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GSK-3b, one of the vital enzymes responsible for various phosphorylation catalysis. Induced fit mecha-
nism and the presence of conserved water molecule(s) in the active site poses complexity during the pro-
cess of virtual screening. The present investigation reveals the practical strategy to handle the induced fit
mechanism of GSK-3b though flexible docking protocol. This protocol provides an enrichment of 70% in
top 1% of the dataset with a rank correlation of >0.9 and found better in comparison to earlier reported
protocols.

� 2009 Elsevier Ltd. All rights reserved.
Glycogen Synthase Kinase-3 (GSK-3) is a serine/threonine pro-
tein kinase that modulates the activity of various proteins by phos-
phorylation.1,2 It has two isoforms a and b that are 97%
homologous in their catalytic domain but diverse at the N and C
terminus.3,4 Both isoforms have a conserved N-terminal serine res-
idue (S21 for GSK-3a and S9 for GSK-3b) and its phosphorylation
plays an important role for further activity.5 GSK-3b phosphory-
lates proteins such as glycogen synthase, acetyl CoA carboxylase,
b-catenin, cyclin D1, Tau, etc. which plays a significant role in the
signaling pathways. It controls several cellular process such as dif-
ferentiation, proliferation, metabolic processes, apoptosis, inflam-
mation, neuronal function, etc.6,7 The small molecule inhibitors
of GSK-3b have a therapeutic potential for the treatment of human
diseases like neurodegenerative diseases, type II diabetes and can-
cer.8,9 Therefore, the therapeutic significance of GSK-3b attracts
researchers to understand its molecular basis of ligand binding
properties through molecular docking studies.10–12 The significant
success in docking protocols provides a strategy to predict binding
mode under rigid docking, however the flexible docking and con-
sideration of conserved water is still a practical challenge. There
are multiple co-crystal structures of GSK-3b (PDB codes 1Q4L,
1Q3W, 1Q41, 1UV5, 1R0E, 1Q5K, 1Q3D, 1PYX, 2OW3) with differ-
ent ligands are available in the protein data bank. However, the
binding mode investigation clearly reveals the significant change
All rights reserved.
in the active site in terms of position of conserved water(s) and
the orientation of the active-site residues. Therefore, the single
co-crystal structure may not able to provide a universal solution
for its structure based virtual screening, to develop new potential
molecule(s). In lieu of this, we have initiated structural investiga-
tion to understand the molecular basis of induced fit mechanism
associated with GSK-3b and discussed a plausible practical strategy
for virtual screening within a reasonable computational time
frame.

Significant induced fit mechanism10,11 and presence of con-
served water molecules in the active site of GSK-3b makes struc-
ture based virtual screening on this target very challenging. Due
to induced fit mechanism the active site of the receptor could eas-
ily accommodate many structurally diverse ligands. Previously Pol-
gr et al.11 have done an elaborate study for choosing the correct
protein structure. They classified the PDB structures into three
groups as per the conformation of Gln185. It was also suggested
to use 1UV5, 1Q5K and 1Q4L (one representative from each group)
for the structure based virtual screening experiment. Amongst all
the PDB structures 1UV5 provided the best enrichment in that par-
ticular experiment. A recent report highlights the crystal structural
analysis of a ligand ‘Bis-(indole)maleimide pyridinophane (BIM)’
into the active site of GSK-3b (pdb: 2OW3).13 The detail structural
analysis (Fig. 1) provides a significant drift between the active site
of 2OW3 in comparison to 1UV5, 1Q5K and 1Q4L. When BIM was
cross-docked to 1UV5, 1Q5K and 1Q4L yielded very low score,
which is not at par with its superior biological activity
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Figure 1. Active sites of the PDB used for the current study. The native position of
the ligand with the receptors is shown. 1UV5-white, 1Q4L-yellow, 2OW3-magenta,
and 1Q3D-cyan. Significant flexibility is observed in the active site. Q185 shows a
marked flip. G63, V70 and I62 along with other residues shift its position in order to
accommodate structurally diverse ligands.
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(IC50 = 3 nM). The binding mode studies reveal a significant steric
clash into the active site of 1UV5, 1Q5K and 1Q4L and BIM this ex-
plains for its low docking score. It can be seen from Figure 1. 2OW3
has a wider and more accommodative active site than any of the
previous PDB structures.

The systematic structure based virtual screening was pursued
on GSK-3b and protocols were summarized in Table 1. Thousand
drug like decoys from Schrödinger Inc. were considered. Ten li-
gands were randomly eliminated and 10 known actives were
seeded to have a random hit rate of 1% (10 * 100/1000). The known
ligands (Supplementary data) were chosen on the basis of struc-
Table 1
Different docking protocols adapted for virtual screening of GSK-3b

Docking code PDB ID Flexible pr

D1 2OW3 NONE
D2 1UV5 NONE
D3 1Q3D NONE
D4 1Q4L NONE
DW1 2OW3 NONE
DW2 1UV5 NONE
DW3 1Q3D NONE
DW4 1Q4L NONE
DFG1 2OW3 GLN185
DFG2 1UV5 GLN185
DFG3 1Q5K GLN185
DFG4 1Q4L GLN185
DFGW1 2OW3 GLN185
DFGW2 1UV5 GLN185
DFGW3 1Q5K GLN185
DFGW4 1Q4L GLN185
DFT1 2OW3 V70, I62, G
DFT2 1UV5 V70, I62, G
DFT3 1Q5K V70, I62, G
DFT4 1Q4L V70, I62, G
DFTW1 2OW3 V70, I62, G
DFTW2 1UV5 V70, I62, G
DFTW3 1Q5K V70, I62, G
DFTW4 1Q4L V70, I62, G
DFA1 2OW3 L188, V135
DFA2 1UV5 L188, V135
DFA3 1Q5K L188, V135
DFA4 1Q4L L188, V135
DFAW1 2OW3 L188, V135
DFAW2 1UV5 L188, V135
DFAW3 1Q5K L188, V135
DFAW4 1Q4L L188, V135
tural diversity. The four distinguished conformational structure
(1UV5, 1Q5K, 1Q4L and 2OW3) of GSK-3b were selected for the vir-
tual screening experiment. The freely available program AutoDock
4.0 has been selected to perform docking calculation. It can be used
to explore the induced fit mechanism by providing the flexibility of
the selected active site residues. To expedite the screening, a vir-
tual screening script (ViSTA: Virtual Screening Tool for AutoDock,
a unix shell script) were written and validated to perform automa-
tion during screening calculations. The initial docking was per-
formed by rigid-receptor methodology, with or without the
conserved water molecules in the active site. In the second phase,
different combinations of active site flexible residues were consid-
ered to simulate induce fit mechanism, with or without conserved
water molecule in the active site. The docking protocols14 were
validated by their enrichment factors15–17 which describe the
number of active compounds found by employing a certain virtual
screening strategy. It is widely used a validation tool for assessing
the quality of virtual screening protocol. Conceptually the enrich-
ment factor metric is simply the measure of how many more ac-
tives we find within a defined ‘early recognition’ fraction of the
ordered list relative to a random distribution. The enrichment fac-
tors (1) were calculated as follows:

Ef ¼
Nx%

experimental

Nx%
expected

¼
Nx%

experimental

Nactive � x%
ð1Þ

(Nexperimental) number of experimentally found active structures
in the top x% of the sorted database, (Nexpected) number of expected
active structures, (Nactive) total number of active structures in
database).

The dataset in the current study is enriched by 1% (10 known
active and 990 inactive), the best probable outcome for any virtual
screening protocol for this study will be 100% (10 out of 10) at the
top 1%. Therefore, enrichment factor for this dataset has to be
otein residue Water molecules
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Figure 2. Enrichment for (A) top 1% dataset (B) top 5% dataset (C) top 10% dataset for 2OW3, 1UV5, 1Q3D and 1Q4L.
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tested for at least top 1% of the dataset. The enrichment factors for
the current study (Fig. 2A–C) were studied at top 1%, 5% and 10% of
the dataset. Where, all the residues of the receptor were kept rigid,
no significant difference in enrichment for any of the PDB struc-
tures were observed for top 1% of the dataset. However, 2OW3
and 1UV5 gave a better result as compared to other PDB structures
when top 5% and 10% of the dataset were considered.

Inclusion of conserved water molecules did not improve the
performance of the virtual screening experiment. It was presumed
that docking to a wider and more accommodative active site of
2OW3 is likely to provide a better enrichment. But the obtained re-
sults were not at par to our expectation. It was presumed that
docking to a wider and more accommodative active site of 2OW3
is likely to provide a better enrichment. The binding mode investi-
gation after the rigid docking experiment clearly shows poor inter-
actions between the structurally dissimilar ligands with active-site
residues of 2OW3 in comparison to native ligand (BIM). Therefore,
the induced fit methodology implemented to investigate in detail
and to find out a general solution to overcome the enrichment
problem. In addition, the role of conserved water was also studied.

Initially only Q185 was kept flexible, gradually V70, I62, G63,
Q185 and finally L188, V135, D133, C199, Q185, I62, G63, V70 res-
idues were made flexible. Enrichment factors gradually increased
and an unprecedented enrichment10,11 of 70% in top 1% of the data-
set was observed when L188, V135, D133, C199, Q185, I62, G63,
V70 residues of 2OW3 were kept flexible. Retention of conserved
water molecules in the active site deteriorated the enrichment.
Interestingly, when L188, V135, D133, C199, Q185, I62, G63, V70
residues were kept flexible other PDB structures like 1UV5, 1Q5K
and 1Q4l also produced appreciable enrichment of 60%, 60% and
50% when top 1% of the dataset was analyzed. The largest ligand
(BIM) was found in the top 1% of the dataset for all the PDB struc-
tures. When top 5% and 10% of the dataset was considered PDB
structures 2OW3 and 1UV5 gave an acceptable enrichment ranging
from 70% to 100% for almost any docking protocol that was
adopted. But the enrichment for top 1% of the dataset was signifi-
cantly dependent on the choice of docking protocol. Consideration
of the flexible residues in the active site, successfully identified 50–
70% of the known actives in top 1% and 100% of the known actives
in top 5% of the dataset.

Ideally any docking program should have the power to sort the
compounds according to their activity. Prediction of real binding
affinities is an important aspect of any scoring function and their
score (binding energy) should reflect their biological activity. As
long as a scoring function can provide the correct rankings of can-
didate molecules, it will work perfectly. Therefore, to study the
ability of the adopted protocols in this study to sort the known ac-
tives, 20 known inhibitors were selected from various literatures
(Supplementary data). The compounds were selected so as to cover
a wide range (1.1 nM–10 lM) of biological activities and structural
diversities. Spearman’s rank order correlation18–21 coefficient q (2)
was employed to evaluate the ability of the employed docking pro-
tocols to sort the compounds according to their activity. All the 20
compounds were docked on GSK-3b employing the same docking
protocols used earlier; compounds were then ranked according
to their docking scores (binding energy):

q ¼ 1� 6
Pn

i ½rðxiÞ � rðyiÞ�
2

n3 � n
ð2Þ

where n is the number of pairs n = 20 in our case, r(xi) and r(yi)
are the rank of the activity and the interaction energy of the ith
sample in the testing set. In theory, the Spearman correlation coef-
ficient falls between �1 and +1.

Where +1 corresponds to a perfect correlation, �1 corresponds
to a perfect inverse correlation, and zero corresponds to total dis-
order. The rank correlation was increased gradually (Fig. 3) as
the residues were kept flexible. The best rank correlations >0.9
were obtained when L188, V135, D133, C199, Q185, I62, G63,
V70 residues were kept flexible with PDB structures 2OW3 and
not considering any of the conserved water molecule(s). Again,
the consideration of water molecule did not provide any enhance-
ment in the rank correlation. Therefore, it clearly reveals the poten-
tial of induced fit methodologies to overcome the screening
problem. The induced fit simulation may be carried out through



Figure 3. Spearman’s rank order correlation coefficient for different docking
protocols employed in the study. Refer to Table 1 for docking codes.
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molecular dynamics but, it could be computationally expensive.
Another significant observation, was that a satisfactory enrichment
and rank correlation was obtained when L188, V135, D133, C199,
Q185, I62, G63, V70 residues were kept flexible with PDB struc-
tures 1UV5, 1Q5K and 1Q4l. The flexible residues in the active site
adopts a suitable conformations so as to make it wide enough for
larger ligand e.g. BIM. Therefore it can be inferred that any of the
PDB structures 2OW3, 1UV5, 1Q5K and 1Q4l can be considered
for the structure based virtual screening protocol but, the residues
suggested above has to be kept flexible.

Every ligand engages different water molecule(s) for binding
with the receptor therefore it was not possible to identify the
water molecule(s) which may provide a universal solution. Dock-
ing without considering the conserved water molecule(s) provided
satisfactory enrichment as well as rank correlation hence; virtual
screening experiment on this target can be carried out without
retaining any of the active site water molecules.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2009.08.042.
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