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Differential Modulation of Functional Dynamics and
Allosteric Interactions in the Hsp90-Cochaperone
Complexes with p23 and Aha1: A Computational Study
Kristin Blacklock1, Gennady M. Verkhivker1,2*

1 School of Computational Sciences and Crean School of Health and Life Sciences, Schmid College of Science and Technology, Chapman University, Orange, California,

United States of America, 2 Department of Pharmacology, University of California San Diego, La Jolla, California, United States of America

Abstract

Allosteric interactions of the molecular chaperone Hsp90 with a large cohort of cochaperones and client proteins allow for
molecular communication and event coupling in signal transduction networks. The integration of cochaperones into the
Hsp90 system is driven by the regulatory mechanisms that modulate the progression of the ATPase cycle and control the
recruitment of the Hsp90 clientele. In this work, we report the results of computational modeling of allosteric regulation in
the Hsp90 complexes with the cochaperones p23 and Aha1. By integrating protein docking, biophysical simulations,
modeling of allosteric communications, protein structure network analysis and the energy landscape theory we have
investigated dynamics and stability of the Hsp90-p23 and Hsp90-Aha1 interactions in direct comparison with the extensive
body of structural and functional experiments. The results have revealed that functional dynamics and allosteric interactions
of Hsp90 can be selectively modulated by these cochaperones via specific targeting of the regulatory hinge regions that
could restrict collective motions and stabilize specific chaperone conformations. The protein structure network parameters
have quantified the effects of cochaperones on conformational stability of the Hsp90 complexes and identified dynamically
stable communities of residues that can contribute to the strengthening of allosteric interactions. According to our results,
p23-mediated changes in the Hsp90 interactions may provide ‘‘molecular brakes’’ that could slow down an efficient
transmission of the inter-domain allosteric signals, consistent with the functional role of p23 in partially inhibiting the
ATPase cycle. Unlike p23, Aha1-mediated acceleration of the Hsp90-ATPase cycle may be achieved via modulation of the
equilibrium motions that facilitate allosteric changes favoring a closed dimerized form of Hsp90. The results of our study
have shown that Aha1 and p23 can modulate the Hsp90-ATPase activity and direct the chaperone cycle by exerting the
precise control over structural stability, global movements and allosteric communications in Hsp90.
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Introduction

Molecular chaperones are essential proteins that have evolved

to assist and facilitate conformational development, folding and

stability of a diverse repertoire of proteins inside the cell [1–7].

The molecular chaperone Hsp90 (90 kDa heat-shock protein) is

highly conserved in a variety of organisms and plays a central role

in folding, assembly, and quality control of many client proteins,

including but not limited to hormone receptors, transcription

factors, and protein kinases. The Hsp90 chaperone machinery is

supported by a large cohort of cochaperones that act cooperatively

in protecting activation-competent protein states from degradation

and aggregation [8–13]. The regulatory complexes of Hsp90 with

cochaperones have also evolved to regulate diverse functions of

chaperone clients by facilitating their evolutionary development

and sustaining the pressure of detrimental mutations that

otherwise might lead to the production of unstable or inactive

proteins [14–16]. The integration of cochaperones into the Hsp90

system is driven by the regulatory mechanisms that modulate the

ATPase activity and control coupling of the Hsp90-ATPase

cycling machine to the loading, activation, and release of client

proteins [8–16]. The proposed functional classification of Hsp90

cochaperones into client recruiters (Sti1/Hop, Cdc37, Sgt1),

remodelers of Hsp90 (Aha1, FKBP51/FKBP52), and late-acting

cochaperones (p23) has highlighted distinctive functional roles of

cochaperones in supporting Hsp90 activities [17]. The recent

structural and functional investigations have revealed a diversity of

mechanisms by which cochaperones can intervene in the

progression of the Hsp90-ATPase driven changes, often by

directing the chaperone cycle towards specific intermediate states

(Figure 1). These cochaperones can often have overlapping

functions by regulating the rate of ATP hydrolysis (Aha1,

Cdc37, p23), modulating conformational flexibility of Hsp90

(p23, Sgt1) and recruiting specific protein clients to the Hsp90

system (Sti1/Hop, Cdc37, Sgt1) [18–30]. Aha1 (Activator of Heat

shock 90 kDa protein ATPase homolog 1) is a cochaperone which

stimulates the ATPase activity [17,18].

A number of cochaperones such as p23/Sba1p [19–23] Sti1p/

Hop [24–26], and Cdc37 [29,30] can arrest the Hsp90-ATPase

cycle in a particular conformational state to recruit and support
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activities of specific clients. The late-acting cochaperone p23 can

slow down the rate of ATP hydrolysis by binding selectively to the

ATP-bound closed form of Hsp90 and ‘‘delaying’’ the release of

client proteins undergoing maturation [19–23]. The client

recruiter cochaperone Cdc37 functions as a highly specialized

adaptor that can deliver kinase clients to the chaperone system

and, in coordination with Hsp90, can promote and maintain

stabilization of protein kinases during the maturation process

[29,30]. Allosteric regulation of protein clients by the Hsp90

machine underlies its fundamental role in signal transduction

networks associated with protein synthesis, assembly and activa-

tion of key signaling proteins driving tumor development and

progression [31–34]. Deregulation of oncogenic pathways is often

linked to a plethora of protein kinase clients regulated by the

Hsp90-Cdc37 system. Allosteric inhibition of the Hsp90 machin-

ery may lead to a combinatorial blockade of multiple oncogenic

nodes holding a promise as the emerging therapeutic strategy

against multiple kinase-dependent cancers. [35–37].

The crystal structures of a Hsp90-cochaperone complex from

yeast [38], E. coli HtpG [39], a Grp94 homologue-nucleotide

complex [40] and an Hsp90-client protein complex [41] have

revealed a homodimer chaperone architecture with three well-

defined domains: a highly conserved N-terminal ATPase domain

(Hsp90-N) responsible for ATP binding, a middle domain (Hsp90-

M), which competes for client binding, and a C-terminal domain

(Hsp90-C) required for dimerization (Figure 2). Combined with

biophysical approaches, such as hydrogen exchange mass spec-

trometry (HX-MS), single-molecule fluorescence resonance energy

transfer (FRET), electron microscopy, and small-angle X-ray

scattering (SAXS), these studies have characterized conformation-

al changes in Hsp90 during the ATPase cycle [42–49]. Among

dynamic ‘‘hallmarks’’ of Hsp90 is the existence of highly

coordinated motions of different domains that regulate opening-

closing transitions of Hsp90, most notably the emerging evidence

of anti-correlated motions between a C-terminal open and an N-

terminal closed states [44].

These studies have demonstrated that the Hsp90 dimer ‘‘lives’’

in an ATP-driven functional cycle operating by a stochastic

switching mechanism based on spontaneous fluctuations between

structurally different functional states [50–52]. In the course of the

cycle, ATP binding leads to an N-terminal dimerized form of

Hsp90 and the formation of the ‘‘molecular clamp’’, followed by

subsequent hydrolysis and dissociation of the Hsp90-N domains

(Figure 1). The rate-limiting step that drives kinetics of these

conformational changes is the formation of the closed N-terminal

dimerized state rather than ATP hydrolysis [53]. Whereas the

ATPase cycle of the bacterial homologue HtpG is strongly coupled

to the nucleotide turnover and driven by a mechanical ratchet

Figure 1. The Functional Role of the Cochaperones Aha1 and p23 in the Hsp90-ATPase Cycle. Clockwise from top left, ATP binding to the
Hsp90-N domain of apo-HSP90 induces a conformational change and the closure of the ATP lid leading to a ‘‘semi-closed’’ state with twisted subunits
and partly separated Hsp90-N domains. This state is illustrated by using a twisted conformation of the mammalian Grp94 homologue from the crystal
structure complex with AMP-PNP (PDB ID 2O1U) [40]. The unbound form of the chaperone is depicted by using the crystal structure of the bacterial
homologue HtpG in an apo-form (PDB ID 2IOQ) [39]. After lid closure, Aha1 accelerates the ATPase cycle facilitating dimerization process of the
Hsp90-N domains and the formation of a partially closed state with the dynamically associated ATP. Binding of p23 displaces Aha1 and stabilizes the
completely closed ATP-bound Hsp90 dimer in a hydrolysis-competent state. This conformation is committed for ATP hydrolysis. Both states are
represented by the closed dimer conformation from the crystal structure of yeast Hsp90 bound to the AMP-PNP and p23 (mammals)/Sba1 (yeast
homologue) [38]. After ATP hydrolysis, p23 is released leading to a ‘‘semi-opened’’ ADP-bound state with the Hsp90-N domains partially separated.
This functional state is presented by the crystal structure of an ADP-bound form of the bacterial homologue HtpG (PDB ID 2IOP) [39]. After ADP
release, the substrate clients are released and the Hsp90-N domains dissociate leading to an open free form of the chaperone (pdb id 2IOQ). The
Hsp90 structures are shown in surface representation and colored according to their domain nomenclature : N-terminal ATPase domain (Hsp90-N)
that binds ATP is shown in green; a middle domain (Hsp90-M) that binds cochaperones and client proteins is shown in blue, and a C-terminal domain
(Hsp90-C) required for dimerization is shown in red.
doi:10.1371/journal.pone.0071936.g001
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mechanism, the rate-limiting N-terminal conformational changes

in yeast Hsp90 are nucleotide-independent and determined by

slow thermal fluctuations between the open and closed states [54].

Moreover, only binding of cochaperones may turn the stochasti-

cally-based conformational changes into an orderly and successive

progression of the ATPase cycle for yeast Hsp90 [53,54]. The

synergistic action of the cochaperones Aha1 and p23 is crucial for

regulation and progression of the Hsp90 ATPase cycle (Figure 1).

Aha1 accelerates the ATPase cycle by biasing Hsp90 towards an

N-terminally closed ATP-bound conformation immediately pre-

ceding ATP hydrolysis [17,18]. Binding of p23 displaces Aha1 and

stabilizes the completely closed ATP-trapped Hsp90 dimer in a

hydrolysis-competent state [19–23]. After ATP hydrolysis, p23

and the activated client are released (Figure 1). In the absence of

p23, Aha1-induced stimulation of the ATPase cycle would lead to

accelerated ATP hydrolysis [17]. Hence, Aha1 and p23 can

modulate the thermodynamic and kinetic properties of the

ATPase cycle to achieve temporal control over conformational

transitions required for proper loading and release of the substrates

from the Hsp90 system (Figure 1).

The first X-ray crystal structure of the full-length Hsp90 dimer

was obtained from the co-crystal structure of yeast Hsp90 bound

to the AMP-PNP and two molecules of p23 (mammals)/Sba1

(yeast homologue) [38]. The dynamics of the human Hsp90-p23

complex in solution was studied by combination of NMR

spectroscopy and native mass spectrometry [55–57]. These

experiments have revealed that the chaperone constructs that

contained both Hsp90-N and Hsp90-M domains were capable of

binding to p23, whereas the Hsp90-N domains alone could not

form high affinity complexes with p23 even in the presence of ATP

[55,56]. Collectively, the results of crystallographic and NMR

investigations have concluded that (a) p23 binding can induce

significant long-range conformational changes in the Hsp90-M

domains; (b) the ATP-driven dimerization can be allosterically

supported by the p23-induced stabilization of the Hsp90-N and

Hsp90-M domains.

Unlike p23, Aha1 can accelerate the progression of the Hsp90-

ATPase cycle towards a dimerized closed form by directly

‘‘dialing’’ into the equilibrium motions of Hsp90 and promoting

structural rearrangements that favor a closed chaperone form

irrespective of the presence of nucleotide [58–60]. The initial

biochemical studies have characterized Aha1-mediated stimula-

tion of the ATPase activity as primarily determined by the

interactions between N-terminal domain of Aha1 (Aha1-N) and

the Hsp90-M [58–61]. Importantly, the Aha1-N domain appeared

to be essential and contributed , 30% of the ATPase activity

stimulated by the full-length cochaperone Aha1 [58]. Although the

maximal activation can be achieved only by the complete Aha1

construct, the C-terminal domain of Aha1 (Aha1-C) alone does

not bind to Hsp90 nor can it stimulate the ATPase activity [58].

Gel filtration chromatography and in vitro assays of yeast Aha1

binding to yeast Hsp90 have indicated that Aha1 binds to the

Hsp90-M and stimulates the ATPase activity of the molecular

chaperone [59]. Structure-functional analysis of yeast Hsp90 using

co-precipitation and isothermal titration calorimetry have con-

firmed that the primary docking site of Aha1 is proximal to the

catalytic loop in the Hsp90-M [61]. These studies have suggested

that Aha1 may allosterically enhance the interactions of the

Hsp90-M and the Hsp90-N domains and thereby facilitate

conformational changes towards the closed form of Hsp90. The

recent functional studies have also revealed that Aha1 may form

complexes with Cdc37 and Hsp90 in the absence of nucleotides

[62,63]. However, Aha1 binding can dramatically reduce Cdc37

affinity to Hsp90 and the addition of ATP analogs could trigger a

full displacement of Cdc37 from the chaperone complex [64,65].

The crystal structures of the yeast Aha1-N (residues 1–153) in

the unbound form and in the complex with the yeast Hsp90-M

domain (residues 273–530) [66,67] have revealed that Aha1-N

binding can release the catalytic loop residues from the intra-

molecular interactions and bring them closer to the nucleotide site

by adopting a partially open active orientation [66]. Structural

details of the Hsp90-Aha1 interactions have been elucidated for

the full length Hsp90 in a series of NMR and FRET experiments

that have revealed an asymmetric binding of a single Aha1

molecule with the Hsp90 dimer sufficient for stimulation of the

ATPase activity [68]. These studies have confirmed the primary

contacts between the Aha1-N and the Hsp90-M domains, which

are nucleotide-independent, whereas binding of the Aha1-C with

the Hsp90-N can occur only in the presence of ATP. Structural

and dynamic basis of Aha1 regulation for the full-length

mammalian Hsp90 and Aha1 was also investigated using cross-

linking and mass spectrometry biophysical analyses [69]. The

obtained molecular footprint of the Hsp90-Aha1 interactions has

suggested that Aha1 may fluctuate between open and closed states

Figure 2. The Structure of the Full-Length Hsp90 Dimer. The
homodimer architecture of the full-length Hsp9p0 dimer is illustrated
by the crystal structure of a closed ATP-bound conformation of yeast
Hsp90 dimer [38]. The structure is shown in a ribbon representation
with a detailed annotation of structural elements (left panel) and in a
general surface-based protein representation (right panel). The Hsp90-N
domain is shown in green; the Hsp90-M domain is depicted in blue and
the Hsp90-C domain is presented in red. Left Panel: The ATP lid residues
95–123 are shown in black (95-TIAKSGTKAFMEALSAGADVSMIGQFGVG-
123). The catalytic loop residues (371-SEDLPLNLSREMLQQ-385) are
shown in cyan with a key catalytic residue R-380 highlighted in cyan
sticks. ATP molecule is colored by atoms and is shown in sticks. The
three-helix bundle shown in blue ribbons (helix 1: residues 386–408;
helix 2: residues 412–431; helix3: residues 435–442) links the inter-
domain regions and the regulatory hinges. The N-M inter-domain hinge
residues M382 and L383 are shown in cyan spheres; the M-C inter-
domain hinge residues E402 and E406 are shown blue spheres. The
cyan color of M382/L383 is according to the coloration of the catalytic
loop (residues 371–385). The blue color of E402/E406 is according to the
coloration of the Hsp90-M domain. In the original crystal structure of
yeast Hsp90 the domain annotation for the monomer 1 is: Hsp90-N
(residues 2–216), Hsp90-M (residues 262–329, 339–526) and Hsp90-C
(residues 527–597, 611–677). In the monomer 2 Hsp90-N (residues 2–
216), Hsp90-M (residues 262–526) and Hsp90-C (527–597, 611–677). The
structurally unresolved residues are 217–261, 330–338 (only in the first
monomer), and 598–610. The Pymol program was used for visualization
of Hsp90 structures (The PyMOL Molecular Graphics System, Version
1.2r3pre, Schrödinger, and LLC).
doi:10.1371/journal.pone.0071936.g002
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of Hsp90 during the initial recognition event, while the

thermodynamic bias would force Aha1 to be trapped in a partially

or fully closed Hsp90 dimer [69]. Collectively, these studies have

demonstrated that Aha1-mediated acceleration of the Hsp90-

ATPase activity requires the complete Aha1 for full activation and

may operate via a sequential binding mechanism of the Aha1-N

and Aha1- C domains to Hsp90 [68,69].

The most recent analysis of cochaperone integration during the

Hsp90 ATPase cycle was addressed by using a combination of

biochemical, biophysical and in vivo methods [70]. This study has

revised a general stochastic mechanism of the ATPase cycle by

recognizing that the integration of cycle-accelerating cochaperones

(Aha1, Cpr6) and cycle-inhibiting cochaperones (p23) could

impose certain directionality into the Hsp90 cycle to ensure a

steady progression between intermediates towards the active

closed dimer required for the maturation of client proteins. A

global fingerprint of the Hsp90 regulated proteome has been

recently explored by global proteome profiling [71–73] and cell-

based interrogation exploiting proteomic response to Hsp90

inhibitors [74–76]. However, despite technological advances in

probing molecular mechanisms of the Hsp90 regulation, a

dynamic nature of the Hsp90 interactions with cochaperones

and client proteins remains elusive, making structural and

energetic characterization of the Hsp90 mechanisms challenging

even for modern experimental techniques. These difficulties are

compounded by recent findings that molecular and energetic

determinants of the Hsp90 interactions are not only complex but

are also broadly distributed in structural space [73]. Frustrated by

the diversity and transience of the Hsp90 interactions, prior studies

have left a number of gaps in understanding how cochaperones

can modulate allosteric signaling and regulate activities of the

interacting partners.

Structural plasticity and functional adaptation of the Hsp90

chaperone in signaling networks are regulated by allosteric

interactions that allow for recognition of a wide range of

cochaperones and client proteins with different sequences and

conformations. Rapid and efficient transmission of long-range

conformational changes plays a vital role in allosteric regulation

and may present a common functional requirement encoded

across single protein domains and macromolecular assemblies

[77–83]. Coarse-grained approaches and elastic network models

such as Gaussian network model (GNM) [84–86] and the

anisotropic network model (ANM) [87] combined with the normal

mode analysis (NMA) [88,89] are indispensable tools that can

probe allosteric interactions and functional motions that are

primarily determined by the equilibrium structure and could be

adequately described by the low frequency normal modes [90–92].

A combination of molecular dynamics (MD) simulations and the

protein structure network (PSN) analysis using graph-based

approaches [93–100] can often identify functionally important

structural changes in conformational populations of states.

Mapping of the dynamical profiles obtained from GNM and

NMA approaches with the protein network parameters) [95–98]

can provide the distribution and reorganization of structurally

stable residue networks upon ligand or protein binding. Compu-

tational studies have employed these dynamic approaches to

model molecular mechanisms of allosteric signaling in the

molecular chaperones [101–109]. We have recently reported a

series of computational investigations revealing the atomic details

of the allosteric pathways which may regulate the conformational

equilibrium of the Hsp90 chaperone [101–107]. These studies

have identified conserved functional motifs that act as central

regulators of the Hsp90 activity, including control of ATP

hydrolysis, the inter-domain communications and protein client

binding (Figure 2) [107]. The recognition sites are often positioned

close to these regulatory motifs containing catalytic and hinge

residues. Based on these findings, we have proposed that

functional coupling of structurally stable regulatory motifs and

conformationally mobile elements may regulate allosteric binding

of cochaperones and protein clients [107]. A similar analysis based

on atomistic simulations of the Hsp90 crystal structures from

different species has detected two inter-domain hinge sites

regulating allosteric interactions of Hsp90 [108]. Force-distribu-

tion analysis has identified an internal signaling pathway

connecting the nucleotide binding site via a dynamic hinge with

the distantly located client binding region in the middle domain of

HtpG [109].

Determining the mechanisms by which structural changes

elicited by various cochaperones could concertedly lead to the

formation of a catalytically active form is of fundamental

importance in understanding the activation of chaperone clients.

In this work, we report the results of computational modeling of

allosteric regulation in the Hsp90 complexes with the cochaper-

ones p23 and Aha1. Integration of protein docking, coarse-grained

simulations, protein structure network analysis and the energy

landscape modeling has provided a convenient platform for

quantifying the regulatory principles underlying cochaperone

modulation of the Hsp90 activity. Although the network of

allosteric communications is determined by the structural archi-

tecture of Hsp90, we show that functional motions of Hsp90 can

be selectively modulated by cochaperones via specific targeting of

the regulatory hinges that could stabilize specific chaperone

conformations. Using protein structure network analysis, we

characterize cochaperone-induced reorganization of structurally

stable networks that could allow p23 and Aha1 to readily alter the

conformational equilibrium of Hsp90 and stabilize specific

functional states. The results of this study shed some light on

how structural and dynamic changes induced by cochaperones

could direct the Hsp90 cycle by progressively stabilizing a

catalytically competent dimer required for maturation of client

proteins.

Results/Discussion

According to the central hypothesis of this study allosteric

regulation of the diverse chaperone functions is encoded in the

topology of the Hsp90 fold, but can be selectively modulated and

activated by cochaperones. In this model, allosteric interactions

provide a mechanism for coordinated collective motions and

structural adaptation of Hsp90 to binding partners via equilibrium

switching to the preferential conformational state. We extended

and tested this mechanistic model in a detailed computational

investigation of Hsp90 binding with the p23 and Aha1 cochaper-

ones. The following specific objectives and research strategies were

pursued in the present work: (a) using data-driven protein docking

approach and MD refinement we assembled structures of the

Hsp90 complexes and reconstructed binding interfaces of Hsp90

with p23 and Aha1; (b) the predicted models of the Hsp90

complexes were then used by the GNM and NMA approaches to

characterize collective motions and normal modes of the

chaperone and assess the differential impact of the individual

domains and multi-domain constructs of p23 and Aha1 on

functional dynamics of Hsp90; (c) we analyzed how functional

motions of Hsp90 determined by the physical constraints of the

homodimer fold could be modulated by p23 and Aha1; (d) we

characterized the distribution and reorganization of structurally

stable interaction networks in the Hsp90-cochaperone complexes

using dynamic network parameters (clusters, hubs, cliques and

Computational Modeling of Allosteric Regulation
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communities) averaged over the MD trajectories; (e) we also

carried out the energy landscape analysis of the Hsp90-cochaper-

one complexes and demonstrated that targeted modulation of the

local frustration profiles in complexes with Aha1 could serve as an

energetic detector of hotspot residues critical in allostetric

regulation.

Structure and Dynamics of the Hsp90-p23 Interactions:
Allosteric Stabilization of the Hsp90 Dimerized State

We began by discussing the results of structural modeling and

functional dynamics analysis of the Hsp90-p23 interactions. The

crystal structure of the Hsp90-p23/Sba1p complex has revealed

two cochaperone molecules occupying the depression at the

interface of the two Hsp90-N domains in the closed dimer form

[38]. We used the high ambiguity-driven docking approach

HADDOCK [110] that converted this structural information into

of Ambiguous Interaction Restraints (AIR) templates (Table S1) to

guide docking of protein complexes. To validate this approach, we

carried out three-body docking simulations using as independent

unbound molecules the ATP-bound form of the Hsp90 dimer and

the crystallographic conformations of two p23 molecules. The

ensemble of generated solutions was subjected to stages of

HADDOCK refinement and clustering (see Materials and

methods for more details). Simulations converged to the low-

energy docked structure that was within root mean square

deviation (RMSD) = 1.85 Å from the crystal structure. Subsequent

MD-based refinement of the low-energy docked solutions

produced the final conformation of the trajectory residing within

RMSD = 1.137Å from the crystal structure of the complex

(Figure 3). The average RMSD of the MD refinement trajectory

from the crystal structure of the complex was ,1.485 Å.

The predicted conformation of the Hsp90-p23/Sba1p complex

was used to characterize conformational mobility profiles in the

unbound and bound forms of Hsp90. These results were

compared with the NMR analysis of the human Hsp90b-p23

complex [56,57]. Of particular interest was functional dynamics

profiling in the regions that exhibited chemical shift perturbations

as a result of Ile-specific NMR labeling experiments in human

Hsp90b [56]. Using structure-sequence alignment of yeast and

human Hsp90 [111] and sequence analysis of Hsp90 proteins in

various organisms [112], we mapped these p23-mediated changes

between human Hsp90b and yeast Hsp90.

We found that binding-induced modifications in the functional

dynamics of Hsp90 may affect the global allocation of structurally

rigid and conformationally mobile elements (Figures 4). This effect

could be seen in the changed structural environment of the Hsp90-

N residues, manifested in the increased stabilization of the regions

surrounding the NMR-probed Ile residues. According to the

NMR data [56], the ATP-dependent changes could be restricted

to the Hsp90b-N residues I53, I75, I90 residues from the ATP

binding pocket (corresponding to I45, I66, and I82 in yeast

Hsp90). While the structural environment of these residues in the

ATP-bound dimer consists of structurally rigid and conformation-

ally mobile elements (Figure 4A), this region becomes increasingly

rigid and largely homogeneous in the Hsp90-p23 complex

(Figure 4B). By monitoring Ile-specific changes in conformational

mobility we also observed allosterically induced structural immo-

bilization of the I12, I19, I20 residues in yeast Hsp90 that belong

to the helical regions involved in the N-terminal dimerization (the

Hsp90b-N residues I20, I27, and I28 respectively) (Figure 4). In

agreement with the NMR results, we found that the allosteric

effect of p23 binding could propagate over long range distances

and considerably strengthen structural rigidity of the Hsp90-M

domains and the N-M inter-domain interactions. The enhanced

structural rigidity of the yeast Hsp90-M residues I358, I388, V429,

and I471 (corresponding to the NMR-probed Hsp90b-M residues

I369, I399, I440, and I482) that are distant from the binding site

(Figure 4B) is indicative of long-range allosteric changes mediated

by p23 binding [56]. The increased structural stability of the

Hsp90-M residues L315, I388 and V391, which are proximal to

the catalytic R380, may also enforce the closed state of the

catalytic loop and further stabilize the ‘inhibited’ form of Hsp90

that is committed to hydrolyzing ATP. It is therefore possible that

the ATP-driven dimerization of the Hsp90-N domains can be

allosterically enhanced by p23 binding. Consistent with the

crystallographic [38] and NMR data [55–57], we determined

that p23-mediated changes are primarily manifested in (a)

structural immobilization of the Hsp90-N residues near the

dimerization regions; (b) long-range allosteric changes propagated

to the Hsp90-M regions, and (c) the increased association of the

Hsp90-N and Hsp90-M domains (Figure 4).

We also examined the distribution of structural rigid and

flexible elements at the inter-domain N-M and M-C boundaries,

assuming that localized targeted changes in these regions may be

responsible for modulation of the ATPase activity. A number of

functionally important residues, including the NMR-probed I388

and V429 residues in the Hsp90-M domain, belong to the three-

helix bundle (helix 1: residues 386–408; helix 2 : residues 412–431;

helix3: residues 435–442) that links the inter-domain regions and

the regulatory hinges. The first primary hinge (residues 374-

LPLNLSREML-383) is located at the N-M interface (Figure 2)

and this region becomes more rigid and homogeneous in the

Hsp90-p23 complex (Figure 4B). Structural environment of the

second inter-domain M-C hinge (residues 426-KLGVHE-431)

remained largely similar to the ATP-bound closed dimer (Figure 4).

The moderately reduced conformational mobility of Hsp90 near

the regulatory hinge sites suggests that p23 would not stifle

collective movements but rather slow down the ATPase-driven

conformational transitions.

Modulation of Allosteric Communications by the
Cochaperone p23

The refined structural models of the Hsp90-p23 complex were

analyzed by the elastic network and the NMA approaches. Using

these tools we generated the distribution of conformational

mobility and the cross-correlation maps of protein residue

fluctuations. We compared the cross-correlation matrices of

residue fluctuations computed along the low frequency modes in

the ATP-bound Hsp90 dimer (Figure 5A) and in the Hsp90-p23

complex (Figure 5B). The slowest modes correspond to the large-

scale cooperative movements of the Hsp90 domains, and regions

with restricted motions typically serve as focal points for

modulating collective domain motions and hinge bending. Of

particular interest were the changes in the functional coupling of

structurally stable and conformationally flexible residues near the

regulatory hinge regions critical for collective motions of Hsp90.

The analysis of collective motions was consistent with our earlier

studies [102,107] and recapitulated the global fingerprint of the

Hsp90 dynamics that is determined by the chaperone architecture

(Figure 5A). Functional motions of the ATP-bound Hsp90 dimer

included positive correlations of the Hsp90-N (residues 1–215) and

Hsp90-C domains (residues 491–641) within the monomers as well

as positive correlations between the Hsp90-M-domains of two

monomers. The motions of the Hsp90-C domains were also

positively correlated. The evidence of anti-correlated correlated

coupling between the Hsp90-N of one monomer (residues 1–215)

and the Hsp90-C of the other (residues 1132–1283) (Figure 5A)

was consistent with the experimentally observed anti-correlated
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motions between a C-terminal open and an N-terminal closed

state [44]. Overall, the pattern of correlated motions in the Hsp90-

p23 complex remained largely intact as compared to the ATP-

bound dimer (Figure 5B). A subtle weakening of the intra and

inter-monomer couplings, particularly in the positive inter-

monomer correlations between the Hsp90-M domains could be

still noticed. Interestingly, p23 molecules move concertedly with

their bound Hsp90-N domains.

These results raise a legitimate question how this seemingly

puzzling similarity of collective motions could allow for modula-

tion of the Hsp90-ATPase activity by the p23 cochaperone. To

address this, we computed the distributions of allosterically

communicating residues in the ATP-bound form of Hsp90 and

in the Hsp90-p23 complex that were mapped onto their respective

dynamic profiles (Figure 6). In the framework of the GNM

approach, the collective motions of the chaperone can also

determine communication propensities (CP) of the protein

residues, where functionally important sites such as catalytically

important residues, active site residues, and regulatory motifs are

expected to exhibit rapid and precise communication capabilities

[81,82]. The analysis presented here was based on the GNM

approach and directly relates residue fluctuations to their CPs,

namely the residues whose distances fluctuate with low intensity

communicate with a higher efficiency than the residues with larger

fluctuations. In this model, residues with high local interaction

density (a high coordination number) are likely to belong to the

clusters of effectively communicating residues. While structurally

stable residues undergoing cooperative movements may often

communicate efficiently, conformationally mobile residues exhib-

iting a concerted change in their fluctuations may be equally

important and contribute decisively to the allosteric interaction

networks. Based on our earlier studies [102], we elected to use a

cutoff value of commute times C(i,j)v0:25 as a criterion for a

residue pair (i,j) which are at a distance of 20 Å or greater to be

considered as having an effective CP. We set this value as the

threshold for distinguishing fast and effective communications.

According to these criteria, allosterically communicating residues

Figure 3. Structural Modeling of the Hsp90-p23 Complex. Three-body body docking simulations used as independent unbound molecules
the ATP-bound form of the Hsp90 dimer and the crystallographic conformations of two p23 molecules. Superposition of the docked Hsp90-p23
complex and the crystal structure of yeast Hsp90 bound the AMP-PNP and p23. The crystal structure has revealed two cochaperone molecules bound
to the closed dimer form of Hsp90. (A, B) Front and side views of the docked Hsp90-p23 complex. The Hsp90 structure (pdb id 2CG9) is shown in
spheres; the Hsp90-N domain in green, the Hsp90-M domain in blue, and the Hsp90-C domain in red. To illustrate binding of p23 molecules in a
depression area at the interface of the two Hsp90-N domains, the crystallographic conformations of p23 (in red) and the predicted lowest docked
conformations (in cyan) are highlighted in ribbons. (C) Superposition of the predicted yeast Hsp90-p23 complex (in blue) with the docked p23
molecules in cyan and the crystal structure (in green) with the crystallographic p23 conformations in red.
doi:10.1371/journal.pone.0071936.g003
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may have fast commute times despite their long-range structural

separation.

We have previously determined that the Hsp90-N residues 81–

95 and 121–140 (according to the residue numbering in PDB ID

2CG9) exhibited long-range communication with segments 574–

580 and with the two C-terminal interface helices [102,107]. The

communication profiles obtained in the present work were

consistent with these earlier studies, indicating that topography

of the allosteric communication networks in Hsp90 can be

adequately captured by the elastic network modeling. A similar

pattern of communication propensities was obtained for key

residues enabling allosteric regulation of the ATP-bound Hsp90

dimer. The effectively communicating clusters included the

Hsp90-N residues (T22, A41, G81, G121, G170, 207-LVVT-

210), the Hsp90-M residues (357-LIPE-360, 379-SRE-381, 426-

KLG-428, 479-LKAVE-481) and the Hsp90-C residues (576-

AAIRTG-581) (Figure 6A). Most of these residues lie close to the

inter-domain boundaries and some clusters contain the critical

catalytic residue R380 (379-SRE-381) and a regulatory switch

point A-577 (576-AAIRTG-581) [113]. The structural arrange-

ment of high and low stability residues comprising these

communication clusters may allow for proper functional dynamics

of the catalytically competent Hsp90 dimer. In the Hsp90-p23

complex, the reduced conformational mobility of the Hsp90-N

and Hsp90-M regions affected some of these allosteric pathways

and led to activation of alternative and arguably less efficient

communication routes connecting the Hsp90-N domains with M-

C boundaries through the clusters 351-TDEAE-355 and 426-

KLG-428 (Figure 6B). Importantly, some of the communication

networks connecting the Hsp90-M cluster 426-KLG-428 with the

Hsp90-C regulatory region 576-AAIRTG-581 remained unper-

turbed in the Hsp90-p23 complex (Figure 6B).

According to our analysis, p23-mediated changes in the Hsp90

dynamics are associated with stabilization of the Hsp90-N dimer

interactions that are supported by further consolidation of the N-

M contacts. Based on presented results, these interactions may

provide additional ‘‘molecular brakes’’ that could slow down an

efficient transmission of the inter-domain allosteric signals. At the

same time, the net effect on global motions of the chaperone may

be rather marginal and transpire in cooperative movements of the

Hsp90-N domains and p23 molecules acting as a ‘‘single body’’

connected with the hinge regions. In our interpretation, similarity

of collective motions may reflect a common topography of the

allosteric network, whereas selection and activation of specific

communication routes seems to be cochaperone-dependent and

potentially function as a ‘‘relay switch’’ of the conformational

equilibrium. This distinctive dynamic signature of the Hsp90-p23

complex may be associated with the functional role of p23 that

partially inhibits the ATPase cycle via trapping Hsp90 in a

hydrolysis-competent state, which is likely to regulate the residence

time of ‘‘highly demanding’’ clients favoring this specific form [19–

23].

Protein Docking and Structural Analysis of the Hsp90-
Aha1 Complexes: The Role of the Aha1-N Domain

In this section, we describe the results of structural modeling of

the Hsp90 complexes with the individual Aha1 domains and a

complete Aha1 construct. Experimentally-guided docking using

the HADDOCK approach [110] was used to assemble structures

Figure 4. Functional Dynamics and Conformational Mobility Profiles of the ATP-bound Hsp90 Dimer and the Hsp90-p23 Complex.
Structural distribution of conformational mobility in the ATP-bound form of yeast Hsp90 (A) and the Hsp90-p23 complex (B) was averaged over three
lowest frequency modes obtained from the functional dynamics analysis. A close-up view of the protein mobility profiles for a panel of Ile residues
probed in the Ile-targeted NMR experiments of the Hsp90-p23 complex [56]. These residues were mapped onto the crystal structure of yeast Hsp90
(PDB ID 2CG9) and depicted in colored spheres according to their mobility. A surface-based protein representation is employed. The color gradient
from blue to red indicates the decreasing structural rigidity (or increasing conformational mobility) of protein residues. The numbering of the Ile-
probed residues corresponds to the crystal structure of yeast Hsp90. The highlighted Ile residues in yeast Hsp90 (I12, I19, I20, I45, I66, I82, I358, I388,
V429, and I471) correspond to the Ile-probed residues in human Hsp90b (I20, I27, I28, I53, I75, I90, I369, I399, I440, and I482 respectively [56]). The
three-helix bundle that links the inter-domain N-M and M-C regions and coordinates motions of the regulatory hinges is shown in ribbon
representation. The unrelated obstructing features in the foreground were omitted for clarity. The Pymol program was used for visualization of the
protein structures (The PyMOL Molecular Graphics System, Version 1.2r3pre, Schrödinger, and LLC).
doi:10.1371/journal.pone.0071936.g004
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of the Hsp90-Aha1 complexes. MD-based optimization of the

predicted models refined the intermolecular binding interfaces

allowing for a detailed characterization of the Hsp90-Aha1

interactions. The results of protein docking and structural

modeling were validated by a detailed comparison with the

NMR data and biophysical experiments [66–69]. According to the

recent evidence [69,70], Aha1 may recognize and transiently bind

to multiple forms of Hsp90, yet the thermodynamic preferences

stabilize the formation of the Hsp90-Aha1 complexes with a closed

form of the chaperone. To emulate this scenario of Aha1 binding

and validate our docking approach, we adopted a HADDOCK

protocol that simultaneously probed binding preferences of Aha1

with multiple and structurally different forms of Hsp90. The

ensemble of multiple Hsp90 conformations used in docking runs

was generated using previously reported all-atom MD simulations

[107]. The protein ensemble included a total of 50 representative

snapshots taken from MD simulations of the crystal structure of

yeast Hsp90 (PDB ID 2CG9) [38]; the crystal structures of the

bacterial homologue HtpG in an open free form (PDB ID 2IOQ)

and an ADP-bound form (PDB ID 2IOP) [39], and the crystal

structures of the mammalian Grp94 homologue in complexes with

ADP (PDB ID 2O1V) and AMP-PNP (PDB ID 2O1U) [40].

We began by performing docking simulations using only the

crystal structure of the Aha1-N domain, since this domain was

Figure 5. A Comparative Analysis of Correlated Motions in the ATP-bound Hsp90 and the ATP-bound Hsp90-p23 Complex. The
cross-correlation matrices of residue fluctuations computed along the low frequency modes in the ATP-bound Hsp90 dimer (A) and in the Hsp90-p23
complex (B). The matrix was calculated using the results of MD-based refinement and NMA of the predicted structures. The essential directions of
correlated motions during dynamics were then calculated by diagonalizing the covariance matrixC(i,j). Cross-correlations of residue-based
fluctuations vary between +1 (fully correlated motion; fluctuation vectors in the same direction, colored in red) and -1 (fully anti-correlated motions;
fluctuation vectors in the same direction, colored in blue). The values above 0.5 are colored in dark red and the lower bound in the color bar indicates
the value of the most anti-correlated pairs. Bottom panels: The Hsp90 structure is shown in a ribbon representation (Hsp90-N in green, Hsp90-M in
blue, and Hsp90-C in red). The p23 molecules (right bottom panel) are shown in black ribbons. The residue indexing of the Hsp90 domains as used in
the cross-correlation matrices is indicated. In the original crystal structure of yeast Hsp90 [38] the domain annotation for the monomer 1 is: Hsp90-N
(residues 2–216), Hsp90-M (residues 262–329, 339–526) and Hsp90-C (residues 527–597, 611–677). In the monomer 2 Hsp90-N (residues 2–216),
Hsp90-M (residues 262–526) and Hsp90-C (527–597, 611–677). The structurally unresolved residues are 217–261, 330–338 (only in the first monomer),
and 598–610. The crystal structure was employed as a starting point for the simulations. The disordered charged loop between the Hsp90-N and
Hsp90-M domains was replaced by a modeled Gly-based linker using the ModLoop server [140]. All disordered loops in the Hsp90-M and Hsp90-C
domain were modeled with ModLoop by preserving the original protein sequence. The original crystallographic annotation was converted to a
consecutive numbering in the cross-correlation matrix where the adjusted domain annotation is as following. The monomer 1 includes residues 1–
641 and the monomer 2 consists of residues 642–1282. In the monomer 1: Hsp90-N (residues 1–215), Hsp90-M (residues 216–490) and Hsp90-C
(residues 491–641). In the monomer 2: Hsp90-N (residues 642–856), Hsp90-M (residues 857–1131), and Hsp90-C (residues 1132–1282). The p23
residues are 1283–1406 (molecule 1) and 1407–1530 (molecule 2) respectively.
doi:10.1371/journal.pone.0071936.g005
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implicated as a main driver in stimulation of the ATPase activity

[68,69]. These simulations incorporated the experimental obser-

vation that binding of the Aha1-N domain with Hsp90 is

nucleotide-independent, whereas the Aha1-C domain can interact

with the Hsp90-N domains in the presence of ATP or AMP-PNP

[66]. As a result, in docking of the Aha1-N domain the

representative Hsp90 snapshots were extracted from all-atom

MD simulations performed with the removed nucleotide [107].

The assembled sets of active and passive residues forming the AIR

templates (Table S2) reflected the topology of the Hsp90-Aha1

assembly, namely the fact that the Aha1-N would primarily

interact with the Hsp90-M [66]. We highlighted the focal points of

docking simulations by analyzing the low energy solutions

obtained with 5 different AIR sets. Irrespective of the composition

of experimental restraints, docking results reproduced the ener-

getic preferences of Aha1 to preferentially interact with the closed

form of the Hsp90 dimer (Figure S1). The predicted Hsp90-Aha1

complex reproduced the interaction site of the Aha1-N from the

crystal structure with the Hsp90-M and accurately mapped the

binding interface with the Hsp90-N (Figure 7). Structural analysis

of the docked solutions revealed a gradual consolidation of the

Hsp90 interface with the Aha1-N as the HADDOCK-based score

of the complexes improved (Figure S1). While less favorable

docking solutions displayed minor packing defects, the predicted

low-energy model accurately reproduced the overall topology of

the Hsp90-Aha1 complex and the main interaction sites that were

originally inferred in the NMR experiments [68]. Interestingly, a

sheer number of incorporated experimental restraints did not

translate into the improved structural model, which may be due to

the increased stiffness of the underlying energy landscape that

could hamper conformational sampling of the low-energy

complexes. Somewhat unexpectedly, and yet quite instructively,

the lowest energy complex with the Aha1-N was obtained by

employing a rather ‘‘minimalistic’’ AIR template. In this case, the

experimental restraints used in docking were extracted exclusively

from the crystal structure of the Hsp90-M domain complex with

the Aha1-N [66], where only hydrophobic residues contributing to

the binding interface were chosen as active residues. The scatter

graphs of the HADDOCK score and the intermolecular interface

RMSD (Figure S2) of the docked conformations reflected

important features of the binding energy landscape. A moderate

correlation between energy scores and RMSDs in the main cluster

of docked solutions may reflect the driving force favoring the

native topology of the Hsp90-Aha1 complex. However, docked

conformations near the native basin (within RMSD ,2.0 Å from

the lowest energy complex) could span a range of scores, reflecting

structural plasticity of the interacting partners near the binding

interface (Figure S2).

MD-based refinement of the predicted docked complexes

allowed for structural mapping of the interacting residues and

characterization of the Aha1-N interactions with the Hsp90 dimer

(Figure 8). The predicted model of the Hsp90-Aha1 complex

reproduced structural stability of the central hydrophobic cluster

formed by I64, L66 and F100 of the Aha1-N and L315, I388 and

V391 from the Hsp90-M domains. A network of salt bridges

formed between D53, D101, D68 and E97 from the Aha1-N and a

group of lysine residues K387, K390, K394 and K398 of the

Hsp90-M domains is recognized as a crucial stabilizing contrib-

utor of the Hsp90-Aha1 complex [66]. This important element of

the intermolecular interface was accurately captured in docking

Figure 6. A Comparative Analysis of the Allosterically Communicating Networks. The distributions of allosterically communicating
residues are shown in a sphere-based residue representation for the ATP-bound form of Hsp90 (A) and in the Hsp90-p23 complex (B). These
distributions are mapped onto respective functional dynamics profiles of Hsp90 shown in a surface-based protein representation. The color gradient
from blue to red indicates the decreasing structural rigidity of protein residues similar to Figure 4. The crystal structure of yeast Hsp90 is enveloped in
a 50% transparent molecular surface to show the location of the allosterically communicating residues. The location and identity of allosterically
communicating residues are annotated and the Hsp90 domains are indicated. The effectively communicating clusters included the Hsp90-N residues
(T22, A41, G81, G121, G170, 207-LVVT-210), the Hsp90-M residues (357-LIPE-360, 379-SRE-381, 426-KLG-428, 479-LKAVE-481) and the Hsp90-C
residues (576-AAIRTG-581). The changes in the distribution of allosterically interacting residues induced by p23 binding are depicted (B). The close
proximity of these residues to the three-helix bundle (shown in ribbon representation) that links the inter-domain regions can be also seen.
doi:10.1371/journal.pone.0071936.g006
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simulations and remained stable during the MD refinement stage

(Figure 8). In agreement with the NMR mapping [68], structural

modeling also predicted a second interacting site formed between

the Hsp90-N and the Aha1-N domains. This secondary interac-

tion site is smaller and involves a group of the Aha1-N residues

interacting with the portion of the ATP-binding pocket in Hsp90.

The predicted interacting residues in the Hsp90-N (D132, N151,

T157, K178, D179, and D180) exhibited chemical shift differences

in the NMR analysis of the Hsp90-Aha1 interactions [68].

Importantly, this prediction was obtained using a minimalistic

set of restraints that included only the Hsp90-M active residues.

None of the Hsp90-N residues were entered into the AIR template

and there was no any bias favoring the formation of these

interactions.

The Individual Domains of Aha1 Can Synergistically
Interact with the Hsp90 Closed Dimer

Aha1-mediated stimulation of the Hsp90-ATPase activity

requires binding of a complete Aha1 construct [68,69]. The full-

length human Aha1 consists of the Aha1-N domain (residues 1–

162), a degenerate linker (residues 163–205) and the Aha1-C

domain (residues 206–338) [68,69]. To understand structural role

and potential synergistic effects of the individual Aha1 domains in

the regulatory mechanism we also carried out docking simulations

of the Aha1-C domain with the Hsp90 dimer. The NMR

experiments suggested a mechanism of ‘‘sequential’’ Aha1 binding

to Hsp90, where the initial binding of the Aha1-N domain is

critical for the initial stimulation of the ATPase activity and may

trigger the recruitment of the Aha1-C domain that is required for

consolidation of the Hsp90-Aha1 complex and the ATPase

activation [68,69]. The ‘‘sequential’’ mechanism was mimicked

in our modeling experiments by also incorporating the experi-

mental evidence that the interacting sites of the Aha1-N and

Aha1-C domains are non-overlapping [68,69]. By using the low-

energy complexes of the Aha1-N domain with Hsp90 as starting

points for docking of the Aha1-C domain, we assembled and

refined the structure of the complete Hsp90-Aha1 complex. In

docking simulations we used the solution structure of the human

Aha1-C (PDB ID 1653) and a homology model of yeast Aha1-C

created based on the human NMR structure as adopted in the

NMR studies [68].

The predicted binding interface between the Aha1-C and the

Hsp90-N domains was consistent with the NMR mapping [68]

and mass spectrometry analysis [69]. The interacting residues in

Figure 7. The Predicted Model of the Aha1-N Domain Complex with Hsp90 Dimer. The predicted low-energy model of the Aha1-N domain
bound to the Hsp90 dimer is shown in (A) in a sphere-based protein representation. The Hsp90 dimer is shown in grey spheres, the docked Aha1-N
domain is colored in red spheres. The best low-energy models of the Aha1-N complexes obtained in the initial analysis (panels A and D in Figure S1)
were optimized in additional rounds of the HADDOCK and MD refinement. The intermolecular AIR was supplemented by the intramolecular
constraints to preserve secondary structures in the Aha1-N during semi-flexible stages of HADDOCK refinement. These intramolecular interactions
were formatted into a distance restraint file and uploaded to HADDOCK as unambiguous interaction restraints. (B) Superposition of the predicted
structural model of the Aha1-N complex in the dimer with the crystal structure of the Aha1-N complex with the Hsp90-M (PDB ID 1USU) [66]. The
docked Aha1-N domain is shown in red ribbons and the Hsp90-M domain of the chaperone dimer is in green ribbons. The crystal structure of the
Aha1-N domain bound to the Hsp90-M domain is shown in blue ribbons. The structure of the Hsp90 dimer is enclosed in a 40% transparent
molecular surface colored in green.
doi:10.1371/journal.pone.0071936.g007
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the Hsp90-N included N164, E165, and R166 residues, all of

which experienced significant chemical shift changes in the NMR

experiments [68]. We found that the most favorable binding mode

involved a network of interactions formed by the Aha1-C residues

from the b-sheet region of the cochaperone structure (Figure 9).

The interacting residues in the human Aha1-C included a

conserved residue stretch 279-WPEGHFAT-286 where H283,

A285 T286 cooperate with K273 to establish the key interactions

with the Hsp90-N. The respective cluster of interfacial residues in

the yeast Aha1-C (290-WSAPFNST-297) featured F294, S296,

and T297 that together with H284 formed the primary interacting

contacts (Figure 9). This is also consistent with the biophysical

cross-linking experiments which confirmed that the residues 276-

FKSWPEGHFATTIL-289 from the Aha1-C would interact with

the Hsp90-N domain [69]. Indeed, we observed that a subgroup of

these residues 279-WPEGHFAT-286 along with K273 was

involved in direct interactions with the Hsp90-N. Interestingly,

K273 and residues 283-HFATTIL-289 were fully protected from

covalent modifications under physiological conditions in solution

[69]. Docking simulations also revealed a less favorable binding

mode involving a small interacting loop on the opposite side of the

Aha1-C domain (data not shown) formed by residues I292, G296,

E297 in the human Aha1-C (yeast residues H303, F308, H309,

and E310). According to the experimental data, these residues

experienced less significant changes in the chemical shifts [68].

Hence, the agreement between computational and experimental

data could also capture this more subtle effect and confirmed the

primary interaction site between the Aha1-C and the Hsp90-N

domains.

The binding interface formed by the Aha1-N is rather

extensive and involves interactions with conserved residues from

multiple domains of Hsp90 (Figure 8). On the other hand, the

interface formed between the Aha1-C and the Hsp90-N is

localized, much smaller and more dynamic as the contributing

residues from the interacting partners belong to the peripheral

flexible regions (Figure 9). These structural observations

underscore the notion that the Aha1-N may be essential for

primary stimulation of the ATPase activity, whereas the C-

terminal domain of Aha1 would likely to play a supporting role

by enhancing the Aha1-N interactions to the Hsp90-N [68,69].

According to the predicted structural models (Figures 8, 9),

binding of the Aha1-C could have a synergistic effect by

‘‘stitching’’ the Hsp90-N domain of the interacting monomer

with both Aha1 domains. The rigidified structural environment

of the Aha1-interacting Hsp90-N domain can then facilitate the

formation of a closed dimerized form of the chaperone. In this

scenario, the Aha1-C interactions with the Hsp90 dimer would

not compromise and may further stabilize structural assembly of

Hsp90 with the Aha1-N domain. The analysis of Aha1-

mediated interactions with Hsp90 suggested that the domains

of Aha1 may act cooperatively to direct stochastically-driven

cycle towards a closed state to maximize the stimulation of ATP

hydrolysis [68–70].

Figure 8. Structural and Dynamic Mapping of the Aha1-N Interactions with Hsp90. The predicted binding interface between the Aha1-N
and the Hsp90 dimer is presented. (Left Panel) Structural distribution of conformational mobility in the Hsp90-Aha1 complex was obtained from the
functional dynamics analysis. A ribbon-based protein representation is employed. The color gradient from blue to red indicates the decreasing
structural rigidity of protein residues as in Figure 4. The Hsp90 dimer is also enveloped in a 50% transparent molecular surface. The Hsp90 residues
from the intermolecular interface are colored according to their mobility (blue to light blue spheres). For clarity of presentation, the Aha1-N domain is
shown in green ribbons, the Aha1-C domain in red ribbons. The Aha1-N and Aha1-C interfacial residues are shown respectively in green and red
spheres. (Right Panel) A close-up of the Aha1-N binding interface. A ribbon-based protein representation with a 40% transparent molecular surface at
the background is used. The interfacial Hsp90 residues are annotated and shown in spheres colored according to their mobility in the complex (from
rigid/blue to flexible/red). The Aha1-N interfacial residues are shown in green spheres. Of notice, a central hydrophobic cluster formed by I64, L66 and
F100 of the Aha1-N and L315, I388 and V391 from the Hsp90-M domains. A network of hydrogen between D53, D101, D68 and E97 from the Aha1-N
and K387, K390, K394 and K398 of the Hsp90-M domains is recognized as a crucial stabilizing contributor of the Hsp90-Aha1 complex [66]. The
predicted interacting residues in the Hsp90-N are D132, N151, T157, K178, D179, and D180.
doi:10.1371/journal.pone.0071936.g008
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Dynamic Fingerprints of the Hsp90-Aha1 Complexes:
Allosteric Modulation of Collective Motions

Analysis of principal collective motions in Hsp90 has identified

functional motifs, including the inter-domain hinge regions that

may act collectively as regulators of the allosteric communications

and cochaperone binding [107]. We proposed that Aha1-based

regulation of the ATPase activity may be associated with

modulation of collective motions via targeted binding to the

regulatory hinge motifs. This could alter functional dynamics of

the chaperone and allow for sequestration of a specific N-

dimerized closed state of Hsp90. The MD-refined structural

models of the Hsp90-Aha1 complex were subjected to the GNM

analysis to probe the differential effect of the Aha1 domains on

functional motions of Hsp90. The distribution of conformational

mobility and the cross-correlation maps of protein residue

fluctuations were computed along the low frequency modes. The

collective movements of Hsp90 are determined by the topology of

the homodimer architecture and cannot be significantly altered

upon binding. Nevertheless, we noticed important signs of Aha1-

mediated alterations in the collective motions that could allow for

modulation of the chaperone activity. Importantly, sequential

binding of the Aha1-N (Figure 10A) and the complete Aha1

molecule (Figure 10B) may lead to the progressive weakening of

concerted motions affecting both the intra- and the inter-monomer

couplings. In particular, the positive intra-monomer correlations

between the N-terminal and C-terminal domains as well as the

positive inter-monomer correlations between the M-domains were

compromised in the Hsp90 complexes with Aha1. A subtle

decrease in the anti-correlated inter-monomer motions of the N-

terminal and C-terminal domains could be also noticed.

Interestingly, the motions of the Aha1-N domain(residues 1283–

1413) are positively correlated with the Hsp90-M domain (residues

216–490) of the interacting monomer 1, but uncoupled from the

Hsp90-M domain of the other monomer (residues 857–1131).

Hence, Aha1-N binding may suppress the inter-monomer

correlations of the M-domains that are known to be associated

with opening-closing movements of the chaperone [107]. In the

asymmetric binding mode, the Aha1-N domain can interact with

both the Hsp90-M of the first monomer 1 and the Hsp90-N of the

second monomer, whereas the Ana1-C domain mainly contacts

only the Hsp90-N of the second monomer (Figures 8, 9). A

corresponding moderate effect inflicted by Aha1-C on collective

motions may be a reflection of its supporting role in stimulation of

the ATPase activity [68,69]. Nonetheless, asymmetric binding of

the complete Aha1 construct could give rise to the positive

correlated motions of the Aha1-C with the Hsp90-N of the second

monomer, while decreasing correlations with the Hsp90-N of the

first monomer (Figure 10B). In the Hsp90-Aha1 complex, a

synergistic binding of the Aha1 domains with the Hsp90-N

(residues 642–856) is responsible for improved positive correlations

of Aha1 with this chaperone domain. Overall, the analysis of

correlated motions indicated that asymmetric binding mode of the

Aha1 domains may partially uncouple the concerted inter-

monomer motions in the Hsp90-N and Hsp90-M domains. These

factors may hinder global cooperative movements of Hsp90 that

are required for the normal progression of conformational changes

in the ATPase cycle.

Figure 9. Structural and Dynamic Mapping of the Aha1-C Interactions with Hsp90. (Left Upper Panel) Structural distribution of
conformational mobility in the Hsp90-Aha1 complex was obtained from the functional dynamics analysis. A ribbon-based protein representation with
a background transparent surface view is employed. The Hsp90 residues from the intermolecular interface are colored according to their mobility
(blue to light blue spheres). For clarity of presentation, the Aha1-N domain is shown in green ribbons, the Aha1-C domain in red ribbons. The Aha1-N
and Aha1-C interfacial residues are shown respectively in green and red spheres. (Lower Left Panel) An overview of the Aha1-C binding interface. The
Hsp90-N is shown in blue ribbons with the interfacial residues in blue spheres. The Aha1-C is shown in red ribbons and the interfacial residues are
indicated by red spheres. (Right Panel) A detailed close-up of the Aha1-C interactions with the Hsp90-N domain. The interacting residues in the
Hsp90-N included N164, E165, and R166 residues (shown in blue spheres). The interacting residues in the human Aha1-C are K273, P280, H283, A285,
and T286 (shown in red spheres). The corresponding residues in the yeast Aha1-C are H284, S291, F294, S296, T297 are also annotated.
doi:10.1371/journal.pone.0071936.g009
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Functional coupling of structurally stable and mobile residues in

the regulatory hinge regions situated at the inter-domain

boundaries is critical to enable collective motions of Hsp90. It is

instructive to analyze the pattern of correlated motions in these

regions induced by Aha1 binding. In the unbound and nucleotide-

free form of Hsp90, the Hsp90-M domains of the monomer 1

(residues 216–490) and monomer 2 (residues 857–1131) were

positively correlated (Figure 5A). In particular, the N-M inter-

domain hinge residues 319–328 of the first monomer (correspond-

ing to the residues 374-LPLNLSREML-383 in the crystal

structure of yeast Hsp90 [38]) exhibited mostly positive correla-

tions with the Hsp90-N and Hsp90-M of the same monomer and

anti-correlated motions with the Hsp90-N of the other monomer.

During ‘‘sequential’’ binding of Aha1 domains these functional

motifs become progressively insulated from the allosteric interac-

tion networks and experienced a reduction in the long-range

correlations with the N-terminal and M-domain regions

(Figure 10). These changes may be sufficient to partially impair

the hinge movements required for conformational transitions

during the Hsp90-ATPase cycle.

Structural environment of the second helix (residues 386-

SKNIKLGVHE357-395) in three-helix bundle from the mono-

mer 1, including the M-C hinge residues 390-KLGVHE-395

(where the latter corresponds to the hinge residues 426-43 in the

crystal structure numbering) is subjected to positive correlated

motions with the Hsp90-M and Hsp90-C domains of both

monomers, which reflects its role in coordinating the long-range

inter-domain movements (Figure 10). In the Hsp90-Aha1 com-

plex, this region may become partially uncoupled from long-range

interactions as judged by a moderate reduction in the extent of

correlated motions with other chaperone regions (Figure 10).

According to our analysis, Aha1-mediated alteration of correlated

motions near the regulatory hinges may affect the equilibrium

fluctuations between functional states. In this scenario, targeted

binding of Aha1 to the hinge regions could modify the global

distribution of the conformational ensemble and modulate normal

progression of the ATPase cycle. The presented arguments

support an arguably broader role of hinge motifs in mechanisms

of binding-induced allosteric transitions, according to which hinges

Figure 10. Analysis of Correlated Motions in the Hsp90-Aha1 Complexes. The cross-correlation matrices of residue fluctuations computed
along the low frequency modes in the Hsp90 complex with the Aha1-N domain (A) and in the complete Hsp90-Aha1 complex (B). The matrix was
calculated using the results of MD-based refinement and NMA of the predicted structures for the bound Aha1-N domain (A) and the complete Aha1
molecule (B). The original residue numbering in the crystal structure of yeast Hsp90 (PDB ID 2CG9) was converted to a consecutive numbering in the
cross-correlation matrix of the Hsp90 dimer as described in the caption of Figure 5. The monomer 1 includes residues 1–641 and the monomer 2
consists of residues 642–1282. In the monomer 1: Hsp90-N (residues 1–215), Hsp90-M (residues 216–490) and Hsp90-C (residues 491–641). In the
monomer 2: Hsp90-N (residues 642–856), Hsp90-M (residues 857–1131), and Hsp90-C (residues 1132–1282). The Aha1-N domain includes residues
1283–1413 and the Aha1-C domain residues are in the range 1414–1549 respectively.
doi:10.1371/journal.pone.0071936.g010
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often serve as non-redundant functional nodes with unique

mobility profiles [114,115].

Functional Dynamics of the Hsp90-Aha1 Complexes and
Allosteric Effects of Binding: Computation and
Experiment

In this section we characterized the effect of Aha1 binding on

functional dynamics and distribution of allosteric communication

pathways in Hsp90. Of particular interest was the analysis of

Aha1-induced changes in the distribution and allocation of

structurally stable and conformationally flexible residues. Complex

biological systems can integrate the adaptability and robustness by

maintaining the appropriate balance between structural rigidity

and flexibility. We addressed the question whether Aha1-based

modulation of the Hsp90 activity is associated with dynamic

changes in structural rigidity and flexibility that are crucial for

proper functioning of the chaperone. Structural mobility profiles

of the Hsp90-Aha1 complexes revealed a considerable strength-

ening of structural rigidity around binding interfaces (Figures 11,

12). Moreover, regions that are proximal to the three-helix bundle

and intimately involved in the inter-domain interactions become

largely immobilized in the Hsp90-Aha1 complex (Figure 11) as

compared to the unbound form of Hsp90 (Figure 4A). The

allosteric effect of the Aha1-N interactions manifested in the

increased structural stability spread across all domains of the

interacting Hsp90 monomer (Figure 11A). According to our

findings, Aha1 domains could synergistically strengthen the N-M

interactions and completely rigidify structural environment of the

Hsp90-N in the interacting monomer that becomes primed for the

formation of a closed dimerized state. At the same time,

conformational mobility of the opposite Hsp90-N domain could

progressively increase with the addition of the Aha1-C domain

(Figure 11B). This may transpire in partial decoupling of the

Hsp90-N domains movements. Collectively, these factors may

trigger a dislocation and imbalance of structurally rigid and

conformationally flexible residues across the entire homodimer.

We also analyzed changes in the distribution of allosterically

communicating residues in the Hsp90-Aha1 complex in the

context of the functional dynamics profile (Figure 11C). As was

shown in the previous sections, the appropriate balance of high

and low stability is an important feature of allosterically connected

residue clusters in the ATP-bound Hsp90 dimer. In the Hsp90-

Aha1 complex, the increased homogeneity in structural rigidity of

the Hsp90-N and Hsp90-M domains could affect communication

capabilities of some residue clusters (Figure 11C). The observed

‘‘deactivation’’ of allosteric communication routes in the Hsp90-N

domain of the second monomer may result from its uniform

structural immobilization by the Aha1 domains. Additionally,

some effectively communicating residues in the Aha1-interacting

M-domain may be also uncoupled from the allosteric networks.

Indeed, a dense communication pathway connecting the Hsp90-

M hinge regions in one of the monomers through a three-helix

bundle may become sparse in the Hsp90-Aha1 complex as some

contributing residues could be ‘‘deactivated’’ by failing to hit the

threshold criterion for effective communicators (Figure 11C). In

particular, functionally important for dimerization T22 may be

bypassed in the modified communication pathways. It is possible

that Aha1-mediated allosteric interactions stimulating the ATPase

activity may potentially offset this loss by ‘‘turning on’’ alternative

communication routes. Indeed, two-hybrid analysis of yeast Hsp90

[116] and biochemical studies of Hsp90 binding [117,118] have

shown that the ATPase enhancement by Aha1 can persist in the

Hsp90-T22E mutant, suggesting that Aha1 could still enforce an

N-terminal dimerized state and compensate the loss of the ATPase

activity. Mutational analysis has similarly demonstrated the

ATPase activity of the Hsp90-T22I mutant could be unaffected

by the decreased expression of Aha1 [119]. We then compared the

conformational mobility map of the Hsp90-Aha1 complex with

the NMR and biophysical experiments [68,69] by focusing on the

residues that experienced significant chemical shift perturbations

upon Aha1 binding. The titration of the Aha1-N domain with the

Hsp90 dimer induced chemical shift changes in the N-M hinge

residues 374-LPLNLSREML-383 as well as in the group of

residues 390-KVIRKNIVKK-399 [68]. In agreement with the

NMR data, we observed that binding of the Aha1-N domain could

affect structural stability of the Hsp90-M residues located near the

N-M hinge region including E312, G313, E316, L357, I358,

L374, V368, V391, I392, N395 (Figure 12). Importantly, the inter-

monomer interactions formed by some of these Hsp90-M residues

(L372, L374, and R376) with the Hsp90-N residues of the other

monomer (T22, V23, Y24) are critical for regulation and can

facilitate the ATP hydrolysis [120]. According to our results,

Aha1-mediated changes in the dynamic profile of Hsp90 are

largely associated with the increased structural stability and

consolidation of the inter-monomer N-M interactions (Figure 12).

The increased stability of the Hsp90-M residues E431, L439,

L457, L479, E497 and D506 is consistent with the observed

chemical shifts in these regions [68]. The impact of the Aha1-C

interactions on the dynamic profile of Hsp90 could also extend

beyond the interacting site and rigidify the Hsp90-N residues

W148, T159, N164, E165, F176, L177, K178, D179, H197 and

F200 (Figure 12). This is consistent with the NMR mapping that

identified significant chemical shift changes in clusters of residues

148–159, 175–180, and 192–200 [68].

The presented results argued that the Aha1-mediated changes

in collective motions and communication pathways could accel-

erate structural rearrangements that would help to trap Hsp90 in

the N-terminal dimerized closed form. To identify and character-

ize these structural changes, we analyzed functional motions in the

Hsp90-Aha1 complex that are represented by the normalized

mean square residue fluctuations (NMSF) along the low frequency

modes. In these distributions, stationary points are typically

attributed to either flexible sites (the distribution maxima) or

globally anchored regions which may act as hinges (the

distribution minima). In this model, structurally stable residues

with correlated thermal fluctuations that correspond to stationary

points of the NMSF function can form clusters of allosterically

communicating residues [81,82,107]. Importantly, not only

structurally rigid but also conformationally mobile residues that

exhibit a concerted change in their fluctuations would be

recognized in this model as effectively communicating and

assigned to the allosteric interaction clusters. The differences in

the NMSF profile of Hsp90 induced by the Aha1-N interactions

were distributed across all chaperone domains (Figure 13A). Most

notably, one could observe the dampened fluctuations of the

Hsp90-M (residues 216–490) and Hsp90-C (residues 491–641)

domains of the Aha1-N interacting monomer as well as the

Hsp90-M of the opposite monomer (residues 857–1131). These

effects were further amplified by the Aha1-C interactions,

particularly in curtailing the low-frequency motions of the inter-

domain regions around hinge motifs (Figures 13B). An interesting

finding from this analysis is an evidence of large functional

movements of the Hsp90-N in the first monomer (residues 1–215)

towards its structurally rigid counterpart from the second

monomer (residues 642–856), that is completely immobilized by

the interactions with the domains of Aha1. Importantly, this trend

persisted when functional motions were computed by averaging

the residues fluctuations over 10 low frequency modes (Figures 13
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C, D). This could reflect the dominant character of these highly

specific movements of the Hsp90-N domains that are induced by

Aha1 binding. We argue that these functional motions may

catalyze structural and dynamic changes that would increase the

probability of bringing together the N-terminal domains and

contribute to the formation of a closed dimerized state.

One of the basic functions of Aha1 is to destabilize the

interactions of the catalytic loop with the Hsp90-M loop and

release the catalytic arginine to a partially closed active orientation

[68,69]. According to our results, Aha1 may also accelerate slow

equilibrium fluctuations of Hsp90 by effectively ‘‘freezing’’ the

interacting Hsp90-N domain in a closed dimerized state while

promoting large functional movements of the second Hsp90-N

domain. This may reflect another important ‘‘dynamic’’ function

of Aha1 as an activator of the ATPase activity. The proposed

model is also consistent with the recent revelations suggesting that

a dynamically regulated association of the N-terminal domains in

the Hsp90-Aha1 complex could favor a partially closed state of

Hsp90 and leave the nucleotide binding site accessible for ATP

exchange before the chaperone is finally trapped in a hydrolysis-

competent state [70].

Protein Structure Network Analysis of the Hsp90
Complexes: The Effect of Cochaperones on
Conformational Stability of Hsp90

We supplemented functional dynamics mapping of the Hsp90-

cochaperone complexes with a graph-based network analysis to

identify functionally important residues that are responsible for

both global motions and structural stability of the Hsp90

complexes. Using various network parameters such as hubs,

cliques and communities [93–98], we quantified the effect of Aha1

and p23 binding on distribution and reorganization of structurally

stable residue networks (Figure 14 A–C). By mapping network

parameters onto functional dynamics profiles we also character-

ized the role of cochaperones in modulating balance between

structural rigidity and flexibility. A community size is determined

by the number of constituent cliques and is typically proportional

to the protein packing density [93–100]. The protein structure

network parameters such as cliques and communities could

provide a simple metric for estimation changes in structural

stability of Hsp90 upon cochaperone binding. A similar and rather

moderate number of cliques and communities in the cochaperone-

unbound Hsp90 may reflect the experimental evidence that

conformational states of Hsp90 are thermodynamically only

marginally stable. Consequently, binding of cochaperones and

client proteins can readily shift the conformational equilibrium

and stabilize a specific functional state by applying only a small

amount of binding energy. We have observed that structurally

stable communities in the Hsp90 structures are fairly conserved

and assembled near the three-helix bundle that coordinates

motions of the regulatory hinges (Figure 14A–C). The residues

from the inter-domain boundaries belong to structurally stable

communities in all studied Hsp90 structures suggesting that

conservation of the inter-domain rigidity may be a universal

property of the chaperone states. Mapping of structurally

conserved networks in the ATP-bound Hsp90 revealed a moderate

Figure 11. The Allosterically Communicating Residues in the Hsp90-Aha1 Complex. The functional dynamics profiles of the Hsp90-Aha1
complexes with the Aha1-N domain (A) and the complete Aha1 molecule (B). A ribbon-based representation of the Aha1 domains is combined with a
surface view of the Hsp90 dimer. The color gradient from blue to red indicates the decreasing structural rigidity of protein residues as in previous
figures. (C) The distribution of allosterically in the context of the functional dynamics profile. The location and identities of allosterically
communicating residues are annotated in spheres colored according to their respective mobility level. The crystal structure of yeast Hsp90 is
enveloped in a 50% transparent molecular surface to show the location of the allosterically communicating residues. The three-helix bundle that links
the inter-domain regions is shown in ribbon representation.
doi:10.1371/journal.pone.0071936.g011
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number of local communities that are spatially separated

(Figure 14A, E). A certain degree of segregation between

structurally stable regions may reflect the functional requirement

for mixing rigidity and flexibility in the native chaperone to assure

proper execution of conformational transitions during progression

of the Hsp90-ATPase cycle.

Among structurally stable communities observed in the ATP-

bound Hsp90 structure (Figure 14A) is a group of residues (E406,

K307, and E402) situated at the end of the long helix 1 in the three

helix bundle. Interestingly, structural environment of the inter-

domain M-C hinge (residues 426-KLGVHE-431) includes a

number of structurally stable residues. Indeed, according to our

analysis, local structural communities (W361, L427, E431) and

(K426, D503, D506) can contribute to conformational stability of

the ATP-bound chaperone (Figure 14A). Another noticeable

structural community is situated in the Hsp90-C domain (R579,

R526, and E614). In addition, these regions of high structural

stability could partially overlap with the networks of effectively

communicating residues (426-KLG-428 and 576-AAIRTG-581)

(Figure 4A). These regions belong to the inter-domain boundaries

and locate in the proximity of a regulatory switch point A-577

[113]. Some of these residues (for instance K426 and R579) are

shared by many structurally rigid communities and belong to

structural stability hubs of Hsp90 (Figure 14A–C).

Strikingly, cochaperone binding can produce an appreciable

increase in the number of cliques (Figure 14D) and communities

(Figure 14E) in the Hsp90 structure. The network analysis

identified the important residues that could contribute to

strengthening of the inter-domain N-M and M-C interactions

and allosteric connections in the Hsp90-p23 complex (Figure 14B).

These interactions are required to stabilize a rather peculiar

‘‘three-point interaction’’ mode where each p23 molecule makes

contact with two Hsp90-N domains and a large interface of one

Hsp90-M domain. The reorganization of structurally stable

residue networks upon p23 binding leads to the merger of small

communities into larger highly connected networks. Furthermore,

the number of communities at the inter-domain interfaces grows

and the rigidity could be partially transmitted between the

domains. Indeed, by tracing the connections between smaller

communities, we could identify a network of structurally stable

residues that could connect all three chaperone domains

(Figure 14B). This structurally stable frame of the Hsp90-p23

complex could be formed as a result of the increased connectivity

between local Hsp90-N and Hsp90-M communities

((Y293,Y299,K366), (E406,K307,E402), (W361,L427,E431),

(K426,D503,D506), (D506,Y445,L501)) reaching out to the

network of consecutive Hsp90-C communities (E507,N588,I592),

(R579,K526,E614), (D527,D523,R579), (R579,E614,K570).

These structurally stable networks may a primary driver for

stabilization of the inter-domain interactions and the closed Hsp90

dimer.

Binding of Aha1 resulted in even a greater number of

communities that are spread across all domains of the Hsp90

structure. A similar consolidation of smaller communities and the

Figure 12. The Aha1-Mediated Effect on Conformational Mobility of Hsp90. (Left Upper Panel) Conformational mobility map of the Hsp90-
Aha1 interactions with the Aha1-N and Aha1-C domains was compared with the NMR experiments [68,69]. The annotated Hsp90 regions (in spheres
colored according to their mobility) correspond to the residues that experienced significant chemical shift perturbations upon Aha1 binding. (Right
Panel) A close-up of the predicted Aha1-N binding interface with the Hsp90-M and Hsp90-N domains. The Aha1-N domain is shown in ribbon
representation. The Aha1-N binding region involves residues from the three-helix bundle (shown in ribbon representation). Binding of the Aha1-N
domain could affect structural stability of the Hsp90-M residues located near the N-M hinge region including E312, G313, E316, L357, I358, L374, V368,
V391, I392, N395 (Left Lower Panel) A close-up of the predicted Aha1-C binding interface with the Hsp90-N domain. The Ana1-C is shown in ribbon
representation. The conformational mobility profiles of the Hsp90 residues that were affected by the Aha1-N and Aha1-C binding are annotated in
colored spheres. The allosteric effect of Aha1 binding can rigidify the Hsp90-N residues W148, T159, N164, E165, F176, L177, K178, D179, H197 and
F200.
doi:10.1371/journal.pone.0071936.g012
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markedly enhanced stabilization of the inter-domain interactions

could be seen in the Hsp90-Aha1 complex (Figure 14C). These

structurally stable communities could form a dense interaction

network linking the N-M and M-C interfaces via a group of

interconnected clusters (W277,R347,D370), (Y293,D299,K366),

(K335,K338,E360), (W361,L427,E431), (K426,D503,D506),

(F510,L521,Y473), (L488,R579,D523), and (R579,D523,D527).

Our analysis indicated that there are a significant number of

common structurally stable communities that contribute to

stabilization of both cochaperone-free ATP-bound Hsp90 as well

as the Hsp90-23 and Hsp90-Aha1 complexes. Some of the

residues participating in cliques and communities could partly

overlap with allosteric communication pathways residing near the

inter-domain boundaries. These observations support the evidence

that the integrity of the domain2domain interactions is critical for

both structural stability and allosteric signaling of the Hsp90

chaperone. A comparison of the network parameters among the

Hsp90-cochaperone complexes indicated that cochaperone-in-

duced conformational changes and seemingly minor variations in

structures may give rise to the enhanced structural stability

sufficient to modulate conformational equilibrium of the Hsp90

chaperone. The increased structural rigidity of the Hsp90

complexes and re-organization of the community maps near the

hinge regions and binding interfaces underlies the role of

cochaperones in modulating conformational transitions and

stabilizing specific states of Hsp90. According to our results, a

number functionally important residues may control collective

movements, participate in allosteric communications and be

responsible for structural stability of the Hsp90 complexes.

Although computational approaches may be still limited in their

ability to fully capture atomistic details of this sophisticated

regulatory machinery, we offer a plausible model that is consistent

with a broad range of experiments and could reconcile several

existing mechanisms of chaperone regulation. Our results suggest

that cochaperone-based modulation of the ATPase activity is not

merely a binary switch but rather a ‘‘dynamic continuum’’ of

Figure 13. The Residue-Based Fluctuation Profiles of Hsp90: The Effect of the Aha1 Domains. The NMSF profiles of the Hsp90 residues
were computed along the lowest frequency mode (A, B) and by averaging the residues fluctuations over 10 low frequency modes (C, D). The NMSF
profiles of the unbound Hsp90 (in blue) and in the bound Hsp90 form (in red) are shown for the predicted complex with the Aha1-N domain (A,C)
and the complex with a complete Aha1 molecule (B,D). The differences in the NMSF profile of Hsp90 induced by Aha1 binding were spread through
multiple chaperone domains. The low-frequency motions of the inter-domain regions around hinge motifs are considerably curtailed. Functional
movements of the Hsp90-N in the first monomer towards structurally rigid Hsp90-N in the second monomer could be induced by Aha1 binding. The
crystal structure residue numbering was converted to a consecutive numbering as in Figure 3. The annotation for the monomer 1 of Hsp90 is the
following: Hsp90-N (residues 1–215), Hsp90-M (residues 216–471) and Hsp90-C (residues 472–609). The annotation for the monomer 2 of Hsp90:
Hsp90-N (residues 610–824), Hsp90-M (residues 825–1089), and Hsp90-C (residues 1090–1227).
doi:10.1371/journal.pone.0071936.g013
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intermediate states exhibiting varying degrees of ‘‘activity/

inactivity’’. Following this scenario, allosteric binding of cochaper-

ones may engineer spatially and temporally controlled changes in

the conformational equilibrium that would direct the progression

of the ATPase cycle. The multiple layers and redundancies in

regulatory mechanisms of Hsp90 can be provided not only

through recruitment of cochaperones but also via posttranslational

modifications. A series of tyrosine phosphorylation events

appeared to be sufficient to recruit various cochaperones,

including Aha1, to the Hsp90 system and provide certain

directionality to the chaperone cycle [121]. By targeting commu-

nication switch points, dynamic phosphorylation of Hsp90 can

affect the conformational dynamics and regulate chaperone

binding during late stages of the ATPase cycle [122]. Further

understanding of a ‘‘cross-talk’’ between dynamics of cochaperone

binding and posttranslational modifications may provide detailed

clues to conformational switches turning the stochastic ATPase

cycle into an optimized flow of structural changes required for

client specificity.

Cochaperone-Based Modulation of Conformational
Flexibility in Hsp90: The Local Frustration Analysis

According to the energy landscape theory [123–129], alloste-

rically regulated proteins can be characterized by a dynamic

coupling between structurally rigid (minimally frustrated) and

conformationally flexible (locally frustrated) regions [123–125].

We proposed that local frustration in the Hsp90 chaperone may

arise from the requirements to adapt conformational dynamics for

specific functions, including binding to cochaperones. To quantify

local frustration we used the configurational frustration index that

computes local stabilization for an individual native pair with

respect to a set of structural decoys generated by perturbing both

the identities and location of the interacting amino acids

[126,127]. The configuration frustration index classified high

Figure 14. Protein Structure Network Analysis of the Hsp90 Complexes. The distribution of structural communities in the cochaperone-free
ATP-bound Hsp90 (A), the Hsp90-p23 complex (B) and the Hsp90-Aha1 complex (C). The Hsp90 structures are shown in ribbon representation and
colored according to their domain nomenclature : Hsp90-N in green, Hsp90-M in blue, and Hsp90-C in red. The Hsp90 residues that constitute
structural communities are shown in spheres and colored according to their respective domains. The displayed networks correspond to structurally
stable communities that remained intact in more than 75% of the simulation snapshots. The increased consolidation and integration of small
communities into larger highly connected networks could be observed in the Hsp90-p23 (B) and Hsp90-Aha1 complexes (C). The number of residues-
based cliques (D) and communities (E) in the Hsp90 structures obtained by averaging these parameters over MD trajectories of the crystal structure of
yeast Hsp90 (PDB ID 2CG9) [38]; the crystal structures of the bacterial homologue HtpG in an open free form (PDB ID 2IOQ); an ADP-bound form (PDB
ID 2IOP) [39], and MD refinement trajectories of the Hsp90-p23 and Hsp90-Aha1 complexes.
doi:10.1371/journal.pone.0071936.g014
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and low stability regions of the Hsp90 according to their

frustration level. According to this metric, the ATP-bound active

form of Hsp90 may present a ‘‘dynamic mix’’ of mostly

unfrustrated and neutral residues, yet marked by a significant

number of spikes corresponding to the locally frustrated residues

(Figure 15 A, B). Interestingly, the local frustration analysis of the

Hsp90 dimer is fully consistent with a broad survey of allosteric

proteins [126,127] suggesting that the majority of interactions are

neutral (,50%) or minimally frustrated (,30–40%) and only

,10% of the total contacts may be considered to be ‘‘highly

frustrated’’. The obtained distribution reflected the structural

architecture of the chaperone, suggesting that conformationally

mobile residues may often be immediately adjacent and form

interacting clusters with their structurally rigid neighbors.

We also characterized cochaperone-induced differences in the

distribution and allocation of locally frustrated residues (Figures 15

C, D). The patches of locally frustrated residues were found across

all three domains of the ATP-bound Hsp90 dimer, including

residues 319–328 from the N-M hinge region and residues 371–

376 of the M-C secondary hinge (Figure 15C) (corresponding to

the regions 374-LPLNLSREML-383 and 426-KLGVHE-431

respectively in the crystal structure 2CG9). Targeted modulation

of the local frustration profiles in the Hsp90-Aha1 complex

(Figure 15D) is notable in the Hsp90-N and Hsp90-M domain

regions, particularly near the N-M hinge region, where the local

frustration was reduced due to stabilizing interactions with Aha1

in this region (Figure 15D). In the Aha1-interacting regions the

frustration level of the Hsp90 interface residues could be lowered

to the levels of the interior residues seen in the ATP-bound Hsp90

dimer. These findings are reminiscent of the earlier conclusions

reached in the analysis of single domain proteins [126–129].

However, the residues near the M-C inter-domain boundary could

retain a considerable degree of local frustration required to

modulate conformational changes in this region. One could notice

a significant presence of locally frustrated sites corresponding to

the loops in the Hsp90-C domain (residues 472–609). However,

the regulatory switch region 512–526 in the Hsp90-C domain

(corresponding to 576-AAIRTG-581 in the crystal structure) is

minimally frustrated in both the cochaperone-free and Aha1-

complexed forms of Hsp90 (Figures 15 C, D). By expanding

previous analyses [126–129], we found that local frustration in the

interacting sites could not be completely removed in the Hsp90-

Figure 15. The Local Frustration Profiles of Hsp90. The residue-based configurational frustration index values are shown for the ATP-bound,
cochaperone-free form of the Hsp90 dimer: monomer 1 (A) and monomer 2 (B). The integrated analysis the configurational frustration at the contact
level is shown in (C, D). The local frustration density counts the number of contacts in each of the frustration categories within 5 Å from a given
residue, i.e. how many contacts of a given residue are minimally frustrated (green), neutral (blue) or highly frustrated (red). The frustration density is
represented in terms of the total numbers in each frustration category rather than the fraction of contacts in each class. (C) The local frustration
density of the cochaperone-free (C) and Aha1-complexed forms of Hsp90 (D).
doi:10.1371/journal.pone.0071936.g015
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Aha1 complex, but was rather delicately attenuated. In general,

we observed that Aha1 binding may elicit long-range changes in

the allocation of highly frustrated residues and consolidate locally

frustrated residues into sparsely distributed clusters (Figure 15D).

We found that frustrated sites were not randomly scattered on the

protein surface or uniformly distributed in the Hsp90 domains.

Importantly, locally frustrated clusters could partly overlap with

structurally rigid segments involved in allosteric interactions and

collocate with the hinge regions directly involved in conforma-

tional changes associated with the chaperone function. The

observed structural distribution of locally frustrated sites in

Hsp90 may provide initiation points for global allosteric transitions

via local rearrangements near hinge points. According to our

findings, Aha1-mediated interactions could modulate the recruit-

ment of locally frustrated residues to the minimally frustrated rigid

clusters. The adjusted structural arrangement of high and low

stability residues near communication clusters of the Hsp90-N and

Hsp90-M domains may be thus potentially exploited to ‘‘fine-

tune’’ functional movements and allosteric communications

facilitating the formation of a closed dimerized state. The results

suggest that the interplay of high and low stability residues in

Hsp90 is quite dynamic, intimate and often involves functionally

important for allosteric interactions regions. Structurally stable

residues near regulatory hinge sites correspond to the minimally

frustrated anchor sites, while the neighbouring flexible residues

may be locally frustrated and prone to dynamic modulation by the

cochaperones. The balance between structural rigidity and

plasticity underlies the stochastic nature of conformational

transitions in yeast Hsp90 [54]. Cochaperone-induced switches

in the ‘‘frustration status’’ around pivotal hinge sites may alter this

balance and result in allosteric structural changes that would shift

the conformational equilibrium. In this mechanism, dynamic

changes induced by cochaperones in the ‘‘rigidity-plasticity

footprint’’ could promote thermodynamic stabilization of a closed

dimer and increase the energetic barriers to prolong the residence

time of this functional state. Our analysis offers a plausible

mechanistic picture that may contribute to an ongoing debate of

how an orderly binding of Aha1 and p23 cochaperones could

exert thermodynamic control and succession in the ATPase cycle

by suppressing the stochastically-driven conformational changes

[53,54,70].

The recent mechanisms that related allosteric communica-

tions in proteins with frustration profiling have offered plausible,

yet somewhat conflicting, models of a ‘‘frustration front’’ [130]

and ‘‘rigidity path’’ [131]. The former model described

allosteric coupling occurring via a front of highly frustrated

residues moving in a ‘‘frustration tube’’, where allosteric ligand

binding would cause the tube residues to release tension and

switch their conformational state [130]. The ‘‘rigidity path’’

model, that was based on a large scale analysis of allosteric

proteins with the known active and inactive states, revealed the

prevalence of rigid instantaneous coupling between the effector

and catalytic sites found in ,70% of the data set [131].

Subsequent discussions have noted that that the ‘‘rigidity path’’

and the ‘‘frustration front’’ may be complementary and

potentially characterize distinct classes of proteins [115,132].

According to our analysis, the topography of the allosterically

connected network may be primarily determined by structurally

rigid elements, including hinge points. Structural stability and a

minimally frustrated nature of the hinge centers make them

non-redundant and indispensable nodes similar to ‘‘discrete

breathers’’ that correspond to the stiffest protein regions

[115,133,134]. At the same time, binding partners, such as

cochaperones or client proteins, can signal their presence by

modulating the distribution and allocation of the locally

frustrated residues in Hsp90 in order to temporarily deactivate

or select specific communication pathways. Hence, structural

and functional plasticity of Hsp90 that is modulated by

cochaperones and utilized by client proteins requires a

synergistic effort of both structurally rigid and mobile elements.

In general, however, allosteric protein systems and macromo-

lecular assemblies with different internal architecture and

structural folds may use different mechanisms or their combi-

nations in order to efficiently transmit signals between distant

sites.

Conclusions
In this work, an integrated computational modeling of allosteric

regulation was employed to determine functionally important

motifs that control dynamics and stability of the Hsp90-p23 and

Hsp90-Aha1 interactions. According to our results, functional

dynamics and allosteric interactions of Hsp90 can be selectively

modulated by these co-chaperones. We have found that p23-

mediated changes in the dynamic signature of Hsp90 are

associated with stabilization of the Hsp90-N dimer interactions

that are supported by the consolidation of the N-M contacts.

These interactions may provide additional ‘‘molecular brakes’’

that could slow down an efficient transmission of the inter-domain

allosteric signals. This distinctive signature of the chaperone

dynamics in the presence of p23 is consistent with the experimen-

tal data and functional role of p23. Unlike p23, Aha1 can

accelerate the progression of the Hsp90-ATPase cycle towards the

dimerized closed form by directly ‘‘dialing’’ into the equilibrium

motions of Hsp90 and promoting structural rearrangements that

favor the closed chaperone form. The balance between structural

rigidity and plasticity in Hsp90 may be associated with a dynamic

coupling between minimally frustrated and locally frustrated

residues, which can be modulated by cochaperones to regulate

collective movements. These results have study suggested that the

cochaperones Aha1 and p23 may modulate the ATPase activity by

exerting spatial and temporal control over the collective motions of

Hsp90 in order to accelerate or slow down conformational

transitions. The protein structure network approach has provided

a complementary outlook by quantifying the effects of cochaper-

ones on conformational stability of the Hsp90 complexes. This

analysis has identified dynamically stable networks of residues that

can contribute to the strengthening of allosteric interactions. In

summary, we have found that Aha1 and p23 could modulate the

Hsp90-ATPase activity via specific targeting of the regulatory

inter-domain regions that may control collective movements,

participate in allosteric communications and be also responsible

for structural stability of the Hsp90 complexes. Our results support

a mechanism, according to which the global topology of the Hsp90

communication network may be determined by the architecture of

the molecular chaperone and structural localization of the hinge

sites, yet selection and activation of specific signal communication

pathways could be cochaperone-dependent. These insights are

consistent with a broad range of structural and biophysical

experiments and could shed some light on how structural and

dynamic changes induced by cochaperones could direct the

ATPase cycle.

Materials and Methods

MD Simulations
MD refinement simulations of the low-energy docked models

for the Hsp90-p23 and Hsp90-Aha1 complexes (each simulation

was 5 ns duration) were carried out using NAMD 2.6 [135]
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with the CHARMM27 force field [136,137] and the explicit

TIP3P water model as implemented in NAMD 2.6. The

employed MD protocol is consistent with the setup in MD

simulations of the Hsp90 crystal structures [102] and was

described in details in our earlier studies [102,107,138,139]. In

brief, the best docked conformations of yeast Hsp90 bound to

ATP and p23 were used as starting points for MD refinement.

Similarly to the setup described in [102], the original crystal

structure of the of an Hsp90-ATP-p23/Sba1complex [38] was

obtained by removal of the long disordered loop in the Hsp90-

N domain, and the charged loop connecting the Hsp90-N and

Hsp90-Mdomains, which is not present in the crystal structure,

was modeled by a linker loop composed of 10 Gly residues with

the aid of the ModLoop server [140]. All disordered loops in

the Hsp90-M and Hsp90-C domain were modeled with

ModLoop by preserving the original protein sequence [140].

The initial structures were solvated in a water box with the

buffering distance of 10 Å. The system was subjected to initial

minimization for 20,000 steps keeping protein backbone fixed

which was followed by 20,000 steps of minimization without

any constraints to allow system to relieve any steric contacts and

relax freely. Equilibration was done in stages by gradually

increasing the system temperature in steps of 20 K starting from

10 K until 310 K. At each stage, 30 ps equilibration was run

using a restraint of 10 Kcalmol21Å22 on Ca atoms. The system

was then equilibrated for 300 ps at 310 K using Langevin

piston (NPT) to achieve uniform pressure. After the restrains

were removed the system was equilibrated for 300 ps to prepare

the system for simulation. An NPT simulation was run on the

equilibrated structure for 5 ns keeping the temperature at

310 K and pressure at 1 bar using Langevin piston coupling

algorithm. Nonbonded van der Waals interactions were treated

by using a switching function at 10Å and reaching zero at a

distance of 12Å.

The Gaussian Network Model
In the GNM representation [84–87], the protein structure is

modeled as a network of N nodes identified by the a-carbon atoms

of proteins where the fluctuations of each node are isotropic and

Gaussian. For nodes i and j, equilibrium position vectors, are R0
i

and R0
j , equilibrium distance vector is R0

ij, instantaneous

fluctuation vectors are DRi and DRj, and instantaneous distance

vector is Rij. The difference between equilibrium position vector

and instantaneous position vector of residue i gives the instanta-

neous fluctuation vector DRi~Ri{R0
i . The instantaneous fluctu-

ation vector between nodes i and j is expressed as

DRij~DRj{DRi~Rij{R0
ij. The topology of the protein structure

is described by N 6N Kirchhoff matrix of inter-residue contacts

C, where the off-diagonal elements are 21 if the nodes are within

a cutoff distance rc and zero otherwise. The diagonal elements

represent the coordination number of each residue. For a network

of N residues, the elements of the Kirchhoff matrix C are defined

as

Cij~

{1

0

{
PN

j,j=i Cij

{

if i=j, Rijƒrc

if i=j, Rijwrc

if i~j

8><
>:

ð1Þ

Bonded and nonbonded pairs of residues located within an

interaction cutoff distance rc = 7.0 Å are assumed to be connected

by springs with a uniform spring constant c, which is the single

parameter (force constant) of the Hookean potential [84–87]. The

equilibrium dynamics of the structure results from the superpo-

sition of N-1 nonzero modes found by the eigenvalue decompo-

sition of C. The elements of the kth eigenvector uk describe the

displacements of the residues along the kth mode coordinate, and

the kth eigenvalue, lk, scales with the frequency of the kth mode,

where 1# k # N 2 1. Assigning a uniform spring constant, c to all

contacts, the cross-correlations between the fluctuations DRi and

DRj of residues (nodes) i and j are computed. The GNM normal

modes are found by diagonalization of the Kirchhoff matrix

C~ULUT . Here, U is a unitary matrix, UT~U{1 of the

eigenvectors uk of C and L is the diagonal matrix of eigenvalues

lk. The frequency and shape of a mode is represented by its

eigenvalue and eigenvector, respectively. kB is the Boltzmann

constant, T is the absolute temperature.

SDRi
:DRjT~

3kBT

c
½C{1�ij~

3kBT

c
½ULUT�ij

~
3kBT

c

XN{1

k~1

l{1
k ½ukuT

k �ij

ð2Þ

It follows that the contribution of an individual mode is

expressed as

½DRi
:DRj�k~

3kBT

c
½uk�i½uk�j ð3Þ

The mean square fluctuations of a given residue can be then

evaluated as a sum over the contributions of all modes. The ith

element of uk reflects the mobility of residue i in the kth mode.

S(DRi)
2T~

3kBT

c

XN{1

k~1

(l{1
k ukuT

k )ii ð4Þ

The slowest mode typically corresponds to the dominant mode

of the functional global motions [84–87]. The GNM calculations

of the MD-refined structures of the Hsp90 complexes were carried

out using oGNM-based computations of equilibrium motions and

conformational mobility profiles [86]. The normal mode analysis

was performed using the WEBnm@ approach [141] and included

computation and analysis of 20 low frequency modes. This

approach utilized the approximate normal modes calculation

method proven to be highly efficient and accurate for computa-

tions of low-frequency domain motions [142].

Modeling of Allosteric Communication Pathways
The residue fluctuations in the GNM approach can determine

the communication propensities between residues [81,82]. A

commute time between residues i and j, in terms of inverse of

Kirchhoff matrix C{1 is given by the following expression:

C(i,j)~(½C{1�iiz½C{1�jj{2½C{1�ij)
Xn

k~1

dk ð5Þ

A commute time can be also presented in terms of instantaneous

fluctuation vector between nodes i and j DRij~Rij{R0
ij
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C(i,j)~SDRT
ij DRijT½(

c

3kBT
)
XN

k~1

dk� ð6Þ

c, kB and T are the spring constant, the Boltzmann constant

and the absolute temperature respectively as in the equations 2–4,

and dk is the local interaction density at residue k. By definition, a

diagonal element of the Kirchhoff matrix Cii is equal to the degree

of a node in GNM that represents the corresponding residue’s

coordination number. This number is a measure of the local

interaction density around a given residue. The mean square

fluctuations play a dominant role in determining the communi-

cation propensities of a given pair of residues, namely the larger

the mean square fluctuation the longer the commute time. In the

CP analysis residues whose distances fluctuate with low intensity

communicate with a higher efficiency than residues with larger

fluctuations. Residues which display a high coordination number

and local interaction density are often effective communicators

according to the CP values.

Protein-Protein Docking
The data-driven HADDOCK methodology [110] was used that

for structural modeling and prediction of the Hsp90 complexes

with the cochaperones p23 and Aha1. In this approach, structural

and functional information is converted into AIR templates where

the amino acids of interacting partners are designated as ‘‘active’’

and ‘‘passive’’ residues reflecting their role in binding. The

detailed description and specification of the AIR sets for docking of

the Hsp90-p23 and Hsp90-Aha1 complexes is presented in

respective figure captions. The docking protocol consisted of three

consecutive stages: (a) randomization of orientations followed by

rigid body energy minimization (EM); (b) semi-flexible simulated

annealing in torsion angle space, which consists of a rigid body

MD search and first round of simulated annealing, followed by a

second round semi-flexible simulated annealing during which side

chains at the interface are free to move. A third round of semi-

flexible simulated annealing is the next step of the search during

which both side chains and backbone at the interface are free to

move. A final refinement in Cartesian space with explicit solvent

concludes the run [143]. Independent HADDOCK runs (,5000)

were conducted in docking simulations of the Hsp90-p23

complexes. A HADDOCK protocol that allows docking with

conformational ensembles of multiple crystal structures of Hsp90

was adopted in simulations of the Hsp90-Aha1 complexes. The

ensemble of Hsp90 conformations was extracted using previously

reported all-atom MD simulations [107]. A 5000 independent

HADDOCK runs was initially performed using only the crystal

structure of the Aha1-N domain [68,69]. The assembled sets of the

AIR templates (Table S2) exploited the crystallographic informa-

tion about the primary binding interface between the Aha1-N and

the Hsp90-M domains [66]. In the course of each independent

run, 2000 rigid-body structures were generated during the initial

rigid body docking phase. A large number of independent runs

(,5000) combined with the default number of randomly

generated initial structures (,2000) in each of the conducted runs

is expected to produce an adequate sampling of the conforma-

tional space for the Hsp90-cochaperone complexes. Docked

solutions were judged by the total intermolecular energy:

HADDOCK Score~EvdwzEeleczEAIR ð7Þ

where Evdw is the van der Waals energy, Eelec is the electrostatic

energy, and EAIR is the restraint contribution respectively. The

best 200 docked models were submitted to cycles of the semi-

flexible simulated annealing and final water refinement. The

structures were ranked with standard weights [110,143]. After the

water refinement stage [143], the total energy was calculated as

the weighted sum of the contributing terms:

HADDOCK Score~1:0Evdwz0:2Eelecz0:1Edistz1:0Esolv ð8Þ

Esolv is the solvation energy. The nonbonded intermolecular

interactions were calculated with an 8.5 Å cutoff using the OPLS

parameters. The dielectric constant epsilon was set to 10 in the

vacuum part of the protocol and to 1 for the explicit solvent

refinement. The secondary structure elements were kept intact

during the simulated annealing refinement through hydrogen

bond and dihedral angle restraints. The cutoff distance of 10 Å

and a minimum cluster size of 5 structures were used in clustering

of docked poses. The best scored structures from each cluster were

reported and analyzed.

Protein Structure Network Analysis
Protein structure network analysis is conducted using a web-tool

that converts protein structures into graphs (http://vishgraph.

mbu.iisc.ernet.in/GraProStr/). Protein structure networks are

constructed by considering protein residues as nodes where edges

between the nodes are constructed based on the noncovalent

interactions as described in [93–100]. The pair of residues with the

interaction strength Iij greater than a user-defined cut-off (Imin) are

connected by edges and produce a protein structure network

graph for a given interaction strength Imin. According to the

analysis of a large number of protein structures, the optimal

interaction strength Imin is typically in the range 2–4% [93,97]. In

our analysis, we considered any pair of residues to be connected if

Imin was greater than 3.0%. The protein network parameters such

as clusters, hubs, cliques and communities were computed for

cochaperone-free Hsp90 and Hsp90-cochaperone complexes.

Protein hubs correspond to highly connected residues with more

than three connections. A k-clique is defined as a set of k nodes

that are represented by the protein residues in which each node is

connected to all the other nodes. We have used a community

definition from [93–98] according to which in a k-clique

community two k-cliques share k{1 or k{2 nodes. Protein

cliques and communities are typically used to identify structurally

stable protein regions [93–100]. In our analysis, we have averaged

the stability of these parameters over the MD trajectories and

analyzed the contribution of cliques and communities that were

intact .75% of the simulation time. The protein ensemble for

each system was constructed by considering ,500 snapshots taken

from previously reported all-atom MD simulations [107] of the

crystal structure of yeast Hsp90 (PDB ID 2CG9) [38]; the crystal

structures of the bacterial homologue HtpG in an open free form

(PDB ID 2IOQ); an ADP-bound form (PDB ID 2IOP) [39], and

from MD refinement trajectories of the Hsp90-p23 and Hsp90-

Aha1 complexes.

Local Frustration Analysis
The local frustration analysis adapted a recently proposed

method of quantifying the degree of frustration manifested by

spatially local protein interactions [126–129]. We employed the

configurational frustration index that measures the relative

stability of a particular native contact as a Z-score of the energy

of the native pair with respect to a set of structural decoys
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generated by randomizing not only the residue identities but also

the distance between the interacting amino acids [126,127].The

residue-based frustration index was computed via a web server

(http://www.frustratometer.tk). This index measures the energetic

stability of a particular native contact as compared to a set of all

possible contacts sampled by automatic generation of ,1000

appropriately distributed decoys for each contact. A contact was

defined as minimally frustrated if its native energy was at the lower

end of the distribution of decoy energies, and a frustration index as

measured by a Z-score would be of 0.78 or higher magnitude.

Conversely, a contact was defined as highly frustrated if its native

energy was at the higher end of the distribution with a local

frustration index lower than -1. If the native energy was in

between these limits, the contact was defined as neutral.

Supporting Information

Figure S1 Structural Analysis of the Aha1-N Docked Models.

Structural analysis of the low energy docked complexes obtained

with 5 different AIR sets (A–E). A sphere-based protein

representation is used. The Hsp90 dimer is shown in grey, the

Aha1-N domain is colored in green. (A) The first docked model

was obtained with the active residues defined from the crystal

structure of the Aha1-N bound with the yeast Hsp90-M domain

[66]. The selected panel of active residues included the Hsp90-M

residues L315, I388, V391, K387, K390, K394, K398 and the

Aha1-N residues I64, L66, F100. The passive residues were

defined as residues within 5Å of the actives. Additional active

residues were taken from the NMR data [68] (excluding the Aha1-

N to Hsp90-N interactions) and passives of these residues were

defined as entire domains. (B) The second docked model was

generated with the active residues determined from both the

crystal structure and the NMR data (excluding the Aha1-N to

Hsp90-N interactions), and all remaining residues were defined as

passive. (C, D) The AIR sets used to generate these docked

complexes defined the active residues only by the crystal structure

[66] and passive residues either as entire domains (C) or as those

within 5Å of the active residues (D). The last model (E) was

obtained using the most detailed list of active residues derived from

both crystal structures [66] and NMR mapping of the binding sites

[68] including also the interactions between Aha1-N and Hsp90-

N. All complexes obtained from the second iteration of

HADDOCK refinement have experienced a partial loss of the

secondary structure in the Aha1-N molecule. The best scoring

models (A) and (D) resulted in the correct placement of the Aha1-

N molecule and closely matched the NMR-based binding interface

[68]. Residue L108 (shown in red spheres) was used as the

‘‘orientational landmark’’ for comparison with the NMR models.

(TIF)

Figure S2 The Scatter Graph Analysis of the Hsp90-Aha1

Docked Complexes. In the course of docking simulations with the

‘‘minimalist’’ AIR template that resulted in the best prediction,

HADDOCK clustered 186 structures in 3 clusters which

represented 93.0% of the water-refined docked models. The

maximum number of models considered for clustering was 200.

We illustrated the results of docking simulations by referring to the

statistics of 3 clusters and scatter graphs between the HADDOCK

score and the intermolecular interface RMSD (I-I RMSD) with

respect to the lowest energy structure. The scatter graphs for top 3

clusters are based on water-refined models. The intermolecular

interface I-I RMSD is based on residues forming the Hsp90-Aha1

interface. The top cluster 1 corresponds to the most populated

cluster with the small standard deviation of HADDOCK scores

sand the lowest average energy.

(TIF)

Table S1 The AIR Template for HADDOCK Simulations of

the Hsp90-p23 Complex. The active residues used in HAD-

DOCK modeling were defined as those involved in the Hsp90-p23

interactions according to [38]. Passive residues were defined as

residues within a 5A radius of active residues.

(DOCX)

Table S2 The AIR Template for HADDOCK Simulations of

the Hsp90-Aha1 Complex. The AIR sets used in HADDOCK to

generate the predicted docked complexes defined the active

residues only by the crystal structure of the Aha1-N bound with

the yeast Hsp90-M domain [66]. Passive residues were defined as

residues within a 5A radius of active residues. The selected panel

of active residues included primarily the hydrophobic Hsp90-M

residues L315, I388, V391 and the Aha1-N residues I64, L66,

F100. The passive residues were defined as residues within 5Å of

the actives.

(DOCX)
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