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Molecular switching and ligand-based modulation of the 90-kDa
heat-shock protein (Hsp90) chaperone activity may ultimately
facilitate conformational coupling to the ATPase cycle along with
activation and recruitment of the broad range of client proteins.
We present an atomic resolution analysis of the Hsp90 N-terminal
domain (NTD) binding energy landscape by simulating protein
dynamics with a range of binding partners. We show that the
activity of the molecular chaperone may be linked to (i) local
folding-unfolding transitions and conformational switching of the
‘‘active site lid’’ upon binding and (ii) differences in the underlying
protein dynamics as a function of the binding partner. This study
suggests that structural plasticity of the Hsp90 NTD can be ex-
ploited by the molecular chaperone machinery to modulate en-
hanced structural rigidity during ATP binding and increased protein
flexibility as a consequence of the inhibitor binding. The present
study agrees with the experimental structural data and provides a
plausible molecular model for understanding mechanisms of mod-
ulation of molecular chaperone activities by binding partners.

allosteric regulation � binding energy landscapes � protein dynamics �
protein folding

Heat-shock protein 90 (Hsp90) is an ATPase-directed mo-
lecular chaperone required for the correct conformational

development, stability, and function of �100 key cellular pro-
teins (1–4). The repertoire of Hsp90 client proteins entails
mainly growth-regulatory and signaling molecules, including
kinases; transcription factors; and multiple mutated, chimeric,
and overexpressed signaling proteins that promote cancer cell
growth and survival (5–7). Hsp90 plays a pivotal role at the
cross-roads of multiple signaling pathways associated with cell
proliferation and cell viability, where up-regulation of Hsp90
activity may help promote tumor cell adaptation (8). Conse-
quently, inhibition of the molecular chaperone’s function has
become a prominent strategy in the development of rational
cancer therapeutics, in which targeted suppression of the AT-
Pase activity with small molecule inhibitors (9–12) demonstrated
anticancer activity in preclinical models and promising safety
profile in humans (8, 11–13). Conformational coupling to the
ATPase cycle, which requires N-terminal dimerization for ATP
hydrolysis, necessitates functionally important conformational
transitions of a contiguous segment of the NTD structure
(residues 94–125 in yeast Hsp90) known as the ‘‘ATP-lid’’ or
‘‘active site lid,’’ a segment composed of two helices and the
intervening loop located immediately adjacent to the ATP
binding site (14). The crystal structures of the N domain and
middle segment of Echerichia coli HtpG with the bound ADP
[Protein DataBank (PDB) entries 1Y4S and 1Y4U] and the
crystal structures of human Hsp90 complexes with ADP (PDB
entry 1BYQ) (15) and geldanamycin (1YET) (16), used to model
the complexes in this study, have unequivocally revealed that the
‘‘lid’’ segment projects out of the N-domain, in the ‘‘open’’ or
‘‘lid-up’’ conformation (17, 18). In contrast, the crystal structure
of the ATP-bound conformation of full-length Hsp90 (PDB
entry 2CG9) has unveiled that the lid segment of Hsp90 can be

displaced from its position in the isolated Hsp90 NTD structure
and folds over the nucleotide pocket to interact with the bound
ATP, yielding the ‘‘closed’’ or ‘‘lid-down’’ conformation (14).
The mechanism of conformational coupling to the ATPase cycle
results in a ‘‘tense,’’ structurally rigid conformational state of
Hsp90 upon ATP binding, whereas a subsequent hydrolysis to
ADP leads to a more ‘‘relaxed,’’ structurally f lexible state of
Hsp90 (4, 17). Here, we used all-atom molecular dynamics (MD)
simulations in explicit water on a long time scale to directly
investigate the mechanism of ligand-based modulation of the
Hsp90 NTD conformational dynamics at atomic resolution. A
comparative analysis of the Hsp90 NTD dynamics and binding
mechanisms has been performed based on simulations of the
unbound Hsp90 NTD in solution (apo structure), and a range of
Hsp90 complexes with different binding partners, including two
natural substrates ATP and ADP [Fig. 1 a and b and supporting
information (SI) Fig. S1], complexes with the inhibitors Shep-
herdin (19) (Fig. 1c), the minimal active sequence Shepher-
din[79–83] (20), and the rationally identified small molecule
inhibitor 5-aminoimidazole-4-carboxamide-1-�-D-ribofurano-
side (AICAR) (Fig. S2) (21). We demonstrate that the molecular
basis of the Hsp90 function and inhibition is largely determined
by the mechanism in which the diversity of binding partners can
modulate the conformational dynamics of Hsp90, linked to the
functional activities of the molecular chaperone. This study
provides atomic-level insights into the ligand-based mechanisms
modulating molecular chaperone activity, which is important in
regulation of the chaperone cycle (14).

Results and Discussion
Structural and Dynamical Analysis of the Hsp90 NTD Complexes.
Structural and dynamic analysis of the MD trajectories obtained
for the Hsp90 NTD complexes on a long time scale reveals that
the most significant conformational variations involve the active
site lid. A range of significant structural changes with respect to
the initial open or lid-up conformation of the lid segment are
discovered in simulations with the bound ATP (Fig. 1 and Fig.
S3). Conformational transitions of the lid segment in the ATP
bound complex result in an appreciable decrease of its �-helical
content, featuring evolution toward a new configuration in which
the lid plane lies perpendicular to its initial position. We find that
the transition of the ATP-lid is induced by (i) the electrostatic
interactions between the �-phosphate and the side chain of K102
(original PDB entry K112); (ii) the anion-� staking interactions
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(22, 23) between the ligand’s �-phosphate oxygens and the
aromatic ring of F124 (F134) (Fig. 1a). K102 and F124 are
located respectively at the N and C termini of the lid, and the
establishment of specific interactions with the natural ligand
forces the rest of the lid to undergo extensive conformational
restructuring, with a consequent increase of its f lexibility. The
ATP � and � - phosphate groups determine electrostatic repul-
sion with the D44 side chain, located on the long helix 2. This
interaction is, in turn, counterbalanced by an increase in the
number of intradomain stabilizing interactions involving the
Hsp90 helices 2 and 8. This analysis suggests that specific
interactions that facilitate the loss of secondary structure in the
lid are accompanied by a considerable concomitant consolida-
tion of the Hsp90 NTD, stabilizing the domain in a more
constrained, tense state. Essential dynamics (ED) analysis (24)
was then used to further investigate the influence of this local
conformational change on the global f lexibility of the domain.
ED identifies functionally relevant displacements of groups of
residues and emphasizes the amplitude and direction of domi-
nant protein motions by concentrating on a subset of the
principal eigenvalues and eigenvectors of the residue pair co-
variance matrix calculated from MD. The trajectory of the
ATP-Hsp90 NTD complex was thus projected onto the first
eigenvector and the residue-based root mean fluctuations (rmsf
spectrum) along this main direction were calculated (Fig. 2). The
active site lid segment appears to concentrate most of the
essential motions in the ATP-Hsp90 NTD complex. The rest of
the rmsf spectrum appears to be quite flat, with the exception of
the first 25 N-terminal residues. The ATP-lid and N-terminal
region are, thus, the only two significantly f lexible regions,
suggesting once more a globally constrained state of the domain
in the ATP-bound complex (Figs. 1 and 2 and Fig. S4). Analysis
of the 3D structures obtained from the trajectory projection on
the first eigenvector shows that the main motion swings the lid
from the open conformation along the direction leading to the
closed conformation, accompanied by extensive fluctuations of
the N-terminal 1–25 region. The dynamic coupling of these two
regions of the protein has important functional significance as
shown by recent structural and biochemical data. Richter and
coworkers (18), using NMR relaxation techniques, showed that

removal of the first 24 residues of Hsp90 NTD perturbs the
dynamical properties particularly of the ATP-lid region. Inter-
estingly, the �1–24 deletion results in the complete loss of the
ATPase activity, showing that reactivity of the chaperone de-
pends on the intradomain dynamical coupling of the N-terminal
and ATP-lid regions of Hsp90 (18). It is worth noting that
ATP-induced conformational changes have been also observed
in GRP94, the endoplasmatic reticulum paralog of Hsp90 (25).
In this case, ATP binding was shown to induce dramatic con-
formational rearrangements in the helices 1, 4, and 5 (corre-
sponding to the N-terminal helix and the ATP-lid), which in turn
resulted in the assembly of a second NTD in a functional dimer
(25). In contrast, we have found that deletion of the terminal
phosphate group in the ADP complex and binding with the

Fig. 1. The representative structures of the most populated conformational clusters of Hsp90 NTD in complexes with different ligands emerged from
simulations. (a) The Hsp90 NTD complex with ATP. (Upper) General view of the complex. (Lower) Close-up and a detailed view of the ligand interactions with
the receptor. The stacking, attractive and repulsive interactions with F124, K102 and D44 are evident. (b) The Hsp90 NTD complex with ADP. (c) The Hsp90 NTD
complex with Shepherdin. Dark blue, ATP-lid; light blue, ligand carbon atoms; red, oxygens; blue, nitrogens; orange, phosphorous.

Fig. 2. Flexibility of different complexes from MD simulations. The residue-
based root mean square fluctuation (rmsf) was calculated after projecting
each trajectory along the respective first principal component calculated
through ED analysis.

Colombo et al. PNAS � June 10, 2008 � vol. 105 � no. 23 � 7977

CH
EM

IS
TR

Y
BI

O
PH

YS
IC

S

http://www.pnas.org/cgi/data/0802879105/DCSupplemental/Supplemental_PDF#nameddest=SF4


inhibitors can minimize repulsive interactions (Fig. 1 b and c),
and thereby lead to profound differences in local and global
conformational dynamics of Hsp90. The lid in the Hsp90 NTD
complexes with ADP and studied inhibitors populates mainly
�-helical conformations (Fig. 1 and Fig. S4). According to the
results, Hsp90 NTD binding with the inhibitors can block the
large fluctuations of the lid induced by ATP binding, necessary
for the activation of Hsp90 dimerization and chaperone function.
The conformational transition and switching of the lid segment,
modulated by the inhibitor binding, locks the open or lid-up
conformation (14), which impedes lid folding over the nucleotide
binding site conformations (Fig. 1 and Fig. S4). The differences
in the dynamics of the active site lid observed in the inhibitor and
ADP-bound complexes with respect to the ATP-bound complex
are also reflected at the level of global f lexibility. Indeed, the
analysis of residue-based rmsf after projection along the main
ED eigenvector indicates that in the complexes with ADP and
bound inhibitors the dynamic motions are more evenly distrib-
uted along the entire protein domain, with only several regions
fluctuating appreciably along the principal direction of motion
(Fig. 2). Hence, the unifying characteristic of the Hsp90 binding-
coupled dynamics is the increasing global f lexibility of the
domain during the hydrolysis of ATP to ADP or binding with the
active inhibitors, where the conformational equilibrium of
Hsp90 NTD tends to be shifted toward more relaxed, nonfunc-
tional states.

Functional Analysis of the Conformational Transitions in the Hsp90
Complexes. The results of simulations suggest the existence of
important and functionally relevant differences between con-
formational dynamics of the Hsp90 NTD bound to ATP, com-
pared with a dynamical signature of the protein in complexes
with other ligands and the apo structure (Fig. S4). We find that
the differences in the underlying protein dynamics as a function
of the binding partner may be largely determined by conforma-
tional switching of the active site lid. Structural and biochemical
experiments have suggested that the transitions from the lid-up
conformation to the lid-down conformation, observed in the
full-length dimer complex with AMPPNP and p23, are impor-
tant in regulating ATPase-coupled chaperone activity (14, 18).
The inhibitor-stabilized open conformation of the segment
would sterically collide with its equivalent in a second Hsp90
NTD monomer and with the contact region of the middle
domain during formation of the active full-length Hsp90 dimer,
resulting in a loss of chaperone function. These data have
suggested that the lid may act as an intrinsic kinetic inhibitor
preventing Hsp90 dimerization (Fig. S3). Stabilization of the
open conformation in the apo form or by ADP may have further
functional implications in the client loading and client release
steps. In the client loading step, the active full-length dimer is
stabilized by contacts involving only the C-terminal domains
favoring a rather extended conformation efficient at binding
client proteins (17). In the release step, the compact state of the
client-bound conformation must undergo relaxation after ATP
hydrolysis to ADP to complete the release of the folded sub-
strate. The dynamic signature of the Hsp90 NTD in complexes
with ADP and the inhibitors, which favors open conformations
of the lid segment, may have an important functional role in the
regulation of these steps. In the client loading phase (apo
protein), the destabilization of contacts with a second Hsp90
NTD would favor the extended conformation of the full-length
dimer. In the release phase (ADP bound), the increase of steric
hindrance in the putative compact dimer could spark the dis-
ruption of the compact client-bound complex.

Ligand Modulation of the Global Conformational Dynamics of Hsp90
N-Terminal Domain. The results suggest that local conformational
transitions of the lid segment, which is modulated by binding to

different partners, may be intimately coupled to, and thus
regulate, conformational dynamics of the whole Hsp90 molec-
ular chaperone. The question to address is whether it is possible
to not only analyze the variation of flexibility in other regions as
we have reported above but also pinpoint protein regions whose
dynamics is correlated with that of the active site lid and identify
global dynamic differences among different complexes as a
function of the ligand identity. A convenient framework for the
identification of concerted nonrandom structural f luctuations in
a protein is the analysis of the degree of covariance of pairs of
residues. The covariance matrices for Hsp90 NTD are calculated
from each simulation. First, we generated approximate free
energy surfaces by projecting each trajectory on the ‘‘essential
plane’’ defined by the two principal components with the highest
eigenvalues calculated from the ED analysis (Fig. 3). This
analysis reveals that the global dynamics of the ATP-bound
complex is limited to a much narrower portion of this free energy
surface compared with the other complexes and to the unligan-
ded Hsp90 NTD. The full covariance matrix can be used to
identify global dynamic properties of the protein and the specific
regions that are involved in correlated motions (26). In this
method, covariance web plots of the Hsp90 NTD complexes with
binding partners are generated via drawing a line between pairs
of atoms with a correlation coefficient higher than a given
threshold of 0.5 (Fig. 4). This threshold typically guarantees that
the majority of secondary structure elements are included in the
analysis of correlated motions. The covariance web of the
ATP-complex represents an extreme case, in which the connec-
tions extend well beyond secondary structure elements and
involve most of the protein domain elements, particularly re-
vealing the correlation between the N-terminal sequence (strand
1 and helix 1, residues 1–25) and the active site lid. The
intramolecular couplings also involve the principal helix 2, helix
8, and the �-sheet motif, defining the basis of the ATP binding
pocket. In contrast, for the Hsp90 complex with Shepherdin, only
secondary structure elements are highly connected, and no
correlation line can be seen between different elements of a
secondary structure, in particular between the active site lid and
the N-terminal region (Fig. 4). The corresponding covariance
web plots for the ADP-complex and unliganded N-terminal
Hsp90 reveal some extra connections between residues that
belong to different secondary structure elements (Fig. 4). The
covariance connections for the ATP-complex extend well be-
yond the secondary structure and local elements, which shows
that the ATP-complex has a more diffuse and stronger interac-
tion network in a sharp contrast with all other cases analyzed
here. Despite a loss of secondary structure content in the
ATP-lid segment, an overall increase in the structural rigidity
and a globally more ordered state is a fundamental characteristic
of the Hsp90 complex with ATP. These results suggest that
structural plasticity of the Hsp90 NTD can be exploited by the
molecular chaperone machinery to modulate enhanced struc-
tural rigidity during ATP binding and increased protein flexi-
bility as a consequence of the inhibitor binding.

Global Flexibility Analysis and Topological Similarity of the Hsp90
Dynamical Spaces. The similarity and differences among the
essential subspaces of the N-terminal Hsp90 bound to different
ligands were calculated by using the RWSIP parameter. The
similarity of the essential subspaces is reported in Tables S1 and
S2 and Fig. S5a. According to this metric, the dynamics of
ATP-Hsp90 complex is distant from all other complexes with the
bound inhibitors and from the apo Hsp90 NTD. Within the limits
of this approximation, the inhibitor bound complexes display
similar essential subspaces. Interestingly, the two AICAR-bound
complexes are the most distant from the ATP complex, despite
spanning different subspaces with respect to each other. The
Shepherdin complex yields a dynamical behavior that is very
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similar to that of the apo structure and is rather close to all
complexes. Interestingly, the essential dynamical space of the
uncomplexed Hsp90 NTD is shared in the ‘‘neighbor list’’ of
Hsp90 NTD complexes with different binding partners. Indeed,
the dynamics of the apo Hsp90 is characterized by a moderate

�-helical content in the ATP-lid region compared with that of
the ATP complex. According to the global f lexibility analysis,
the essential dynamical spaces of the ATP and ADP complexes
are very different, although their respective structures from
simulations may be highly similar. The emerging picture is that

Fig. 3. Energy landscape for different complexes from MD simulations. The free energy surfaces were obtained by projecting each trajectory on the essential
plane defined by the two principal components with the highest eigenvalues calculated from the ED analysis of the respective simulation.

Fig. 4. Ligand-modulation of protein dynamics. The pairwise covariance matrix accounting for coherent motions in the protein is represented as a web plot
on the representative structure from each simulation. The matrix has been computed only considering the C� atoms. The red lines connect pairs of atoms with
a pairwise covariance �0.5.
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the activity of the molecular chaperone may be critically linked
with the differences in the protein conformational dynamics
specifically modulated by the binding partners. To shed light on
this point, we have calculated the global f lexibility of Hsp90
NTD bound to different ligands. The global f lexibility parameter
is defined as the sum of the average fluctuations of C� atoms
during the molecular dynamics trajectory. In the presence of
ATP, the Hsp90 NTD shows a remarkable rigidity in comparison
with the other complexes. In particular, small molecule inhibi-
tors enhance the global f lexibility of the domain also with respect
to the apo and the ADP bound case (Table S3 and Fig. S5b). To
further corroborate these findings, we calculated the approxi-
mate configurational entropy from the mass-weighted covari-
ance matrix, using Schlitter’s approximation (27). The configu-
rational entropy is minimal for the ATP complex, whereas it
strongly increases for the unbound protein and even more
strongly increases in the presence of ADP or of the inhibitors.
Altogether, these data suggest that, globally, the dynamics of the
ATP-bound complex is limited to a much narrower portion of
the available states on the free energy surface for Hsp90
compared with all of the other complexes and to the unliganded
N-terminal Hsp90. This picture is consistent with the notion that
functionally coupled ATPase cycle is determined by binding of
ATP, stabilizing a ‘‘tense’’ conformational state of Hsp90, so that
subsequent hydrolysis to ADP destabilizes that conformation
and allows the Hsp90 dimer to relax to a default state. Hence, the
ATP-bound state appears to be a constrained state, in which the
relevant dynamics involves the structural remodeling motions of
the active site lid and the N-terminal portion forming a coupled
conformational switch.

Energy Landscape Model of Ligand-Based hsp90 NTD Modulation.
According to the energy landscape theory, coupling between
folding and binding is often accompanied by conformational
transitions associated with the biological functions of proteins
and, as such, are intimately connected to the underlying energy
landscape (28–33). A ‘‘conformational selection’’ model of
biomolecular binding based on the energy landscape theory
implies that conformational f lexibility of the binding partners
and statistical characterization of the binding mechanism may be
determined by the dynamic equilibrium of the protein and the
ligand conformational states, which may be shifted upon binding
toward thermodynamically most stable complexes (34). The
results of MD simulations suggest that energy landscape of the
apo Hsp90 NTD may be populated by structurally different
conformational states, featuring local conformational switching
of the ATP-lid, which is accessible on longer time scales.
According to the energy landscape model of binding, we con-
jecture that apo Hsp90 NTD may absorb conformational states
with distinct lid conformations, and dynamic equilibrium be-
tween conformational states of the apo Hsp90 NTD can be
modulated by ligand binding, leading to diversity of functionally
relevant complexes. To test the feasibility of the energy land-
scape model assuming equilibrium between functionally impor-
tant conformational states in the native Hsp90, we have also
conducted longer MD simulations of the apo Hsp90 with implicit
solvent. Importantly, we have observed the existence of spon-
taneous and reversible conformational transitions of the lid in
which this segment can restructure from its initial position,
effectively folding over the ATP-binding pocket (Fig. S6). Con-
sequently, Hsp90 NTD may not have a single relaxed confor-
mation but exists as a continuum of rather flexible conforma-
tions. By contrast, the ATP-bound state is a highly constrained
structure whose formation involves coupled conformational
switches in the N terminus and lid of the N-terminal domain. In
this framework, binding of different ligands modulates the
degree of local energetic frustration of Hsp90 NTD surface

regions important for function, thus modulating the dynamics of
protein–protein complex formation (35).

The results of this study suggest that flexible Hsp90 complexes
with the inhibitors may have a more rugged bottom of the
binding energy landscape with the low barriers between struc-
turally similar conformers of the complex. In contrast, ligand-
based modulation of the Hsp90 binding energy landscape can
result in a dramatically different and a highly specific complex
with ATP, which is considerably more rigid, featuring a steep
funnel of conformations leading to the tense, native structure.
According to the proposed model, the ligand-based modulation
of the Hsp90 dynamics can induce functionally important con-
formational transitions between these tense and relaxed protein
states, thereby providing a mechanism for allosteric regulation
and inhibition.

Conclusions
The results of this study suggest that the activity of the Hsp90
molecular chaperone may be linked to (i) local conformational
transitions and switching of the N-terminal lid upon binding and
(ii) notable differences in the underlying protein dynamics as a
function of the binding partner. The emergence of ligand-based
modulation of the Hsp90 N-domain conformational dynamics
supports the mechanism of the active site lid as a nucleotide
sensitive conformational switch of the molecular chaperone
activity. Hence, the local energetic frustration inherently present
in a folded Hsp90 N-terminal may allow a considerable func-
tional diversity of the protein dynamics, which is modulated
by the presence of the specific binding partner. The present
study agrees with the experimental structural data and provides
a plausible molecular model for understanding mechanisms
of modulation of molecular chaperone activities by binding
partners.

Methods
Molecular Dynamics of Hsp90 Complexes. All-atom molecular dynamics (MD)
simulations in explicit water have been independently carried out on a long
simulation time scale of at least 70 ns for (i) the unbound apo form of the
Hsp90 NTD in solution, (ii) Hsp90 NTD complexes with the natural substrates
ATP and ADP, and (iii) Hsp90 NTD complexes with the active inhibitors. The
crystal structure of human Hsp90 in complex with ADP, solved by Obermann
and coworkers (PDB entry 1BYQ) (15), was used directly in the simulations of
the ADP-Hsp90 NTD complex. In the absence of crystal structures for the
unliganded human Hsp90 NTD and cocrystals of the nucleotide bound with
the isolated Hsp90 NTD, the ATP complex was initially modeled starting from
the ADP complex by adding one phosphate group and minimizing the result-
ing complex with the Macromodel program (36). The apo Hsp90 NTD structure
was respectively generated from the ADP-Hsp90 NTD complex by removing
the ligand from the active site. The important rationale behind these choices
was to consistently simulate and analyze dynamics of the Hsp90 conforma-
tional transitions and monitor the mechanism of lid refolding, because the
system moves from ADP to ATP and apo forms. Indeed, the subsequent crystal
structures of the ATP-bound full-length dimer have revealed a major confor-
mational change, involving swapping of the N-terminal chain and lid refold-
ing on the ATP-binding site. The comparison of our modeled Hsp90 NTD
structures with the crystal structures of GRP94, the ER paralog of Hsp90, in the
complex with ATP (PDB entry 1TC0) (25), the apo form (PDB entry 2YT2) (37),
and the structure of yeast Hsp90 (PDB entry 1AH6) (38) has confirmed that in
the isolated N-domain the lid is in the open conformation. The inhibitor bound
complexes were obtained starting from the complex of human Hsp90 in
complex with geldanamycin (PDB entry 1YET) (16), removing the inhibitor and
docking Shepherdin, Shepherdin[79–83] or AICAR as described in refs. 19–21
and SI Text. MD simulations of the Hsp90 complexes have reproduced the
salient molecular determinants of Hsp90 inhibition and assisted in the suc-
cessful design of novel Hsp90 inhibitors (20, 21). All simulations and the
analysis of the trajectories were performed by using the GROMACS software
package (39), using the GROMOS96 force field (40, 41) and the SPC water
model (42). MD simulations have always been initiated from the open or lid-up
conformation of the lid segment as determined in the crystal structures of
Hsp90 complexes with ADP and geldanamycin (15–18). The details of the
simulation set up and analysis are described in SI Text.
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Essential Dynamics Analysis and Dynamics Similarity Metrics. The covariance
matrix for each of the simulated complexes of the Hsp90 NTD was built by
averaging motions of C� atoms deviating from the mean structure. Details of
ED analysis can be found in SI Text. The essential dynamical spaces of Hsp90
NTD interacting with different binding partners were compared by the rooted
weighted square inner product (RWSIP) (43):

RWSIP � ��
l,m

� l�m� r
� l�

rwm�2

�
l,m

� l�m
,

where �l and vl are the lth eigenvalue and lth eigenvector of the first system,
and �m and wm are the mth eigenvalue and corresponding eigenvector for the

second system. The similarities and differences among the essential subspaces
spanned are analyzed by calculating RWSIP metric. By considering the RWSIP
value as a distance parameter, it is possible to provide a quantitative measure
of similarities and differences between dynamical subspaces, in particular by
building a neighbor list describing the degree of similarity between dynamical
spaces of the apo Hsp90 NTD and complexes with natural substrates and
inhibitors.
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