N147N, D148D, Q150Q, R151R, N170N,

L195L, G196G, G198G, T199T, F200F, D201D, T225T, L227L, E230E, L397L, S398T, L399L, I401I,
E402E, M408M, L411L, F426F, V436V, T437T, I438I, V440V, L441Y, Q442E, L454L, Q456T,

F457F, N458D, L459L, I472I, V474V, F476F, L484L

BiPb DNCF-RW P37P, P113E, D156D, E430S, �(506a)R, L507L

DnaKb DNCF-RW R84Q

Note: Residue codes at the beginning/end mark the DnaK/BiP sequence variants, respectively. Missing residues are indicated by a dash and insertion

codes by lower case letters and parentheses. Residue positions differing between DnaK and BiP are highlighted in bold.
aResidues with increased scores in both systems.
bResidues with increased scores only in the denoted system.

F IGURE 5 Residues showing strong conformational coupling with the nucleotide and peptide substrate specific to either DnaK or BiP as
predicted by their DNCF scores. Yellow residues mark residues with increased scores in both proteins. The shortest inter-residue path between
ADP and the central leucine of the NRLLLTG peptide is shown in black. The nucleotide-binding domain–substrate binding domain(NBD–SBD)
linker is indicated as red spheres. (A,B) Residues with specifically increased DNCF scores in DnaK-ATP-to-ADP-pep compared to BiP (green). The
location of the DnaJ cochaperone in the complex (PDB-ID: 5NRO) is indicated as an orange cartoon, though it was not present during simulation.
(C,D) Residues with specifically increased DNCF scores in BiP-ATP-to-ADP-pep compared to DnaK (red)
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45 residues, describing a contiguous surface of conformationally

coupled residues between the nucleotide and substrate binding

pockets (Table 4, Figure 6). R84 is the single residue found to contrib-

ute specifically to DnaK (Figure 6A,B), with the difference in scores

arising from the R84Q mutation present in BiP. In contrast, the net-

work of BiP shows a specific cluster of residues with increased scores

close to the R(�506a) insertion. This residue insertion does not occur

in DnaK, but is highly conserved in eukaryotes25 and is a prominent

interaction partner forming hydrogen bonds with D148, Q152, and

D156 at the interface between the SBDβ core, SBDα, and NBD

domains (Figure 6C,D). The R(-506a) residue has also been found to

adapt to the binding of peptide substrates28 and plays an important

role in stabilizing the docking of NBD–SBD domains.25 The cluster

furthermore consists of residues P37P, P113E, D156D, and L507L,

TABLE 6 Predicted residues with specific roles in nucleotide-
binding domain (NBD) lobe rotation compared to the full-length
protein

System Method Residues

BiP-NBD DNCF V4, N64, A69

DnaK-NBD DNCF G229, D233, E267, K270

BiP-NBD/full

length

common

DNCF L9, F42, K70, R71, R75, E171, Y179,

L181, F193, D194, L195, T199,

F200, D201, V202, L205, I207,

F216, T225, L227, E230, F232,

V340

DnaK-NBD/full

length

common

DNCF L9, F67, K70, R71, R75, E81, R84,

T141, Y145, Y193, L195, T199,

F200, D201, I207, H226, L227,

V340

F IGURE 6 Cluster of conformationally coupled residues between the substrate and nucleotide binding sites in heat shock protein 70 kDa
predicted by a targeted random walk weighted by DNCF scores (DNCF-RW). Node colors in the networks indicate the number of times each
node was visited during the DNCF-RW random walk. Stick representations mark residues predicted as specific to DnaK (green), specific to BiP
(red) or shared between DnaK and BiP (yellow). The shortest pathway between ADP and the NRLLLTG peptide is indicated in black. Within
networks, solid edges denote carbon contacts and dashed edges indicate hydrogen bonds. (A,B) Structure and network of DnaK-ATP-pep. (C,D)
Structure and network of BiP-ATP-pep
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which together form an alternative pathway between NBD and SBD

in addition to the main pathway present in both DnaK and BiP. In

summary, our observations using the DNCF and the DNCF-RW

methods suggest a high degree of conservation between DnaK and

BiP with respect to the major conformationally coupled regions

located between the binding pockets of the nucleotide and peptide

substrate. However, differences were found in the marginal regions of

the clusters, which could be the result of adaptation to their specific

organism or organelle contexts. In particular, we detected three

regions showing differences, which might be the result of evolution-

ary adaptation in DnaK and BiP: First, the NBD–SBD linker and its

surrounding residues; second, the peptide binding pocket; and third,

the linker region connecting the SBDβ with the SBDα Lid domain via

the -(506a)R residue insert.

After investigating substrate dependent signaling in Hsp70s, we

were interested in addressing the conformational effects of ATP

hydrolysis on NBD lobe dynamics, particularly whether this process

was controlled by the same set of residues as determined above. The

partial undocking of NBD and SBD after binding a substrate peptide is

the prerequisite step to prime the NBD for ATP hydrolysis. Following

cleavage of the nucleotide's terminal phosphate, the NBD lobe subdo-

mains rotate by �17.5�, as observed by comparing ATP-bound crystal

structure and ADP- bound crystal structure of DnaK (only NBD

domain; Figure S14).84,95 In order to study the rotation of the NBD

lobes, we performed simulations of the isolated DnaK/BiP NBD as an

approximation to the undocked SBD state, in which both NBD and

SBD are separated and only connected by the NBD–SBD linker. Three

nucleotide configurations were simulated, namely Hsp70-NBD-ATP,

Hsp70-NBD-ADP, and Hsp70-NBD-ATP-to-ADP. Using the RMSD of

NBD-II to track the rotation state of simulations, we observed that

the NBD lobes of DnaK-ATP-to-ADP rotated toward the ADP con-

former in 2 out of 3 simulation replicas, while they did not rotate sub-

stantially in DnaK-ATP (Figure 7A,B). To determine whether the axis

of rotation observed in the simulation matched what was expected

from the crystal structures, we conducted a hierarchical clustering of

trajectory frames on NBD-II until only two clusters remained. The first

cluster corresponded to trajectory frames close to the initial structure,

while structures showing substantial rotation to come closer to the

F IGURE 7 Root mean square deviations (RMSD) of nucleotide-binding domain-II (NBD-II) during molecular dynamics simulations of the
isolated NBD domain of DnaK/BiP. The lobe conformation associated with bound ADP was used as reference for RMSD calculation. Trajectory
frames shown in blue and red indicate membership to the two top clusters remaining after hierarchical clustering. Each column shows values
obtained from replicas r1–r3 for the different systems: (A) DnaK-NBD-ATP; (B) DnaK-NBD-ATP-to-ADP; (C) BiP-NBD-ATP; (D) BiP-NBD-ATP-
to-ADP

SCHNEIDER AND ANTES 249



DnaK-NBD-ADP conformation formed the second cluster

(Figure 7A,B). The average NBD rotation during simulations, com-

pared to the starting structure, was 14.4 ± 4.83� for DnaK-NBD-ATP-

to-ADP and only 4.34 ± 2.05� for DnaK-NBD-ATP, indicating a clear

increase in conformational dynamics (Figure 8A). We determined the

median representative of the second cluster and calculated the rota-

tion axis of NBD lobes compared to the initial structure as the “princi-
pal rotation” of the simulation. As reference, we calculated the

rotation axis from the crystal structures of DnaK-NBD-ATP and

DnaK-NBD-ADP. The principal rotation axis of DnaK-NBD-ATP-to-

ADP was shifted compared to the reference axis by 18.40�, showing a

much closer alignment to the reference axis than the shift of 78.4� of

the DnaK-NBD-ATP system (Table 5). We performed the same analy-

sis for BiP-NBD-ATP-to-ADP and BiP-NBD-ATP, revealing similar

trends: The NBD lobes of BiP-NBD-ATP-to-ADP rotated by 10.4

± 3.79�, while in BiP-NBD-ATP they rotated by 7.97 ± 2.36�

(Figure 8B). Again, the principal rotation axis of BiP-NBD-ATP-to-

ADP was much closer to the reference axis, with a shift of only

26.12�, compared to BiP-NBD-ATP with a shift of 83.33� (Table 5).

This reduction in the average rotation angle of BiP compared to DnaK

is explained by observing that only one out of three BiP-NBD-ATP-

to-ADP replicas showed a substantial rotation toward the ADP state

(Figure 7C,D). In summary, the in-silico exchange of ATP to ADP was

sufficient to trigger rotation of NBD lobes toward the expected

F IGURE 8 Simulation of
nucleotide-binding domain (NBD)
lobe rotation using molecular
dynamic simulations of DnaK and
BiP. (A, B) Histograms of NBD
lobe rotation angles obtained
from molecular dynamics
trajectories of (A) BiP-NBD and
(B) DnaK-NBD. The orange

histograms show Hsp70-NBD-
ATP while the blue histograms
show the Hsp70-NBD-ATP-to-
ADP variant. (C,D) Residues with
specifically increased DNCF
scores in the trajectories of NBD
versus full length proteins in
(C) DnaK (green) and (D) BiP (red)

TABLE 5 Rotation of nucleotide-binding domain (NBD) lobes during molecular dynamics simulations

System Angle meana (degree) Angle standard deviationa (degree) Angle to reference axisb (degree)

DnaK-NBD-ATP 4.34 2.05 78.40

DnaK-NBD-ATP-to-ADP 14.4 4.83 18.40

BiP-NBD-ATP 7.97 2.36 83.33

BiP-NBD-ATP-to-ADP 10.4 3.79 26.12

aMean and standard deviation of the NBD lobe rotation angle compared to the starting conformation during molecular dynamics.
bAngle between the principal rotation axis of the simulation and the reference rotation axis obtained from the ATP-bound crystal structure and ADP-

bound crystal structure.
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conformers in some of our simulations. Note that we do not use this

data to make a quantitative prediction of the propensity of this rota-

tion in DnaK and BiP proteins, for which the analyzed number of rep-

licas is too small. Instead, we utilize these simulations qualitatively to

gain insight into the rough timescale on which this rotation can occur

and detect candidates for residues which are specifically associated

with NBD lobe rotation.

Next, we extracted interaction networks from the simulations and

applied the DNCF method to determine changes in residue dynamics.

Comparing the DNCF scores of DnaK-NBD-ATP-to-ADP to its corre-

sponding full-length protein, we observe solid but not perfect correla-

tion (Spearman's r: 0.82). We repeated the analyses detailed above to

determine residues with specifically increased DNCF scores compar-

ing the NBD and full-length protein simulations. Total 18 residues are

found to be shared in the top 10% DNCF percentiles of DnaK-NBD-

ATP-to-ADP and its full-length variant, whereas 23 residues are

shared for the corresponding BiP systems (Table 6). Four residues

close to the nucleotide were detected with high scores specifically in

the NBD simulations, with three of them acting as direct interaction

partners (G229, E267, and K270) and one located in the close vicinity

(D233) (Figure 8C). This location puts them in a prime position to

sense the nucleotide and provide flexibility to the NBD lobes depend-

ing on DnaK's ATP/ADP state.58,96 In addition, G229 is located adja-

cent to G228, another glycine for which mutations exhibit defective

chaperone function.97 In BiP-NBD, residues V4, N64, and A69 were

detected as specific for NBD lobe rotation (Figure 8D). A69 is adja-

cent to K70, a residue essential to ATP hydrolysis in Hsp70s,75 indi-

cating an association of NBD lobe rotation with conformational

changes close to residues regulating catalysis. In contrast, the other

two residues V4 and N64 are located far away from the axis of lobe

rotation. It is possible that these observations are influenced by statis-

tical noise, as only one out of three simulations of BiP-NBD showed

NBD lobe rotation (Figure S14). Overall, the signaling properties of

the isolated NBD domains appear to be very similar to the full-length

protein, however with a number of residues arising with potentially

specific functions for the rotational motion.

4 | CONCLUSION

In this study, we performed MD simulations of the Hsp70 chaper-

ones DnaK and BiP, extracted networks of hydrophobic and hydro-

gen bond interactions and performed DNCF and DNCF-RW

analyses to predict residues exchanging information about their

conformational states with their environment, prompted by differ-

ent ligand configurations. These residues are presumed to be asso-

ciated with allosteric pathways of the Hsp70 system, that is,

residues for which mutation has a notable effect on the coupling

between the processes of peptide substrate binding, cochaperone-

mediated activation and ATP hydrolysis. Our predictions based on

the DNCF method were found to be in quantitative agreement with

a set of experimentally verified allosteric residues. As the experi-

mental dataset is limited by the number of tested mutants and

reliance on DnaK as the predominant model, our predictions can

aid by potentially filling gaps in our understanding of Hsp70 allo-

stery and by pinpointing signaling differences between related pro-

tein variants, such as between DnaK and BiP. The strong

agreement with experimental data further indicates that the artifi-

cial Hsp70 conformations constructed for our analysis are able to

provide useful insights, despite reflecting only a part of the com-

plete biological picture. As more and more structures of different

states within the Hsp70 conformational cycle become available,

like the recent publication of the partially undocked DnaK-ATP-pep

conformation,73 further MD simulations based on these novel

structures will be useful for further refinement of analyses. The

structures we investigated in this work—and thus the pathways we

predict—correspond to one specific phase of the conformational

cycle, namely the substrate mediated activation of ATP hydrolysis

and subsequent undocking of the NBD–SBD interface. All simu-

lated systems are conformationally related to the Hsp70-ATP con-

formation with relatively limited structural differences, that is,

binding of a peptide or exchange of the nucleotide to ADP. The

DNCF analysis is thus primed toward the propagation of conforma-

tional changes arising from these signal triggers. However, compar-

ing too divergent conformations using the DNCF method, for

example, the domain-docked Hsp70-ATP and the fully undocked

Hsp70-ADP conformation would not yield as much useful informa-

tion, as the DNCF method would simply pick up these dramatic but

self-evident conformational differences. Investigating for example,

the re-docking of the Hsp70-ADP conformation will require a dif-

ferent set of simulations, where the fully undocked Hsp70-ADP

conformation is simulated alongside conformationally related vari-

ants that are more likely to initiate re-docking. Clusters formed by

our predictions aligned with regions already known to be important

for mediating Hsp70 conformational changes and function: The

interfaces between NBD and SBD subdomains and the binding site

of the JDP DnaJ. Investigated in more detail, we detected a number

of residues which were predicted to be specific to either DnaK and

BiP. About 40% of these differences arise directly from mutations,

while others point to inherent differences between the dynamics of

DnaK and BiP, such as the stability of (sub)-domain interfaces and

substrate binding pocket conformational plasticity, which have

been described previously on a biochemical level. By combining

DNCF scores with a targeted random walk, we were able to inte-

grate predictions of individual residues into a proposed pathway

responsible for communicating binding of a substrate in the SBD to

the NBD. This pathway corresponds to a series of residues whose

neighboring interactions are substantially coupled and modulated

by substrate and/or nucleotide binding. In this context, communi-

cation within this pathway would manifest through the possibility

of subtle conformational changes or correlated fluctuations that

can occur along the proposed chains of interactions. Our data

revealed an alternative pathway existing in BiP but not DnaK, cen-

tered around the –(506a)R residue, which is a highly conserved

position in eukaryotic Hsp70 variants.25 Finally, we investigated

the conformational control exerted by ATP/ADP over the NBD
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lobes by simulating the isolated NBD domain in different configura-

tions. We observe that the in-silico transformation of ATP to ADP

is sufficient to trigger spontaneous lobe rotation during simulation

toward the conformations expected from crystal structures, indi-

cating that the terminal ATP phosphate acts as a strong mechanical

wedge locking the lobes in place. Given the relatively short simula-

tion times necessary to observe these rotations in some replicas,

there appears to be a relatively low kinetic barrier to rotation after

ATP hydrolysis, suggesting that this specific process does not

require external assistance by cochaperones, provided that the

SBDβ domain is completely undocked from the NBD. Furthermore,

we identified a number of residues in DnaK which are in direct con-

tact with the ATP/ADP nucleotide and can thus act as sensors for

the nucleotide hydrolysis state, acting as focal points for initiating

NBD lobe rotation. In total, our findings shed light on the pathways

of allosteric communication in Hsp70s, suggesting the involvement

of additional residues beyond what has been experimentally veri-

fied. We found that while many signaling residues are conserved

between DnaK and BiP, there are also specific differences reflect-

ing the divergent evolution of the two proteins. These specific resi-

dues may contribute to an explanation of the differences in

biochemical behavior between Hsp70s found in different organisms

and organelles. Studies elucidating differential mechanisms within a

protein family provide important insights into the regulatory fine-

tuning of the system, which are essential for development of tar-

geted orthosteric or allosteric inhibitors. A possible avenue for

application is indicated by a study series creating specific allosteric

inhibitors for Hsp90, targeting the TRAP1 mitochondrial paralog

but with no effect on cytoscolic Hsp90.98–101 Our observations

deepen our understanding of allosteric communication in the

Hsp70 system and how a ubiquitous but diverse protein class has

adapted to different cellular environments and cochaperone inter-

action partners. As Hsp70 have also been suggested to be promis-

ing therapeutic factors in a range of contexts, among them

neurodegenerative diseases2,3,7–12 and csBiP as a coreceptor of the

pandemic SARS-CoV-2 virus,40–44 investigating such evolutionary

differences in further detail may become a key step in developing

medical applications.
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