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In this study a methodology was described to recognize the conserved water molecules required for 
efficient binding of ligands with heat shock protein. Subsequently, a substantiated procedure for the 
determination of an effective docking methodology was generated using various programs of Schrodinger 
and SYBYL softwares. In order to identify the essential structural features responsible for heat shock 
protein inhibitions, an atom based 3D-quantitative structure-activity relationship model with an excellent 
surmising ability in both external and internal validation was established. The results of 3D-quantitative 
structure-activity relationship and docking studies correlated well with each other. A combined analysis 
of docking results and quantitative structure-activity relationship analysis indicates: The key amino acids 
and water molecules in the active pocket of heat shock protein. The important structural requirement 
in ligands that will lead to enhanced biological activity. The results provide a set of simple and effective 
guidelines for rationally designing new heat shock protein inhibitors prior to their synthesis.
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The use of existing anticancer drugs is hampered 
due to development of resistance against them[1]. 
Resistance is attributed to rapid mutation of the 
target protein encoding genes which in turn alters the 
morphology of the active site[1,2]. Additionally, the 
wide-ranging side effects associated with the present 
cancer chemotherapeutic agents further restricts their 
usage. These adverse effects, such as gastrointestinal 
distress, hair loss and neutropenia were attributed to the 
damage of normal cells that divide rapidly similar to the 
cancer cells[3,4]. Therefore, targeted cancer therapy has 
gained momentum in recent years. The most promising 
target for the development of novel, potent and safer 
anticancer agents needs to satisfy the following two 
criteria, multiple oncogenic proteins along with the 
ones promoting resistance must be dependent upon the 
target for maintaining their structure and function. The 
target protein should be over-expressed in cancer cells 
as compared to the healthy ones.

Heat shock protein 90 (Hsp90) is one such exciting 
anticancer target, which is an ATP-dependent 

molecular chaperone with an average molecular weight 
of 90-kDa[5]. There are two major types of cytosolic 
isoforms of Hsp90 in eukaryotes, Hsp90α and Hsp90β. 
Hsp90α is the inducible form, which is produced 
during stress conditions of the cells, such as elevated 
temperature, exposure to UV radiation, infection and 
inflammation[6]. Hsp90β is the constitutive form, 
which constitutes 1-2 % of total cellular protein under 
non-stress conditions. Moreover Hsp90 α is over 
expressed in cancer cells as an activated complex with  
co-chaperone proteins Hsp 40, Hsp70, Cdc37, p23, Tpr2, 
Hip and Hop, while the β form of normal cells resides 
in a free state[7]. Therefore, it gave rise to the hypothesis 
that inhibitors against Hsp90 would not affect normal 
cells and will be devoid of toxic side effects associated 
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with cancer chemotherapy. The expression of Hsp90 
is associated with cancers of breast, pancreas, blood, 
colon, colorectal, kidney, brain and prostrate[8].  It 
helps in the folding, maturation, stability, trafficking, 
intracellular disposition and proteolytic turnover of 
proteins responsible for cancer cell development and 
survival. Such proteins are commonly referred to as 
the client proteins. These client proteins appear to 
be addicted to Hsp90 for survival. Till today, more 
than 300 client proteins have been identified[5], some 
of which are dangerous oncogenes like Akt, Raf-1, 
cdk4 and Src. Few are well established cancer targets, 
Her-2 (trastuzumab), Bcr-Abl (imatinib), estrogen 
receptor (tamoxifen), androgen receptor (bicalutamide) 
and the vascular growth factor endothelial receptor  
(sunitinib)[9]. Some mutant proteins like mutant p53 
and imatinib-resistant Bcr-Abl are also dependent on 
Hsp90 for preserving their structure and function[10,11]. 
It was also revealed that many proteins responsible for 
mutation like PDGFRβ, COT, IGFR1, CRAF, ARAF, 
S6, cyclin D1, and AKT are also clients of Hsp90[10,12]. 
Hence inhibition of Hsp90 will lead to arrest of multiple 
proteins involved in the development of cancer and 
resistance. Thus, the two major drawbacks of cancer 
therapy, drug resistance and toxic side effects could be 
overcome by developing agents against Hsp90.

Hsp90 has three functional domains, first of which 
is the N-terminal domain of ~ 25kDa that fulfills all 
the structural requirement for ATP binding. Structural 
alterations facilitated by the hydrolysis of ATP to ADP 
in this domain are thought to play an essential role in the 
chaperoning activity of the protein. Blocking of ATPase 
activity hampers the repairing function of Hsp90. 
Hence, majority of Hsp90 inhibitors competitively bind 

to this site of the protein. Second functional domain is 
C-terminal domain of ~12 kDa, which contain binding 
sites for co-chaperones and the third domain is the 
protein binding domain of ~12 kDa whose contact with 
the N-terminal domain is necessary for the latter’s proper 
functioning[13]. Further, small angle X-ray catering 
(SAXS), TROSY NMR and electron microscopy (EM) 
studies have shown that Hsp90 is highly flexible as 
a single unit along with the sequences connecting its 
domains. However, individual domains of the protein 
are less flexible compared to the entire protein. It was 
experimentally proven that small molecule inhibitors, 
ATP, co-chaperones and client proteins along with 
various post-translational modifications regulate the 
flexibility of the Hsp90 chaperone[14,15].

One of the earliest Hsp90 inhibitors discovered were 
natural products radicicol (1a) and geldanamycin 
(1b) (fig. 1)[16]. Radicicol, obtained from the fungus 
Monospeorium bonorden was found to be inactive  
in vivo[17]. Geldanamycin is a type of ansamycin isolated 
from Streptomyces hygroscopicus. The highly reactive 
17-methoxyl group of geldanamycin and its high toxic 
profile hindered further development of geldanamycin 
as such. Therefore, the 17-allylgeldenamycin,  
17-AAG (tanespimycin, 2a (fig. 2) was developed, 
which reached phase I clinical trials but eventually 
abandoned due to severe hepatoxicity, poor solubility, 
limited bioavailability and extensive metabolism. The 
other analogues of geldanamycin (reduced form of  
17-AAG, retaspimycin, 2b and 17-DMAG, 
alvespimycin, 2c) shown in fig. 2 developed to 
increase water solubility and bioavailability were also 
rejected after reaching phase-II clinical study due to 
unsatisfactory safety profile[18,19]. It is believed that the 

           
Fig. 1: First Hsp90 inhibitors discovered
1a. radicicol and 1b. geldanamycin 
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benzoquinone ring and the chemical complexity of the 
anamycins contributed to its off target toxicity. The 
purine derivative, BllB021 (CNF2024, 2d, fig. 2) was 
one of the synthetic Hsp90 inhibitor to enter clinical 
trials in 2006. It reached up to clicical phase-II trials 
but did not exhibit any promising result[20]. Till date 
17 candidates are in clinical trials either alone or in 
combination with other anticancer agents, but none of 
those has reached approval stage for a market launch[21].

Water plays a crucial role in determining the structure 
and dynamics of biomolecules. In some cases, hydrogen 
bond forming groups on the protein surface does not 
form any H-bond with the ligands due to more distance 
(> 5Å). This distance can be bridged by some water 
molecules commonly referred to as the conserved water 
molecules. These water molecules form hydrogen bond 
with the protein as well as with the ligands. Thus, a 
protein-water-ligand complex is formed, which results 

in more effective binding. The role of conserved water 
molecules for more effective ligand-protein binding 
through hydrogen bonding is already established for 
Hsp90 as well as for many other proteins[22,23]. Moreover, 
the high rate of failure from designing a drug molecule 
to its marketing stage warrants the development and 
validation of a proper docking method by retaining 
these water molecules.

Computational drug design is one of the powerful 
techniques used to understand the key features of 
molecules that turn them active against certain targets. 
Several reports are available in this area, which are 
focused on Hsp90 inhibitor development[24-26]. Although 
these studies have disclosed some of the key properties 
that turn few compounds into good Hsp90 inhibitors, 
there is no systematic study that has considered all 
the water molecules of the protein. Furthermore, no 
significant attempts have been made to compare various 

Fig. 2: Hsp90 inhibitors that reached various phases of clinical trials
2a. Tanespimycin, 2b. retaspimycin, 2c. alvespimycin and 2d. CNF2024
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Glide Score (G Score). The G Score is calculated 
as follows, G Score=0.065×vdW+0.130×Coul 
+Lipo+Hbond+Metal+BuryP+RotB+Site, where, 
vdW=van der Waals energy, Coul=coulomb energy, 
Lipo=lipophilic term derived from hydrophobic 
grid potential, H bond=hydrogen bonding term, 
Metal=metal binding term, BuryP=penalty for buried 
polar groups, RotB=penalty for freezing rotatable 
bonds and Site=polar interactions in the active site.

SYBYL docking and protein preparation:

The docking was performed using SYBYL X-1.2 
version software installed on Dell Precision T-1500 
workstation (Intel(R) Core(TM) i7 CPU 860 @ 
2.80GHz 2.79GHz; 12.0 GB Ram, 1 TB Hard 
disk).  The same co-crystal structure of the protein 
and ligand as utililized in Schrodinger docking was 
obtained from PDB[27]. The protein was processed for 
binding studies by deleting the B chain, removing the 
undesirable phosphate/water molecules and addition 
of polar hydrogen. The hydrogens of the protein and 
ligands were optimized by AMBER7 FF99 force 
field. The protomol (virtual active site) was developed 
from hydrogen-bearing protein mol2 file by keeping a 
threshold factor  that determined the extent to which the 
protomol penetrated the protein, of 0.5 and a bloat used 
to dilate the protomol and included the neighbouring 
cavities of 0 Å[31,32].

Ligand preparation and docking:

The ligands were first drawn in Chem draw, saved 
as mol files and then converted into SD file format 
using Schrodinger software. The structures were then 
cleaned by sanitize utility involving filling valencies, 
removing duplicates and producing only one molecule 
per input structure. It was then followed by a general 
clean-up, which filtered out compounds containing 
undesirable substructures, metals, or isotopes and 
compounds not obeying Lipinski’s rule of five. A single 
3D conformation for each input structure was generated 
using the Concord program (random perturbation of 
the position and conformation of the supplied ligand 
followed by bump relaxation)[33]. The SYBYL docking 
software comprises of 4 different methods for the 
purpose of docking. The SYBYL Surflex dock method 
docks compounds without preliminary screening 
of the ligands. The SYBYL Surflex dock screen 
method takes into account 3 poses per ligand before 
docking. The SYBYL Surflex dock Geom and Geom 
X algorithm computes docking score by considering 
20 poses per ligand. However, the Geom X method is 

docking methodologies and correlate all of these with 
a QSAR model. In view of the above, it appeared 
of interest to develop a conserved water molecule-
dependent validated docking algorithm, which would 
aid in the discovery of novel Hsp90 inhibitors. The 
findings of the docking analysis were further correlated 
with a 3D-QSAR model based on the structural features 
of known ligands.

MATERIALS AND METHODS

Schrodinger docking, protein and grid preparation:

Docking was carried out with Schrodinger docking 
software (Maestro, 9.1 versions) installed on Dell 
Precision T-1500 workstation (Intel(R) Core(TM) 
i7 CPU 860 @ 2.80GHz 2.79GHz; 12.0 GB Ram,  
1 TB Hard disk). The coordinates of the human Hsp90 
in complex with an inhibitor [(2,4-dihydroxyphenyl)
(S)-2-(pyridin-2-yl)pyrrolidin-1-yl)methanone were 
obtained from Protein Data Bank (PDB, PDB ID: 
3EKR, resolution of 2Å)[27,28]. The protein file was 
prepared for docking by filling missing side chains and 
loops using Prime program of the software, deleting 
the analogous B chain, removing the undesirable 
phosphate and water molecules, followed by addition 
of polar hydrogens. The protein with ligand having 
the lowest ionization penalty state was optimized for 
rendering visual inspection of hydrogen bonds. Further 
the protein–ligand complex was submitted to restrained 
molecular mechanics refinement using the optimized 
potential for liquid simulations (OPLS) 2005 force 
field. The grid (virtual active site) was generated by 
extracting the native ligand from its binding site. The 
GLIDE program’s Grid Generation application was 
utilized for the above grid generation process[29].

Ligand preparation and docking:

The ligands were optimized for docking employing 
the ligprep program, which creates relevant correctly 
protonated 3D forms of the molecule at pH 7±2 by 
taking into consideration the tautomeric forms and 
chirality of the molecules[30]. The ligand molecules 
were then docked with standard precision (SP) and 
extra precision (XP) approaches using the GLIDE 
program of the software. The XP mode of scoring 
includes special recognition terms for hydrophobic 
contacts, improved hydrogen bonding, pi-pi/pi-cation 
stacking and detection of buried polar groups. These 
extra features are absent in the SP mode of GLIDE[29].

The Schrodinger’s Glide program computes the 
binding efficiency of the molecules in terms of 
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biological activities were not taken into consideration 
in the developed QSAR paradigm.

RESULTS AND DISCUSSION

The most comprehensive methods in each software, 
i.e. Schrodinger’s Glide XP and SYBYL’s Surflex dock 
Geom X were utilized to identify the water molecules 
vital for effective ligand protein binding. The above 
objective was achieved by including all the water 
molecules and then running the docking engine. It was 
observed that the compounds employed for verifying 
docking methodologies formed hydrogen bonds 
with water molecule 902, 903, 981 and 1026 as per 
Schrodinger XP method and with water number 902, 
903, 981 according to SYBYL Geom X method. Hence 
these four water molecules (902, 903, 981 and 1026) 
were considered important for computing docking 
scores.

more exhaustive because it takes in to consideration 
additional 6 conformations whereas the Geom method 
takes only 4. Moreover, the Geom X mode utilizes 
a superior alignment method than that of Geom[34]. 
The binding affinity of the ligands is predicted by the 
software in terms of total score, which is expressed as 
-log Kd, where Kd is binding constant. A high value of 
total score indicates good protein-ligand binding.

Atom-based 3D-QSAR studies, data sets:

Phase 3.0 of Schrodinger Maestro 9.1 software version 
was utilized to establish the 3D-QSAR models for 
Hsp90 inhibitors. The experimental information of  
33 molecules involved in this study was collected 
from the literature. The inhibitory concentrations of 
the compounds (IC50) were transformed into respective 
inhibitory activity, pIC50 (−logIC50) values which were 
used as dependent variables in the 3D-QSAR study. 
The 2D structure was built using Chem draw software 
and saved as mol files. The geometry of the molecules 
was converted into 3D form for the purpose of QSAR 
studies by utilizing the LigPrep module of the software.

Molecular alignment:

In the 3D-QSAR studies, ligand-based molecular 
alignment was employed to obtain an authentic and 
dependable model. The most potent[33] was chosen 
as the reference molecule to alienate with rest of the 
training and test set compounds. The above process was 
aided by flexible ligand alignment tool of the software. 
The common structure of the ligands is shown in fig. 3 
and the alienated molecules are depicted in fig. 4.

3D-QSAR analysis:

Atom-based 3D-QSAR analysis was executed based on 
the molecular alignment as outlined above. The test set 
molecules were chosen by considering that they represent 
a wide range of ATPase activities (0.02-200 µM) similar 
to that of the training set. Additionally, the training set 
was utilized to generate the 3D-QSAR paradigm by 
partial least square (PLS) method. Subsequently, the 
test set was engaged in verifying the quality of the 
models using leave-one-out (LOO) method. Sometimes 
internal cross-validation is not sufficient to measure the 
accuracy of a model in predicting the activities of new 
compounds[35]. Hence, external validation with the help 
of Phase tool of Schrodinger software was performed 
which utilizes a true test set (radicicol, geldanamycin, 
tanespimycin, retaspimycin, alvespimycin and purine 
analogue B11021) whose chemical structures and 

 

Fig. 3: Skeleton structure for analogs utilized in deriving 
the QSAR model

Fig. 4: Alignment of compounds represented as line model
Alignment of compounds represented as line model 
with respect to the most potent molecule 33, which is 
highlighted in white ball and stick
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The intensive comparison of the docking scores 
calculated by retaining the 4 prominent conserved water 
molecules (902, 903, 981 and 1026) were carried out 
among Schrodinger Glide XP and SP methodologies, 
SYBYL Surflex dock, Surflex dock Screen, Surflex 
dock Geom and Surflex dock Geom X methods. The 
12 most potent compounds (IC 50 values of 0.02) as 
determined by cell based Akt-Lum assay[27] were docked 
with all the other less potent ligands using various 
docking methods. The accuracy of the methodologies 
was validated by evaluating whether the 12 most potent 
compounds are the same as per docking score rankings. 
The conclusions of the comparison are summarized 
in Tables 1, 2 and fig. 5. From the aforementioned 
tables and figure it is evident that the SYBYL Geom 

and Geom X mode of scoring yielded enrichments 
superior to other methods. The docking protocol was 
further validated by comparing the software generated 
ligand Hsp90 binding interactions with the previously 
described crystallographic analysis. In case of SYBYL 
Geom X method, it was observed that the 2’-hydroxyl 
group of the native ligand, (2,4-dihydroxyphenyl)(R)-
2-(pyridin-2-yl)pyrrolidin-1-yl)methanone interacted 
with Asp 93 and water molecule 902 via hydrogen 
bond. The 4’-hydroxyl group formed hydrogen bond 
interaction with amino acid Asn 51 and water molecule 
903. The other prominent hydrogen bond contacts 
detected were between the carbonyl oxygen and 
amino acid Thr 184. Further analysis indicated that the 
pyrrole moiety occupied a hydrophobic area formed 

Ligand Code I II III IV V VI IC50* (µM)
1 -8.10 -10.56 6.15 6.15 6.22 6.27 0.40
2 -7.99 -11.38 6.12 6.12 6.12 6.34 1.70
3 -8.33 -12.07 3.67 3.67 5.32 4.28 200
4 -7.01 -11.56 4.01 3.57 6.55 6.49 74.0
5 -8.69 -11.71 7.25 7.25 7.11 7.26 3.20
6 -9.19 -12.21 5.29 5.29 7.38 8.36 1.40
7 -8.65 -11.66 4.62 4.62 5.06 5.02 0.06
8 -8.35 -13.75 8.33 8.33 9.19 9.30 0.50
9 -9.33 -12.77 6.86 6.86 7.12 9.12 0.30
10 -9.16 -12.77 8.95 8.60 8.95 9.00 0.10
11 -9.01 -12.82 7.40 7.40 8.00 8.20 0.08
12 -9.27 -8.96 8.31 8.31 9.12 9.13 0.40
13 -9.27 -12.60 9.04 4.56 7.85 8.14 2.40
14 -9.27 -12.53 8.87 4.56 8.93 9.86 0.06
15 -8.94 -12.60 4.56 8.88 7.85 8.14 5.60
16 -8.51 -12.78 8.00 8.00 9.72 8.95 0.02
17 -7.42 -8.94 7.49 7.49 8.01 7.71 0.30
18 -6.89 -12.44 6.11 6.11 7.72 8.65 1.40
19 -8.57 -12.64 8.34 8.34 9.12 9.58 0.02
20 -6.67 -12.66 9.40 9.40 9.87 10.08 0.02
21 -6.60 -12.34 7.92 7.92 8.41 8.95 0.04
22 -8.99 -12.87 8.88 8.95 9.46 9.61 0.02
23 -7.35 -12.88 8.15 8.15 8.06 8.36 0.20
24 -6.60 -12.11 9.64 9.64 9.97 10.19 0.02
25 -6.50 -12.04 9.84 9.84 9.97 10.37 0.02
26 -6.89 -13.76 8.88 8.88 9.98 10.56 0.02
27 -5.65 -8.94 9.47 9.47 9.97 10.14 0.02
28 -8.72 -8.94 8.88 9.04 9.78 9.76 0.02
29 -8.91 -11.51 9.00 9.00 9.87 9.77 0.02
30 -5.56 -12.04 8.60 9.04 9.38 9.61 1.40
31 -8.71 -8.31 4.56 4.56 7.48 8.14 0.02
32 -8.91 -9.17 3.67 8.88 9.87 8.79 0.30
33 -8.90 -11.43 4.56 4.01 7.85 8.31 0.02

TABLE 1: DOCKING RESULTS VS IC50 (HSP90 INHIBITION ASSAY) VALUES OF REPORTED COMPOUNDS

I. Glide SP docking score. II. Glide XP docking score. III. Total score as per SYBYL Dock method. IV. Total score as per SYBYL Dock screen 
method. V. Total score as per SYBYL Geom method. VI. Total score as per SYBYL Geom X method. *As per cell-based Akt-lum Hsp90 
inhibition assay
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Ligand code
Glide SP rank 

(25)*
Glide XP rank 

(42)*
Surflex dock 
rank (67)*

Surflex  dock 
screen rank (67)*

Surflex dock 
Geom rank  (75)*

Surflex dock Geom 
X rank (75)*

16 18 6 17 17 9 16
19 17 10 13 13 14 11
20 27 9 4 4 5 5
22 8 4 8 8 10 9
24 28 17 2 2 3 3
25 30 20 1 1 2 2
26 25 1 9 9 1 1
27 31 31 3 3 4 4
28 13 32 10 5 8 8
29 10 24 6 7 7 7
31 14 33 28 30 25 25
33 12 25 29 31 22 22

TABLE 2: VALIDATION OF DOCKING SCORES BY DIFFERENT METHODS

 

Fig. 5: Percent accuracy of different docking methods 
employed

by amino acid Met 98, Ile 96, Ala 55 and Lys 58. The 
other significant hydrophobic affinity was observed 
between phenyl ring C and amino acid Tyr, Val 136 
and Gly 135. The amino acid residue Leu 107, Val 150 
and Gly 135 formed a hydrophopic region where the 
resorcinol moiety was embedded (fig. 6a and 6b). These 
interactions were found matching with the reported 
crystallographic results (fig. 6c)[27]. In other methods 
of docking, several important hydrogen bonding and 
hydrophobic interactions were not revealed. This was 
particularly prominent with SP and XP method of 
Schrodinger docking where the output for hydrophobic 
interaction for all the compounds was calculated as 
zero. The above discussion indicated that the Geom X 
of SYBYL is superior to all the other methods.

In this atom-based 3D-QSAR study, the compounds 
were split into a training set of 21 and a test set of  
12 molecules. The most potent compound (33) was 
chosen as a reference to sketch the rest of the molecules. 
Atom-based QSAR models were generated by applying 
PLS regression to a broad set of binary-valued variables 
that encrypted whether or not atoms of the ligands 
occupy several cube-shaped part of space. The veracity 

 
(a) 

 
(b) 

 

 (c) 

Fig. 6: Ligand interactions with Hsp90 protein (PDB 
ID:3EKR)
(a). Hydrogen bonding of ligand (ball and stick model) 
and Hap90 protein as per SYBYL surflex X Geom 
method. The amino acids and the water molecules 
forming hydrogen bonds are highlighted in green and 
violet color respectively. The yellow color lines indicate the 
hydrogen bonds. (b). Hydrophobic interaction of ligand 
(ball and stick model) and Hsp90 protein as per SYBYL 
surflex X Geom X method. The orange colored spheres 
denote hydrophobic amino acids. (c). Hydrogen bonding 
indicated by dotted lines and hydrophobic interactions 
designated by semicircle arch of native ligand with Hsp90 
protein
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of the models improved with the increasing number 
of PLS factors until over-fitting starts to occur. In this 
study, the best QSAR model with 5 PLS factors was 
considered and the QSAR visualization was shown by 
cubic 3D grids mapped by atoms of the ligands.

The statistical specifications of the developed QSAR 
model were as follows: The training group achieved 
R2 (coefficient of determination, i.e. percent variance 
accounted by the model in the observed activity 
data) of 0.9869 with an SD (standard deviation of 
the regression) of 0.1472. The test batch obtained Q2 
(value of Q2 for the predicted activities) of 0.7346 
with an RMSE (ROOT-mean-square error in the test 
prediction) of 0.43 and Pearson-R (Pearson R value 
for the correlation between the predicted and observed 
activity for the test set) of 0.8697. The constant  
F (ratio of the model variance to the observed activity 
variance) of 286.69 and p value (indication of degree 
of confidence) of 3.35e-017 further substantiates the 
QSAR protocol. The stability of the model predictions 

to changes in the training set composition was found 
to be 0.738. The plots for predicted vs. actual pIC50 for 
training and test set are shown in figs 7a and 7b. The 
original versus forecasted activities of the training and 
test set molecules are listed in Table 3. The estimated 
activity of the molecules used for external validation 
(Table 4) was similar to that of their actual values. This 
particular aspect further exemplifies the perfectness of 
the derived QSAR model[36-38].

The 3D-QSAR visualization is generated as cubes by 
Phase, in which the green cubes indicate the positive 
structural features and the red ones denote the negative 
structural elements responsible for the biological 
activity spectrum. The 3 parameters that were utilized to 
evaluate the activity profile of the compounds through 
atom-based 3D-QSAR model are hydrogen bond 
donor, hydrophobic/non-polar and hydrophobicity.  
Fig. 8 indicates the areas where hydrogen bond donors 
in the ligands increase or decrease ATPase activity. The 
green cubes near the 2-hydroxyl group of the resorcinol 
moiety (ring A) for all the molecules suggested that 
any H-bond donor substituent in these 2 positions is 
favorable for activity. Hence, it is proposed that the 
resorcinol group could be retained in the future design 
of Hsp90 inhibitors. Additionally, it was revealed that 
any H bond group at C-5 of ring A, C-2 of ring B 
(pyrrolidine) and C4 of ring C (phenyl) is detrimental 
for Hsp90 inhibition.

The favorable and unfavorable cubes for hydrophobic 
property of the ligands are presented in fig. 9. The 
two red cubes at C2 and C4 of ring A and C4-C6 of 
ring C stresses that hydrophobic substitution at these 
positions decreases inhibitor affinity. Further, the model 
demonstrated that a large hydrophobic region around 
ring B and C is suitable for designing more potent 
compounds. Therefore, it is suggested that replacing the 
pyrroloidine ring with bulkier hydrophobic rings like 
phenyl and naphthalene might be beneficial for activity. 
This would particularly aid in the design of potent 
small molecular inhibitors of Hsp90. Six hydrophobic 
cubes at C5 of ring A implied that a hydrophobic group 
at this position is favored. This proposition is verified 
by compound 16 with one chlorine at 4 position of 
ring A, exhibiting better potency than compound 10. 
This region can be explored in future for increased 
activity by substituting a bulkier hydrophobic group 
like ethyl or isopropyl. The contribution of electron 
withdrawing groups in the ligands towards activity 
data is depicted in fig. 10. The 2 green cubes at C2 of 
ring A indicated that the hydroxyl group at this part can 

 

 

(a) 

(b) 

Fig. 7: Experimental and atom-based 3D-QSAR model 
predicted Hsp90 inhibition values 
Relation between experimental and predicted Hsp90 
inhibitory activity values of a) a training set molecules 
and b) a test set molecules using atom-based 3D-QSAR 
model
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Compound Structure QSAR set Reported activity 
(pIC50)*

Phase predicted pIC50*

1 Training 6.397 6.222

2 Training 5.769 5.745

3 Training 3.698 3.691

4 Training 4.130 4.136

5 Training 5.494 5.799

6 Test 5.850 6.075

7 Training 7.221 7.291

8
Test 6.301

5.608

9
Training

6.522 6.365

TABLE 3: PREDICTED VERSES REPORTED PIC50 VALUES OF TRAINING AND TEST SET MOLECULES
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Compound Structure QSAR set Reported activity 
(pIC50)*

Phase predicted pIC50*

10 Training 7.000 7.131

11 Training 7.096 6.806

12 Training 6.397 6.471

13 Training 5.619 5.578

14 Test 7.221 7.134

15 Training 5.251 5.290

16 Training 7.698 7.559

17
Training

6.522 6.736
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Compound Structure QSAR set Reported activity 
(pIC50)*

Phase predicted pIC50*

18 Test 5.853 6.757

19 Training 7.698 7.562

20 Test 7.698 7.525

21 Training 7.397 7.549

22 Training 7.698 7.740

23

Training

6.698 6.684
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Compound Structure QSAR set Reported activity 
(pIC50)*

Phase predicted pIC50*

24 Training 7.698 7.758

25 Training 7.698 7.594

26 Test 7.698 7.623

27 Training 7.698 7.738

28 Test 7.698 7.718

29 Training 7.698 7.603

30 Test 5.853 5.471

31 Training 7.698 7.808

32 Training 6.522 6.364

33 Training 7.698 7.725

*pIC50 = -log IC50. IC50 is expressed as µM

be substituted with electron withdrawing hydrophilic 
group like COOH and CONH2. Subsequently, it was 
disclosed that substitution of C2 portion of ring B, C-4, 
C-5 part of ring C and C2-C5 region of ring C with 
an electron withdrawing group could lead to molecules 

with enhanced activity. The study further highlighted 
the importance of alignment of molecules according 
to their stereochemistry. Compound 14 (the R isomer) 
aligned in a better fashion than the corresponding S 
isomer (15) which resulted in enhanced potency. This 
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was further explained by the activity of compound 28, 
which is more potent than the corresponding S isomer 
(30) and equipotent as the R isomer (31).

In conclusion, QSAR studies were performed with 
significant structural features of various linker regions 
within the molecules. It was observed that hydrophobic, 
electron withdrawing and H bond donor groups/
regions between ring A and B plays no significant role 
towards enhanced potency of the molecules. Hence, 
it was suggested that this amide connector region 
can be substituted with easily synthesizable linkers 
like imines, enamines, diazines, esters, O  and so 
on. Consequently, it was revealed that hydrophobic 
region is effective as a connector between ring B and C 
whereas H-bond donor and electron withdrawing group 
in this region has no major role in determining the 
Hsp90 inhibition potential. For example, compounds 
6 and 8 have linker (-SO2

 and -COOCH2-) in this part 
which demonstrated lower suppression potential than 
compound 19. A definite conclusion was not possible 
for the linker between ring C and D as it depends on the 
alignment of the molecules. For example, compounds 
24-29, 31 and 33 are equipotent. It was observed that 
for few compounds (24, 26-29 and 31), the linker 
region was surrounded by red cubes in terms of electron 
withdrawing and H-bond acceptor properties whereas 
in case of 25 and 33 it was shown to be insignificant. 
However, all of them (24-33) demonstrated a large 

Compound Reported 
activity (pIC50)*

Phase predicted 
pIC50*

Radicicol 7.22 7.19
Geldanamycin 6.55 6.45
Tanespimycin, 5.90 6.05
Retaspimycin, 6.30 6.25
Alvespimycin 6.34 6.45
Purine analogue 
B11021 5.76 5.68

TABLE 4: PREDICTED AND REPORTED ACTIVITY 
(PIC50) VALUES OF COMPOUNDS USED FOR 
EXTERNAL VALIDATION

*pIC50 = -log IC50. IC50 is expressed as µM

 

Fig. 8: Atom-based 3D-QSAR model visualized hydrogen 
bond donor property of molecule 33 
Atom-based 3D-QSAR model visualized hydrogen 
bond donor properties of the most potent molecule 33. 
The favored regions are depicted in green cubes and 
disfavored regions are shown in red cubes 

Fig. 9: Visualization by atom-based 3D-QSAR model of 
hydrophobicity parameters of molecule 33
Visualization by atom-based 3D-QSAR model of 
hydrophobicity parameter with reference to the most 
active molecule 33. The favorable regions are indicated in 
green cubes and the unfavorable portion is highlighted in 
the form of red cubes 

Fig. 10: Atom-based 3D-QSAR model prediction of 
electron withdrawing features of molecule 33
Atom-based 3D-QSAR model prediction of electron 
withdrawing features for the most active molecule 
33. Green and red cubes indicate the favorable and 
unfavorable regions 
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number of green cubes for hydrophobicity in this region. 
Therefore, it is recommended that a hydrophobic linker 
group in this region could lead to potent compounds.

The above work not only highlighted the significance 
of conserved water molecules in designing docking 
studies but also provided a rapid protocol for 
identifying them. Another significant contribution of 
the study is the development of a robust technique for 
comparison and identification of an effective validated 
docking procedure using 6 different programs. This 
process could be extended to interaction studies of 
other drug targets with their ligands. The atom-based 
3D-QSAR model developed by us highlighted the 
important structural features of molecules necessary for 
appropriate Hsp90 inhibition.

Thus, from the target point of view, the designed 
strategy identified the important amino acids (Asp 93, 
Thr 184, Lys 58, Asn 51 and Gly 97) and conserved 
water molecules (902, 903, 981 and 1026) required 
for Hsp90 suppression via hydrogen bond interactions 
with the ligands. Further the work also identified 
the hydrophobic amino acids (Phe 138, Val 186, Ile 
91, Met 98, Leu 48, Leu 107, Ala 55, Ile 96 and Val 
136) essential for effective protein-ligand binding. 
From ligand standpoint, the work exemplifies the 
significant structural requirement of the compounds 
for suppressing ATPase function of the chaperone. 
The biologically active ligands were also predicted 
to be potent by the docking and QSAR studies. Thus 
the receptor dependent studies (docking) correlated 
well with the ligand based drug designing approach 
(3D QSAR). Our research effort will particularly aid 
in the rational design of small molecules with greater 
specificity and potency against Hsp90.
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