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Heat shock protein 90 (Hsp90) has been an attractive target of potential drug design for antitumor
treatment. The current work integrates molecular dynamics (MD) simulations, calculations of binding free
energy, and principal component (PC) analysis with scanning of inhibitor—residue interaction to probe
the binding modes of inhibitors YK9, YKJ and YKI to Hsp90 and identify the hot spot of the inhibitor—
Hsp90 binding. The results suggest that the introductions of two groups G1 and G2 into YKJ and YKI
strengthen the binding ability of YKJ and YKI to Hsp90 compared to YK9. PC analysis based MD
trajectories prove that inhibitor bindings exert significant effects on the conformational changes, internal
dynamics and motion modes of Hsp90, especially for the helix «2 and the loops L1 and L2. The
calculations of residue-based free energy decomposition and scanning of the inhibitor—Hsp90
interaction suggest that six residues L107, G108, F138, Y139, W162 and F170 construct the common hot
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and YKI lead to two additional hydrogen bonding interactions and multiple hydrophobic interactions for

DOI: 10.1039/c8ra05042b bindings of YKJ and YKI to Hsp90. This work is also expected to contribute theoretical hints for the
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1 Introduction

Heat shock protein 90 (Hsp90), a main member of the heat
shock protein family, is richly expressed in organisms
ranging from bacteria to humans. Hsp90 is an ATP-
dependent molecular chaperone and plays important roles
in maintaining conformation, stability and function of
extensive signaling proteins acting as pathways of cell
proliferation, cell cycle progression, angiogenesis, invasion
and metastasis."”> The previous studies proved that many
client proteins of Hsp90 are involved in multiple key onco-
genic proteins, such as Her2, AKT, CDK4, VEGF, MET and
ALK.*”7 Moreover, Hsp90's broad client proteins are known
disease-related peptides and implicate the chaperone in the
progression of several pathologies relating with various
protein misfolding disorders, cancer, and neurological
diseases.®'* Thus, Hsp90 has been an attractive target of
potential drug design for antitumor treatment.
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design of potent inhibitors toward Hsp90.

According to the previous studies, inhibitors of Hsp90 can
produce simultaneous effects on several abnormal signaling
pathways in tumor cells, which may conquer different issues
related to cancer resistance."** Since the first Hsp90 inhibitor
(17-AAG, tanespimycin) was identified," extensive efforts have
been paid in rational drug design and drug discovery targeting
Hsp90. For example, Biamonte et al. applied the structure-based
drug design technology to develop the first totally synthesized
Hsp90 inhibitor PU3 (ref. 16 and 17) and the following inhibi-
tors CNF-2024 and BIIB021 entering clinical trials in 2005 were
also developed based on the pharmacophore model derived
from PU3."*" Yi et al. employed MD simulations and binding
free energy calculations to probe binding modes of pyrazole-
based inhibitors to Hsp90 and their results revealed that van
der Waals interaction is primarily responsible for binding of
inhibitors to Hsp90.”® Recently, some different inhibitors have
also entered clinical trials and displayed certain efficiency in
inhibiting the activity of Hsp90.***” In despite of high efficiency
of these inhibitors targeting the N-terminal ATP pocket of
Hsp90 in clinical trials, side effects were commonly observed in
Hsp90 inhibitors, which heavily limits the clinical studies of
some novel inhibitors.*®** Thus it is of significance to further
probe binding modes of inhibitors to Hsp90 at atomic level for
design of potent inhibitors targeting Hsp90.

It is well known that efficient Hsp90 chaperone cycles
depend on extremely flexible structure of Hsp90, which is in
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Fig. 1 Molecular structures. (A) The YKI-Hsp90 complex is shown in
cartoon modes, (B) binding pocket of YKI to Hsp90 is displayed in
surface modes and the key residues around the pocket are shown in
stick modes. (C), (D) and (E) are the structures of inhibitors YK9, YKJ
and YKI.

concert with cochaperones and adaptor proteins.** The previous
work demonstrated that conformational changes of the N-
terminal ATP site of Hsp90 play key role in inhibition of ATP
hydrolysis and client processing.**?* In fact, bindings of
substrates and inhibitors really induce large-scale conforma-
tional changes of Hsp90.>***® Moreover, probing drug-protein
binding mechanisms and their thermodynamics and kinetics of
conformational changes are prerequisites to develop efficient
drugs toward targeting proteins.* Therefore, it is essential to
explore the conformational changes of Hsp90 induced by
inhibitor bindings for design of potent inhibitor targeting
Hsp90.

Recently, MD simulations®**® and principal component (PC)
analysis**~* have been powerful tools to study the conforma-
tional changes of proteins. Binding free energy calculations®-*°
were also an important approach to reveal binding modes of
inhibitors to proteins. Moreover, the works from Colombo et al.
proved that MD simulations have been successfully used to
study binding modes of inhibitors to Hsp90 and revealed
multiple binding poses in the binding pocket of Hsp90.** In
this work, we selected three inhibitors YK9, YKJ and YKI to
probe binding mechanisms of inhibitors to Hsp90. The struc-
ture of inhibitor-Hsp90 complex and binding pocket are
depicted in Fig. 1A and B, while the structures of three inhibi-
tors were displayed in Fig. 1C-E. The cause why we selected
these inhibitors is because they have different binding ability to
Hsp90 and the IC50 values of YK9, YKJ and YKI are 8100, 610
and 30 nM, respectively.*® We expect that three aims can be
realized through this work: (1) MD simulations followed by PC
analysis were performed to probe the conformational changes
of Hsp90 induced by inhibitor bindings, (2) binding free
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energies were calculated by using molecular mechanics Pois-
son-Boltzmann surface area (MM-PBSA) and molecular
mechanics generalized Born surface area (MM-GBSA)*™7*' to
comparatively evaluate the binding modes of inhibitors to
Hsp90, (3) decomposition of residue-based free energies and
scanning of inhibitor-residue interactions were carried out to
reveal the hot spot of interactions of inhibitors with Hsp90. This
study was also expected to theoretically contribute significant
dynamics information and molecular basis to design of efficient
inhibitors targeting Hsp90.

2 Methods

2.1 Construction of initial systems

The initial coordination used in MD simulations were taken
from protein data bank (PDB): 2YK9, 2YK] and 2YKI separately
correspond to the YK9-, YKJ- and YKI-Hsp90 complexes.®* The
apo Hsp90 was generated by removing YK9 from 2YK9. The
protonated state of residues in Hsp90 were checked by using the
program PROPKA.”7* All crystal water molecules were kept in
the initial model and all missing hydrogen atoms were con-
nected with heavy atoms by using the Leap module in Amber
16.”* The parameters of Hsp90 were generated with ff14SB force
field of Amber” and that of water molecules were assigned
using the TIP3P model.”® Molecular structure of three inhibitors
were optimized using the Gaussian 09 program at the HF/6-
31G* level, and then restrained electrostatic potential (RESP)
charges were assigned to atoms of inhibitors.”” Meanwhile, the
general Amber force field (GAFF) were applied to produce the
force field parameters of three inhibitors.”® Each complex was
placed in a truncated octahedral box of TIP3P water molecules,
extending at least 12.0 A along each dimension from each
complex. The total of seven counterions Na" were added to
neutralize each system.

2.2 MD simulations in waters

To relieve high-energy contacts between atoms and highly
repulsive orientations of protein-solvent system, each system
were minimized by the steepest descent minimization of 2000
steps followed by the conjugate gradient minimization of 3000
steps. Then, a gentle heating process of 1 ns were performed to
heat each system from 0 to 300 K at constant volume and
another 1 ns process of temperature equilibrium at 300 K was
adopted to further equilibrate the simulated system. Finally,
a 200 ns MD simulation without restriction was conducted to
fully relax each system and the coordinates of atoms were
recorded by at a time intervals of 4 ps. During MD simulations,
the SHAKE algorithm? was employed to constrain the chemical
bond involving hydrogen atoms so that a time step of 2 fs was
adopted. The temperature of systems was controlled by the
Langevin thermostat® with a collision frequency of 2.0 ps™'.
The long-range electrostatic interactions were computed by
using the particle mesh Ewald (PME) method with an appro-
priate cut-off value of 10 A. The same cutoff as calculations of
the electrostatic interaction was adopted to calculate van der
Waals interactions. PC analysis was performed on MD
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trajectories using the program CPPTRAJ in Amber®*' and the
details concerning PC analysis have been described in our
previous studies.*®® The software PyMOL* and VMD®* were
applied to analyze MD trajectories and depict pictures.

2.3 Calculations of binding free energies

Binding free energies between inhibitors and Hsp90 were
calculated by using MM-PBSA and MM-GBSA methods to
comparatively evaluate binding ability of inhibitors to Hsp90.
The total of 200 snapshots extracted from the last 100 ns of MD
trajectories at a time interval of 500 ps were used to perform
calculations of binding free energies based on the following
equation.

AGbind = Gcomp - Gpro - G]ig = AEele
+ AE‘vdW + AGpol + AGnonpol — TAS (1)

in which Geomp, Gpro and Gy, indicate free energies of the
complex, protein and inhibitor, respectively. AE. and AE,qw
represent electrostatic and van der Waals interactions of
inhibitors with proteins, independently. AGpo and AGponpol are
the polar and nonpolar solvation free energies, respectively. In
the current work, AG, can be separately solved by using the PB
and GB model developed by Onufriev et al.®** and AGponpol iS
determined by the following empirical equation:

AGhonpol = ¥ X ASASA + 6 (2)

where the parameter y and ASASA separately represent the
surface tension and the difference in the solvent accessible
surface areas induced by inhibitor bindings. The parameter
6 indicates a regression offset of the linear relationship. In the
PB calculations, v and § were respectively set to 0.00542 kcal-
mol A~% and 0.92 kecal mol ™! while in the GB calculations, y and
6 were set to 0.0072 kecal mol A% and 0 kcal mol *, separately.*®
The last term —TAS indicates the contributions of the entropy
changes to inhibitor bindings, which is calculated by using the
mmpbsa_py_nabnmode program based on 50 snapshots.®”

2.4 Calculations of cross-correlation map

By now, the cross-correlation map has been an effective
approach to probe internal dynamics of proteins and can effi-
ciently reveal details of movement modes between residues in
proteins. The cross-correlation coefficient C; of each pair of C,
atoms i and j can be generated using MD trajectories based on
the following equation.®®*°

C,-j _ <Ar,‘ Ar/> 7 (3)

(ar2)(ar2))

where Ar; represents the displacement from the averaged
position of the ith C, atom. The values of the cross-correlation
coefficient C; range from —1 to 1. The positive C; are indicator
of the correlated motions between residues i and j, while the
negative Cj; characterize the anticorrelated movements of
residue i relative to j. In this work, the CPPTRAJ module in
AMBER 16 was applied to compute the cross-correlation map.
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The extent of correlated motions between residues is displayed
in color-coded modes.

3 Results and discussion
3.1 Structural stability and flexibility of MD simulations

To evaluate equilibrium and stability of MD simulations, root-
mean-square deviations (RMSDs) of backbone atoms in Hsp90
relative to the first structure were computed based on MD
trajectories. The function of RMSD for backbone atoms vs. the
simulated time is depicted in ESI Fig. S1.7 It is observed that all
four systems basically reach the equilibrium after 100 ns of MD
simulations. The RMSD values of the apo Hsp90, YK9-, YKJ- and
YKI-Hsp90 compounds are 2.37, 1.99, 1.51 and 1.52 A after the
equilibrium of systems, respectively, and inhibitor bindings
decrease the RMSD values of Hsp90 complexed with inhibitors
compared to the apo system. Furthermore, the fluctuation of
RMSDs in four systems are lower than 0.6 A. This result suggests
that the equilibrium of systems is reliable for the following
analysis of conformational changes for Hsp90 and calculations
of binding free energies.

To check the stability of three inhibitors in the binding
pocket of Hsp90 during MD simulations, RMSDs of non-
hydrogen atoms in inhibitors relative to the first structure
were calculated through the entire MD simulations (Fig. S2A¥).
It is seen that the RMSD values of three inhibitors are lower
than 1.35 A, which suggests that three inhibitors are stable in
the binding pocket of Hsp90. The previous studies proved that
structural cluster analysis can better reveal the binding poses of
inhibitors in the binding pocket of Hsp90.°** Thus we per-
formed the structural cluster analyses of inhibitors on the
RMSDs with a cut-off of 0.5 A using the CPPTRA] module in
Amber (Fig. S2B-Dt). The results indicate that YK9 has
a binding pose, while YKJ and YKI have two binding poses,
which implies that YK9 should have different binding modes
from YKJ and YKI.

Root-mean-square fluctuations (RMSFs) of residues are
usually used to evaluate structural flexibility of proteins. In this
work, RMSFs of C, atoms in Hsp90 were computed using the
equilibrated MD trajectories (Fig. 2). The RMSFs of the N-
terminus, the residues 100-110 and the region near the
residue 180 are increased relative to the apo Hsp90, which
shows that the structural flexibility of these residues are
strengthened by bindings of three inhibitors. However, the
RMSFs of the domains aside from the N-terminus, the residues
100-110 and the region near the residue 180 are decreased by
inhibitor bindings compared to the apo Hsp90, which suggests
that the flexibility of the above domains are weakened due to the
presence of three inhibitors. This result may imply that the hot
spot of inhibitor-residue interactions occurs in the domains of
the obvious changes in the structural flexibility.

3.2 Changes in internal dynamics of Hsp90 induced by
inhibitor bindings

The changes in conformations and internal dynamics of tar-
geting proteins are of significance for drug designs. In this

This journal is © The Royal Society of Chemistry 2018
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Fig.2 Root-mean-square fluctuations (RMSFs) of C, atoms in Hsp90.

work, the cross-correlation maps of residues in Hsp90 were
computed based on the equilibrated MD trajectories to probe
the changes in the motion modes of Hsp90 caused by inhibitor
bindings (Fig. 3). The strongly correlated motions between
specific residues were reflected in red and yellow, while the
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strongly anticorrelated movements were indicated in blue or
dark blue. It is observed from Fig. 3 that inhibitor bindings
really induce obvious changes in the motion modes of Hsp90.
For the apo Hsp90 (Fig. 3A), the strongly correlated motions
occur in the regions R1, R2, R3 and R4 (yellow and red). The
regions R1 and R2 reflect the correlated motions of residues 48—
87 and 144-178 relative to themselves. The motions in the
region R3 represent the correlated motions of residues 85-100
relative to residues 43-78, and the region R4 describes the
correlated movements between residues 178-186 and 138-156.
In addition, the obviously anticorrelated motions are observed
in the regions R5 and R6 (blue), in which the region R5 reflects
the anticorrelated movements between residues 110-145 and
40-68, and the region R6 characterizes the anticorrelated
motions of the C-terminus of Hsp90 relative to residues 50-80.
Compared to the apo Hsp90, bindings of three inhibitors
obviously weaken the correlated motions occurring in the
regions R1, R2, R3 and R4 (Fig. 3B-D). Differently, the YK9
binding weakens the anticorrelated movements of the region R5
(Fig. 3B), but the bindings of YKJ and YKI highly strengthen the
anticorrelated motion in the region R5. In addition, the pres-
ence of YKI in Hsp90 also increases the anticorrelated move-
ment of the region R7 compared to the apo Hsp90 (Fig. 3D).
To further probe the conformational changes of Hsp90 due
to inhibitor bindings, PC analysis was performed to obtain
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Fig. 3 Cross-correlation maps of the fluctuations of the coordinates for C, atoms of Hsp90 around the mean positions after the equilibration of
MD simulations: (A) the apo Hsp90, (B) the YK9-bounded Hsp90, (C) the YKJ-bounded Hsp90 and (D) the YKI-bounded Hsp90.
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Fig. 4 Collective motions corresponding to the first principal
component PC1 obtained by performing principal component analysis
(PCA) on the equilibrated MD trajectories: (A) the unbounded Hsp90,
(B) the YK9-bounded Hsp90, (C) the YKJ-bounded Hsp90 and (D) the
YKI-bounded Hsp90.

eigenvalues and eigenvectors by constructing a covariance
matrix using the atom coordinates from MD trajectories.
Fig. S37 gives the function of the eigenvalues vs. the eigenvector
indices, which reflects the motion strength of Hsp90 in the apo
and bounded states. The first three principal components
account for 78.21%, 70.02%, 64.58% and 63.61% of the total
motion observed in the last 100 ns of MD simulations. It is seen
that inhibitor bindings highly weaken the motion strength of
Hsp90 in the bounded state. The changes in the direction of
motions can be captured by the eigenvectors obtained from PC
analysis, which are depicted in four porcupine plots (Fig. 4). It is
noted that inhibitor bindings produce significant effect on the
motions of the helixes a1, 23 and the loops L1 and L2. In the
apo Hsp90, a1 has a strong tendency of upward and outward
motions, meanwhile the helix a2 and the loop L2 have weak
tendency of outward motions. On the contrary, the helix a3 and
the loop L1 produce strong tendency of inward movements.
Compared to the apo Hsp90, the YK9 binding heavily inhibits
the motion strength of a1 (Fig. 4B), while the bindings of YK]J
and YKI extremely change the motion direction of a1 (Fig. 4C
and D). Commonly, the bindings of all three inhibitors make L1
and o3 produce the outward motion direction. According to
Fig. 4B-D, the presences of three inhibitors in Hsp90 not only
change the motion direction of the loop L2, but also strengthen
the movement of L2 compared to the apo Hsp90. In addition,
the association of YKI with Hsp90 also strengthens the motion
of the helix a2 (Fig. 4D).

To better understand the conformational changes of Hsp90
induced by inhibitor bindings, free energy landscapes,
contributing important information of different conformations
sampled by proteins, were constructed by using projections of
MD trajectories on the eigenvectors of the first two principal
components PC1 and PC2 (Fig. 5). It is seen that the bindings of
three inhibitors induce obvious redistribution of the
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conformation of Hsp90. Fig. 5A suggests that the apo Hsp90
spans six different subspaces and energy basins, which shows
that Hsp90 has the conformation diversity in the unbounded
state. According to Fig. 5B-D, the associations of three inhibi-
tors with Hsp90 lead to the conformational convergence. In the
bounded state of YK9 and YKJ, Hsp90 tends to have four main
conformational subspaces (Fig. 5B and C), while the presence of
YKI makes Hsp90 redistribute in three conformational
subspaces (Fig. 5D). To better understand the conformational
changes, the cluster analysis was performed on MD trajectories
using the RMSD values of C, atoms in Hsp90 and the CPPTRAJ
program (Fig. S41) and the cutoff used this analysis is 2.0 A. The
results indicate that the apo, YK9-, YKJ- and YKI-Hsp90 have six,
four, four and three clusters, which agrees basically with our
current PC analysis. The above analyses suggest that the YKI
binding induces the most obvious conformational changes
among three inhibitors.

Based on the above analysis, the bindings of YK9, YKJ and
YKI produce extremely different effect on the motion modes,
internal dynamics and conformations of Hsp90. According to
Fig. 1C and D, the main difference in the structures of three
inhibitors comes from the substitutions of two groups G1 and
G2 with polar nitrogen atom. These two substitutions increase
the size of YKJ and YKI relative to YK9, which must lead to more
interaction contacts with the residues in the binding pocket of
Hsp90, further induce the conformational changes of Hsp90
and affect the bindings of inhibitors to Hsp90.

3.3 Calculations of binding free energies

To evaluate binding ability of three inhibitors to Hsp90, MM-
PBSA and MM-GBSA methods were applied to compute
binding free energies of YK9, YKJ and YKI to Hsp90. The results
calculated by MM-PBSA were listed in Table 1 and that
computed by MM-GBSA were given in Table S1.1 Although the
binding free energies predicted by two methods are extremely
higher than the experimentally determined values, it is
encouraging that the rank of our predicted binding free ener-
gies using two methods is in agreement with the one deter-
mined by the experimental data. For two methods, the results
calculated by MM-GBSA are higher than that computed by MM-
PBSA.

According to Table 1, binding free energies of YK9, YKJ and
YKI to Hsp90 are —10.44, —14.01 and —15.48 kcal mol
respectively. It is found that binding free energies of inhibitors
to Hsp90 consist of van der Waals interactions (AE,qw), elec-
trostatics interactions (AE.), polar solvation energies (AGpo1),
nonpolar solvation energies (AGnonpo) and the entropy changes
(—TAS). The van der Waals interactions and nonpolar solvation
energies contribute advantageous forces to inhibitor bindings,
but the entropy changes impair the association of inhibitors
with Hsp90. Although the electrostatics interaction favors
inhibitor bindings, this favorable factor is fully encountered by
the polar solvation energies to produce unfavorable forces
(AEgiespor) for inhibitor bindings to Hsp90. The results from the
MM-GBSA calculations (Table S17) also give similar analysis to
the MM-PBSA calculations. As shown in Table 1, binding free

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Free energy landscapes of Hsp90 constructed using projection of MD trajectories on the first two principal components PC1 and PC2
from the diagonalization of covariance matrix: (A) the apo Hsp90, (B) the YK9-bounded Hsp90, (C) the YKJ-bounded Hsp90 and (D) the YKI-

bounded Hsp90.

Table 1 Binding free energies of inhibitors to Hsp90 calculated by
MM-PBSA method

YKC-Hsp YKJ-Hsp YKI-Hsp

“Components  Average bsTD Average STD  Average STD
AFEje —14.75 3.01 —16.98 4.30 —35.95 4.16
AEqw —45.10  2.74 —46.09 3.02 —60.70  2.62
AGpol 35.28 2.42 32.71 3.44 —6.37 0.10
AGhonpol —4.84 0.07 —4.94 0.10 61.54 4.16
*AGeespol 20.53 2.85 15.73 3.32  25.59 4.33
—TAS 18.97 1.98 21.29 1.99  26.90 2.12
AGhind —10.44 —14.01 —15.48

IAGP —6.96 ~8.50 -10.31

“ All components of free energies are in kcal mol™'. ? Standard errors.
© AGeletpol = AEeietAGpor 4 The experimental values were derived from
the experimental K; values in reference using the equation AG™® =
—RTIn K

energies of YKJ and YKI to Hsp90 are increased by 3.57 and
5.04 kcal mol " compared to that of YK9 to Hsp90, respectively.
According to Table S1,7 binding affinities of YKJ and YKI are
3.24 and 4.96 kcal mol™' stronger than YK9, separately. The
computational comparison of two methods not only suggest

This journal is © The Royal Society of Chemistry 2018

that our current results are reliable, but also prove that binding
ability of YKJ and YKI to Hsp90 is stronger than YK9. The
comparison of separate free energy components from Table 1
further reveals that van der Waals interaction of YKJ and YKI
with Hsp90 are increased by 0.99 and 15.6 kcal mol " relative to
that of YK9 with Hsp90, respectively, and the electrostatic
interactions of YKJ and YKI with Hsp90 are strengthened by
2.23 and 21.20 kcal mol™! relative to YK]. In addition, the
nonpolar solvation energies caused by the bindings of YKJ and
YKI are increased by 0.10 and 1.53 kcal mol ™" compared to YK9,
respectively. According to Fig. 1C-E, the hydrophobic rings in
the G1 and G2 groups of YKJ and YKI may increase the hydro-
phobic contacts with the hydrophobic residues in Hsp90 rela-
tive to YK9, and the polar nitrogen atoms in the G1 and G2
groups may bring new hydrogen bonding interactions with
Hsp90 compared to YK9, which improves the van der Waals
interactions and electrostatics interactions of YKJ and YKI with
Hsp90. This result also agrees well with the experimental results
from Vvallée et al.**

3.4 Identification of inhibitor-residue interaction hot spot

To identify the hot spot of the inhibitor-residue interaction and
probe the contributions of separate residues to inhibitor

RSC Adv., 2018, 8, 25456-25467 | 25461
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bindings, the residue-based free energy decomposition method
was applied to compute the interactions of inhibitors with
separate residues of Hsp90 (Fig. 6). To compare with the
calculations of inhibitor-residue interactions, scanning of
hydrophobic contacts and hydrogen bond contacts of inhibitors
with Hsp90 was performed on the entire MD trajectories by
using the LIGPLOT program.*” In our current scanning, the
default parameters from LIGPLOT were applied to define
hydrogen bond and hydrophobic contacts. The function of
hydrophobic contacts and hydrogen bond contacts vs. the
simulation time were depicted in Fig. 7 and S5, respectively.
The statistical results of hydrophobic contacts and hydrogen
bond contacts were displayed in Fig. 8 and S6.1 Meanwhile, the
CPPTRA] program was employed to analyze the hydrogen
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bonding interactions of inhibitors with Hsp90 and the corre-
sponding information was listed in Table 2. In addition, the
geometry position involving hydrophobic contacts and
hydrogen bonding interactions are separately displayed in Fig. 9
and S7{ by using the lowest energy structures extracted from
MD trajectories.

For the inhibitor YK9, Fig. 6A suggests that YK9 can produce
interactions stronger than 1.0 kcal mol ™" with six residues of
Hsp90, including L107, G108, F138, Y139, W162 and F170.
Scanning of hydrophobic contacts between YK9 and Hsp90 also
shows that YK9 forms stable hydrophobic contacts with these
six residues of Hsp90 (Fig. 7A). The interaction energy of L107
with YK9 are —4.10 kcal mol™' (Fig. 6A). This interaction
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Fig. 7 The function of hydrophobic contacts between inhibitors and
Hsp90 vs. the simulation time: (A) YK9, (B) YKJ and (C) YKI.
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structurally comes from the CH-7v interaction of the alkyl in
L107 with the hydrophobic ring R1 (Fig. 9A), which is supported
by the hydrophobic contact occupancy of 90.9% between L107
and YK9 (Fig. 8). According to Fig. 9A and S7A,t Y139 struc-
turally generates two classes of interactions, one stems from the
-7 interaction between the ring R1 of YK9 and the phenyl of
Y139, another origins from the hydrogen bonding interaction
with the occupancy of 94.37% between the nitrogen atom N12
of YK9 and the oxygen atom OH of Y139 (Table 2, Fig. S5A} and
S6A). These two interactions totally contribute the interaction
energy of —2.13 kcal mol ™" to the YK9 binding (Fig. 6A). Scan-
ning of hydrophobic contacts finds that the ring R3 of YK9
forms the stable -7 contacts with F138 and W162 though MD
simulations (Fig. 7A and 9A). The number of conformations
detecting the hydrophobic contacts of YK9 with F38 and W162
separately account for 90.3% and 90.4% of the total confor-
mations from MD trajectories (Fig. 8), which provides the
energy contributions of —2.32 and —2.62 kcal mol ™~ for the YK9
binding (Fig. 6A). As shown in Fig. 9A, the carbon atom of G108
and the phenyl of F170 structurally close the hydrophobic ring
R2 of YK9, which are easy to respectively produce the CH-7 and
-7 interactions between them. These two interactions are not
only supported by scanning of hydrophobic contacts (Fig. 7A
and 8), but also contribute the interaction energies of —1.22 and
—1.15 keal mol " to the YK9 binding (Fig. 6A).

Table 2 Main hydrogen bonding interactions of inhibitors with Hsp90

Similar to YK9, YK] also generates favorable interactions
with the residues L107, G108, F138, Y139, W162 and F170 of
Hsp90 (Fig. 6B), which is supported by scanning of hydrophobic
contacts between YKJ and Hsp90 as well as statistical analysis of
hydrophobic contacts (Fig. 7B and 8). The interaction modes of
these six residues with YKJ are also similar to YK9 (Fig. 9B). A
hydrogen bond with the occupancy of 92.22% is also identified
between the oxygen atom OH of Y139 and the nitrogen atom N3
of YK]J (Table 2, Fig. S5B, S6 and S7B¥). Due to the substitution
of the group G1 (Fig. 1D), several additional interactions of YK]J
with N51, A55, G97, M98 and 1104 are detected (Fig. 6B, 7B and
S5Bf). The CPPTRAJ analysis shows that YK9 constructs two
hydrogen bonding interactions with G97 and L103 (Table 2),
which agrees well with scanning of hydrogen bond contacts
(Fig. S5B, S6 and S7Bf). In addition, L103 also forms stable
hydrophobic contacts with YK]J (Fig. 7B, 8 and 9B). Totally, L103
provides the energy contribution of —2.28 kcal mol " for the
YKJ binding to Hsp90 (Fig. 6B). Structurally, the carbon atom C
of N51 and the alkyls of A55 and M98 are located near the ring
R4 of YK]J (Fig. 9B) and are easy to generate the CH-m interac-
tions between them, which is supported by scanning of hydro-
phobic contacts of YKJ with Hsp90 (Fig. 7B and 8). Thus, N51,
A55 and M98 independently contribute the interaction energies
of —2.11, —0.68 and —2.38 kcal mol™" to the YKJ binding to
Hsp90 (Fig. 6B). It is observed that an additional interaction of

Hydrogen bonds “Distance (A) “Angle (°) bOccupancy (%)
“YK9-N12---Y139-OH-HH 3.07 £ 0.31 137.29 + 7.8 94.37
YKJ-N6-H6---G97-O 3.32 £0.24 121.26 £+ 10.1 23.61
YKJ-N2-H3---L103-O 3.01 +0.28 153.72 + 9.6 67.60
YK]J-N3---Y139-OH-HH 2.96 + 0.35 158.38 +11.2 92.22
YKI-O13---N51-ND2-HD22 3.02 +0.21 132.61 + 8.4 43.28
YKI-N2-H3---L103-O 3.02 £ 0.44 147.93 £+ 8.9 64.31
YKI-N3---Y139-OH-HH 2.92 + 0.26 159.52 + 11.6 98.80

“ Hydrogen bonds are determined by the acceptor:--donor distance of <3.5 A and acceptor---H-donor angle of >120°. » Occupancy (%) is defined as

the percentage of simulation time that a specific hydrogen bond exists.

hydrogen bonding interactions.

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 Key residues of Hsp90 forming hydrophobic contacts with
three inhibitors. Key residues and inhibitors are shown in stick modes.
A pair of carbon atoms following the default parameters of LIGPLOT in
distances are defined as hydrophobic contacts.

—1.17 keal mol " occurs between YK9 and 1104 (Fig. 6B and 8),
which is in consistence with scanning of hydrophobic contacts
on MD trajectories (Fig. 7B). This interaction structurally comes
from the CH-7 interaction of the alkyl in 1104 with the ring R2
of YKJ.

By comparison with YK9, YKI also generates similar inter-
actions with six residues L107, G108, F138, Y139, W162 and
F170 (Fig. 6C), which agree well with scanning of hydrophobic
contacts between YKI and Hsp90 (Fig. 7C and 8). A common
hydrogen bond with the high occupancy of 98.80% is detected
between the oxygen atom OH of Y139 and the nitrogen atom N3
of YKI (Table 2, Fig. S5C and S6t). It is found that the substi-
tution of the group G2 (Fig. 1E) brings several additional

25464 | RSC Aadv., 2018, 8, 2545625467
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interactions of YKI with five residues N51, A55, 196, M98 and
L103. Among these five residues, the carbon atom of N51 and
the alkyl of L103 separately produce the CH- interactions with
the rings R4 and R3 (Fig. 9C), moreover the nitrogen atom ND2
of N51 and the oxygen atom O of L103 form the hydrogen
bonding interactions with the nitrogen atoms N3 and N2 of YKI
(Fig. S5C, S6 and S7Cft), respectively, corresponding to the
occupancy of 43.28% and 64.31% (Table 2). Totally, N51 and
L103 independently contribute the interaction energies of
—1.33 and —3.02 kcal mol™" to the YKI binding to Hsp90
(Fig. 6C). As shown in Fig. 9C, the alkyls of A55, 196 and M98
structurally close the G2 group (namely the hydrophobic ring
R4) and are easy to produce the CH-m interactions between
them. A55, 196 and M98 respectively provide the energy
contributions of —1.00, —1.25 and —2.77 kcal mol™* to the YKI
association with Hsp90 (Fig. 6C). The current analysis based on
identifying the hot spot of the inhibitor-residue interactions
basically agrees with the experimental results from Vallée et al.**

Based on the above analyses of the residue-based free energy
decomposition and scanning of hydrophobic contacts and
hydrogen bond contacts between inhibitors and Hsp90, the
CH-m, - and hydrogen bonding interactions play significant
role in bindings of inhibitors to Hsp90. Six common residues
1107, G108, F138,Y139, W162 and F170 are identified as the hot
spot involving the interactions of YK9, YKJ and YKI with Hsp90.
Compared to YK9, the substitution of the group G1 in YK]J not
only leads to hydrogen bonding interactions with G97 and L103,
but also produces hydrophobic interactions with N51, A55, M98
and I104. Similar to YK]J, the introduction of the Group G2 into
YKI also brings two hydrogen bonding interactions with N51
and L103, meanwhile generates hydrophobic interactions with
N51, A55, M98 and L103. These additional interactions induced
by the substitutions of G1 and G2 can be used as new drug
target toward Hsp90.

4 Conclusions

In this work, 200 ns MD simulations were performed on the apo
Hsp90 and three inhibitor-Hsp90 complexes to explore binding
modes of inhibitors to Hsp90. The RMSFs demonstrate that the
associations of inhibitors heavily affect the flexibility of Hsp90.
The equilibrated MD trajectories were used for PC analysis and
the results suggest that inhibitor bindings produce important
effect on the conformational changes, internal dynamics and
motion modes of Hsp90, especially for the helix a1 and the
loops L1 and L2. Binding affinities of inhibitors to Hsp90 were
computed based on 200 snapshots extracted from the equili-
brated MD trajectories and the results show that binding ability
of YKJ and YKI is stronger than YK9. Furthermore, the substi-
tutions of two groups G1 and G2 in YKJ and YKI not only
increase the van der Waals interactions of YKJ and YKI with
Hsp90 compared to YK9, but also improve the electrostatics
interactions of YKJ and YKI with Hsp90. According to scanning
of inhibitor-residue interactions and residue-based on free
energy decomposition, the substitution of the group G1 in YK9
not only leads to two additional hydrogen bonding interactions
with G97 and L103, but also produces hydrophobic interactions

This journal is © The Royal Society of Chemistry 2018
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with N51, A55, M98 and 1104 compared to YK9. The introduc-
tion of the Group G2 into YKI also brings two hydrogen bonding
interactions with N51 and L103, meanwhile generates hydro-
phobic interactions with N51, A55, M98 and L103. We also
expect that this study can contribute theoretical hints for design
of potent inhibitors toward Hsp90.
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