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Protein kinases in general are known to be very flexible macromolecules. In this article, the conformational
plasticity of the ATP binding site in cyclin dependent kinases is analyzed. Movement of the two lysine
residues lining the ATP binding site are shown to play a major role in the conformational variability of the
site. Linear models are developed to identify and quantify ligand properties that maximally influence the
lysine side chain conformations. A few simple properties of the ligands are shown to account for more than
70% of the variation in the lysine conformations. The results are validated using test data and molecular
simulation studies. Illustrative applications of the results of this analysis to finding the appropriate crystal
structure for molecular docking and binding mode predictions of novel ligands are provided. This work
provides a new approach to quantify ligand-induced conformational changes in the active sites of flexible
proteins and to find the appropriate crystal structure for docking novel ligands.

Introduction

Cyclin dependent kinases (CDKs) play a crucial role in the
regulation of cell division. CDK inhibitors, in particular
inhibitors of CDKs 1, 2, and 4, are now being widely explored
as antitumor agents.1,2 With more than 50 crystal structures in
complex with various chemical inhibitors, CDK2 is structurally,
at present, the best-characterized member of this protein kinase
family. The CDKs are folded into the bilobal structure typical
of most protein kinases (Figure 1). The smallerN-terminal
domain is predominantly made up ofâ-sheets, and the larger
C-terminal domain consists mainly ofR-helices. The ATP
binding site is found in the deep hydrophobic cleft between the
two lobes. The abundance of crystal structure information on
CDK2 makes this target well suited for structure-based drug
design.

It is well known that protein kinases are very flexible
molecules. The conformational plasticity of protein kinases and
the conformational changes that the kinase domains undergo
on activation/ inactivation have been reviewed.4 Apart from the
conformational changes on activation, it has also been repeatedly
observed that binding of ligands also induces considerable
conformational changes in the active site residues.5 To the best
of our knowledge, there are no studies correlating these
conformational changes to the properties of the bound inhibitor.
In this study, we explore the geometry of the ATP binding site
in CDKs and identify ligand properties that are correlated with
the conformational changes in the binding site residues.

The vast majority of molecular docking programs currently
in vogue take into account ligand flexibility.6 However, docking
methods that also take protein flexibility into account are still
in their infancy and are computationally demanding.7 Currently,
a popular approach to deal with protein flexibility during
docking is to dock the ligand of interest to an ensemble of
protein crystal structures bound to a diverse set of ligands.
Studies8,9 illustrating this method for CDK2 differ in the number
of structures necessary to obtain a reasonably good approxima-
tion of receptor flexibility. It is also not clear as to how the

results of these multiple dockings can be combined to arrive at
the likely binding mode for a query ligand.8 This method also
does not provide the researcher with any idea of the protein
conformation that is likely to be induced by a query ligand,
particularly if it is novel.

In this study, we illustrate, using CDKs, how the correlation
between ligand properties and binding site flexibility can be
used to rationally identify the best protein crystal structure for
ligand docking and binding mode prediction.

Materials and Methods

Protein and Ligand Structures. The protein-ligand crystal
complexes used in this study were obtained from the Protein
Data Bank (PDB) (http://www.rcsb.org/pdb).10 To ensure quality
data, only crystal structures with high resolutions were down-
loaded. Fifteen CDK2 crystal structures with a resolution of at
least 2 Å were chosen for this study. To examine the general
applicability of the methods to the CDK family, the best-
resolved CDK5 crystal structure available, the lone CDK6
crystal structure, and a mutant CDK2 structure, where the ATP
binding site of CDK2 had been mutated so that it resembled
the CDK4 ATP binding site, were also included in this study.
The sequence alignment of these CDKs is shown in Table 1.
Only residues within 4 Å radius of any bound ligand is shown
in this alignment. The set of protein structures used in this study
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Figure 1. Structure of cyclin dependent kinase-2 bound to ATP (PDB
ID: 1HCK3). ATP is depicted as a stick model.
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is listed in Table 2 along with their crystal structure resolutions,
the state of the activation loop (active/inactive), and the original
references. This table also gives the chemical structures of the
ligands to which these proteins are bound.

Protein and Ligand Preparation. The protein and ligand
structures were prepared as per standard procedures11 using
MOE 2005-06 software.12 If the CDK crystal structure contained
multiple chains, only one of the chains involved in ligand
binding was retained. Solvent and other small molecules were
removed. Hydrogens were added to the protein structures. The
structures were then energy-minimized using the CHARMM
force field13 after fixing all nonhydrogen atoms to their
crystallographic positions. The minimization was carried out
to an RMS gradient of 0.01 kcal/mol. From each protein-ligand
complex, the ligands were then extracted and any structural
errors were corrected. The structures were minimized using the

MMFF94x force field14 to an RMS gradient of 0.01 kcal/mol.
These ligand structures were stored in an MOE 2005-06
database.

Binding Site Geometry. The 18 CDK structures (Table 2)
were brought to a common frame of reference by aligning all
of them to the 1AQ1 protein structure, which was arbitrarily
taken as the standard. The alignment was done on the basis of
all protein residues using MOE 2005-06 software. A sample of
five CDK2 structures that showed the most diversity in the ATP
binding region (namely PDB structures 1AQ1, 1H00, 1JSV,
1PXI, and 2BHE) were taken for the alignment. The aligned
backbone of the ATP binding cleft in the CDKs and the
important residues in this region are shown in Figure 2.

Most of the CDK inhibitors form a hydrogen bond with the
backbone of Glu81/Leu83 and additional H bonds with at least
one of Gln131, Lys33, or Lys89. The inter-residue distances

Table 1. Alignment of the CDK Sequences Used in This Studya

residue # 10 11 12 13 14 31 32 33 80 81 82 83 84 85 86 89 131 132 133 134 144 145 146 147 148

CDK2 I G E G T A L K F E F L H Q D K Q N L L A D F G L
CDK2
mutant
(1GII)

I G E G T A L K F E H V H Q D T Q N L L A D F G L

CDK5
(1UNL)

I G E G T A L K F E F C D Q D K Q N L L A N F G L

CDK6
(1XO2)

I G E G A A L K F E H V D Q D T Q N I L A D F G L

a Only residues around 4 Å radius of any bound ligand are shown. The residues studied in detail in this article are indicated in bold.

Table 2. Proteins and Ligands Used in This Study with Crystal Structure Resolutions and Literature References
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were calculated as the distances between heavy atoms of these
residues (Figure 3). The heavy atoms considered were the
backbone NH of Leu83, terminal side chain NH of Lys33,
terminal side chain NH of Lys89, and the backbone O of
Gln131. The area of the binding site is defined to be the area
of the quadrilateral (ABCD) formed by the line segments joining
residues Lys33-Leu83, Leu83-Lys89, Lys89-Gln131, and
Gln131-Lys33 (Figure 4). In this article, the geometry of the
binding site is defined by the distance-area vector, (Lys33-
Leu83, Lys89-Gln131, Area)37 (see the Results section).

Descriptor Calculations. To avoid any bias in descriptor
selection, all 2D descriptors as well as all 3D descriptors that
do not depend on the frame of reference of the molecule were
calculated for all of the 18 ligands using the descriptor
calculation module of MOE 2005-06 software. This set of 241
descriptors15 includes physical property descriptors, subdivided
surface area descriptors, atom and bond count descriptors, Kier
and Hall connectivity descriptors, Kappa shape indices, adja-
cency and distance matrix descriptors, pharmacophore feature
descriptors, partial charge descriptors, potential energy descrip-
tors, surface area, volume and shape descriptors, and conforma-
tion dependent charge descriptors. To avoid redundancy in this
descriptor set, of any two descriptors with more than 90%
correlation , one was removed. This resulted in a set of 123
nonredundant descriptors.

Results

Mobility of the Active Site Side Chains. It is evident from
Figure 2 that there is a significant amount of conformational
variability in the case of the side chains, Lys33 and Lys89,
whereas, in the backbone, the positions of Leu83 and Gln131
are more or less invariant. The distance variation between the
residues lining the active site among the 18 CDKs (Figure 3)
corroborates this observation.

It can be seen from Figure 2 that the conformations of Lys33
can be grouped into two distinct types, trans and gauche. The
Lys33 conformation in the structures bound to fragment-like
ligands (molecular weight less than 300) is gauche (Lys33-
Leu83 distance plot from CDK structures 1PXI to 1E1X in
Figure 3). On the other hand, bulkier ligands tend to push this
side chain to the trans conformation (Lys33-Leu83 distance
plot from CDK structures 1HCK onward in Figure 3). In fact,

the Lys33-Leu83 distance has a fairly strong positive correla-
tion of 0.64 with the molecular weight of the ligands.

It can also be seen from Figure 3 that the Leu83-Lys89,
Gln131-Lys33 and Leu83-Gln131 distances are less variable
(standard deviations of 1.33, 1.82, and 0.42 Å respectively) than
the other distances (Lys33-Leu83, Lys89-Gln131, and Lys33-
Lys89 with standard deviations of 2.36, 2.54, and 3.73 Å
respectively). In view of this, defining the frame of reference
by the positions of Leu83 and Gln131, the movement of Lys33
is measured with respect to Leu83 and that of Lys89 is measured
with respect to Gln131. The area of the binding site is seen to
vary from 52.77 Å2 in 1GZ8 (area of quadrilateral A′BC′D) to
117.64 Å2 in 2BHE (area of quadrilateral ABCD), which is more
than a 2-fold difference (Figure 4). The Area provides an
intuitive feel for the shape and size of the binding site.

Correlation between Ligand Structure and Side Chain
Mobility. To find the properties of the ligands that maximally
influence the lysine side chain movements, the correlation
coefficients of the side chain distances (Lys33-Leu83 and
Lys89-Gln131) and Area with the set of 123 nonredundant
ligand descriptors were computed. In the set of CDK2 structures,
1H00 is a CDK2 structure bound to a CDK4 inhibitor. This
structure shows a ligand receptor clash with the side chain of
Lys89. Hence, this structure and ligand were excluded when
computing correlations. All descriptors that had less than 50%
correlation with side chain distances and Area were then
discarded. Descriptors having more than 50% correlation to the
Lys33-Leu83 distance, the Lys89-Gln131 distance, and the
Area are shown in Table 3.

To find the optimum linear combination of descriptors that
explain most of the variation in the inter-residue distances,
multiple linear regression models connecting the inter-residue
distances and Area with the descriptors were fitted. The models
were derived using stepwise selection of variables. The best
linear models are given in Table 4. The relative importance of
each descriptor, calculated by taking the ratio of the absolute
value of the normalized coefficient of the descriptor to the
absolute value of the largest normalized coefficient, is also
shown in Table 4. The cross-validated root-mean-square devia-
tions between the actual values and the predictions for the
Lys33-Leu83 and Lys89-Gln131 distances and the Area of
the active site are 1.30 Å, 1.82 Å, and 11.54 Å2, respectively.

To analyze the sensitivity of the linear models to CDK4,
CDK5, and CDK6 structures in the training set, we computed
the linear models after removing the non-CDK2 structures (1GII,
IUNL, and 1XO2) from the training set. The best linear models
in this case are given in Table 5. The cross-validated root-mean-
square deviations between the actual values and the predictions
for the Lys33-Leu83 and Lys89-Gln131 distances and the
Area of the active site in this case are 1.34 Å, 1.38 Å, and 12.53
Å2, respectively.

Validation of the Linear Models on a New Set of CDK2
Structures. For validation of the linear models, six CDK2
structures (with resolution less than 2.15 Å) that were not used
in the training set were downloaded from the PDB. The set of
protein structures used in the validation is listed in Table 6 along
with their crystal structure resolutions, the state of the activation
loop (active/inactive), and the original references. This Table
also gives the chemical structures of the ligands to which these
proteins are bound.

These proteins and ligands were prepared as explained in
Materials and Methods. Relevant descriptors (Table 4) were
computed for the new ligands. The Lys33-Leu83 and Lys89-
Gln131 distances and the Area of the active site were predicted

Figure 2. Alignment of the ATP binding cleft in a sample of five
CDK2s bound to different small molecule inhibitors. Only the protein
backbone and side chains for those residues that form hydrogen bonds
with the inhibitors are shown.

5436 Journal of Medicinal Chemistry, 2006, Vol. 49, No. 18 Subramanian et al.



using the linear equations given in Table 4. The root-mean-
square errors between the actual values and the predictions for
the Lys33-Leu83 and Lys89-Gln131 distances and the Area
of the active site for this test set are 2.25 Å, 1.49 Å, and 16.38
Å2, respectively. The detailed results of the validation are shown
in Table 7.

Validation of the Importance of SlogP_VSA7 and PEO-
E_VSA-0 to Lys89-Gln131 Distance Using a Molecular
Simulation Study. This study was carried out to see the
dynamics of the Lys89 side chain following binding to two
different ligands. Two protein structures, 1E1V and 1JSV, that
are bound to fragment-like ligands were considered. However,
their potencies to CDK2 vary, with the 1JSV ligand being more
potent. The values for SlogP_VSA7 and PEOE_VSA_HYD for
the 1E1V ligand are 0.00 and 194.52, respectively. For the 1JSV
ligand, the values are 105.00 and 199.43, respectively. From
the values of these descriptors, we can infer that the K89-
Q131 distance for the 1E1V receptor would be less than that
for the 1JSV receptor. This is indeed observed in the crystal

structures; the conformation of the Lys89 side chain in 1E1V
is gauche, and the conformation in 1JSV is trans.

To see whether the 1JSV ligand can change the conformation
of Lys89 in 1E1V from gauche to trans, the 1JSV ligand was
first aligned to the 1E1V receptor. This caused a steric clash of
the Lys89 side chain of the 1E1V protein with the 1JSV ligand
(Figure 5a). Different rotamers for Lys89 in 1E1V were explored
(using MOE 2005-06 software) to see which rotamer is best
suited for the new receptor-ligand environment. This was
accomplished by computing the change in free energy of
solvation between the rotamer-protein complex, and the sum
of energies of free protein (without rotamer) and free rotamer.
The scoring function here also took into account the changes
in the types of surface area contacts. This change in the free
energy was added to the torsional strain energy of the rotamer,
and the sum was denoted by∆G. The rotamers were ranked in
∆G ascending order.

Lys89 of the 1E1V receptor was then mutated with the
rotamer having the least value of∆G. To relieve any resultant
strain in the protein, energy minimization of the active site was
carried out using MOE 2005-06 software. As seen from Figure
5b, the resulting side chain conformation of Lys89 closely
resembles the native conformation found in 1JSV. Thus, our
simple rotamer exploration of the Lys89 side chain, with the
aim of minimizing the steric clash caused by manual placement
of the 1JSV ligand in the 1E1V receptor results in a conforma-
tion of the 1E1V receptor, which matches the conformation
predicted by our model. This provides additional proof that a
combination of ligand hydrophobicity characteristics, Slog-
P_VSA7 and PEOE_VSA_HYD, influences the conformation
of Lys89 (gauche or trans).

Application to Ligand Docking. The results of this work
are applicable to docking and binding mode predictions. For
example, assume that the 1R78 crystal structure is unknown
and that we are interested in predicting the most suitable crystal
structure to study the binding of the 1R78 ligand. The predicted
Lys33-Leu83 distance for this ligand is 12.31 Å, the predicted
Lys89-Gln131 distance is 10.92 Å, and the predicted area of
the active site is 93.30 Å2 (Table 7). We now compute the
Euclidean distance between the vector (12.31, 10.92, 93.30) and
the actual distance-area vectors for all of the proteins in the
training set. These Euclidean distances show a wide variation,
starting from 1.89 in the case of 1PYE and going up to 40.83
in the case of 1GZ8 (Table 8). 1PYE would be the most suitable

Figure 3. Inter-residue distance variations among the residues lining the ATP binding cleft. The CDK2 proteins are arranged in increasing order
of the Lys33(N)-Leu83(N) distance. For 1UNL, 1XO2 and 1GII, see ref 37.

Figure 4. Range of variation in the Lys33 and Lys89 side chain
conformations. 1GZ8 (in gray) has the smallest active site area
(A′BC′D) of 52.77 Å2 and 2BHE (in black) has the largest active site
area (ABCD) of 117.64 Å2. The distances (in Å) between pairs of atoms
are also shown.
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protein for docking the 1R78 ligand because the predicted
ligand-induced modifications in the protein binding site are
closest to the 1PYE structure. The alignment of the ATP binding
sites of 1PYE and the actual 1R78 protein crystal structures is
illustrated in Figure 6 and shows good overlap of the two lysine
side chains.

Discussion

Proteins in general and kinases in particular are known to be
highly flexible macromolecules.4 The conformational changes
occurring upon the activation-deactivation of kinases are well
understood. However, although it has long been known that
inhibitor binding also leads to significant conformational
changes in the residues lining the active site, the quantification
of these changes had not been attempted so far.

In this article, we have shown that the movements of the two
lysine residues, Lys33 and Lys89, lining the ATP binding site,
are major determinants of the geometry of the binding site. The
importance of these lysine residues has also been demonstrated
through docking experiments.9 The authors have observed that
it is these lysine side chain conformations in the ATP binding
pocket that have a major influence on the accuracy of the
binding mode predictions for CDK2. Even though other residues
such as Asp145 and Phe80 project into the binding site, the
positions of these side chains were not found to vary signifi-
cantly among different CDK2 crystal structures. These authors
have also shown that the conformational differences in the
flexible T-loop is less relevant to small molecule docking
because this loop falls outside the defined binding site into which
the ligands are docked.9 Taken together, these results justify

Table 3. Descriptors with More than 50% Correlation to the Lys33-Leu83 Distance, the Lys89-Q131 Distance, and the Area of the Active Site

correlation

descriptors correlated
with the

Lys33-Leu83 distance

descriptors correlated
with the

Lys89-Gln131 distance

descriptors correlated
with the

area of the active site

(0.75, 1] E_vdw,
SlogP_VSA7

- SlogP_VSA7,
E_vdw,
PEOE_VSA-0,
a_aro

(0.6, 0.75] PEOE_VSA-0,
PEOE_VSA_NEG,
chi0v_C, weinerPol,
a_aro
Weight, SlogP_VSA4,
ASA_H

a_aro,
SlogP_VSA7,
chi0v_C, ASA_H,
PEOE_VSA_HYD,
PEOE_VSA_NEG

chi0v_C,
weinerPol,
ASA_H,
PEOE_VSA_NEG,
PEOE_VSA+5,
SMR_VSA5

(0.5, 0.6] PEOE_VSA+5,
std_dim2, ASA,
PEOE_VSA+1,
diameter, ASA-,
ASA+, b_double

E_vdw,
SMR_VSA5,
ASA,
PEOE_VSA-0

SlogP_VSA4,
Q_VSA_FHYD,
PEOE_VSA+1,
weight, E_stb, E,
PEOE_VSA_HYD,
ASA, std_dim2, ASA-

[-0.6,-0.5) Q_VSA_FPPOS,
Q_RPC+

logS,
Q_VSA_FPPOS

balabanJ, logS,
Q_RPC-,
PEOE_VSA-3

[-0.75,-0.6) vsa_don,
balabanJ,
Q_RPC-

- Q_VSA_FPPOS,
vsa_don

[-1, -0.75) - - -

Table 4. Best Linear Models for Inter-Residue Distances and the Area of the Active Site Based on Correlated Descriptorsa

best linear modelb R2(q2) relative importance

K33-L83 ) 9.357+ 0.083*E_vdw- 0.086*vsa_don
+ 0.023*PEOE_VSA-0

0.78 (0.69) E_vdw (1.00),
vsa_don (0.67),
PEOE_VSA-0 (0.60)

K89-Q131) 5.953+ 0.017*SlogP_VSA7+
0.012*PEOE_VSA_HYD

0.54 (0.38) SlogP_VSA7 (1.00),
PEOE_VSA_HYD (0.82)

Area) 41.893+ 0.126*SlogP_VSA7+
0.559*E_vdw+ 0.182*PEOE_VSA-0

0.80 (0.68) SlogP_VSA7 (1.00)
E_vdw (0.90)
PEOE_VSA_0 (0.64)

a Stepwise selection of descriptors was done to remove redundant descriptors.b E_vdw represents the van der Waals component of the potential energy;
vsa_don represents the sum of the van der Waals surface area of hydrogen-bond donors; PEOE_VSA-0 represents the van der Waals surface area of atoms
with charges in [-0.05, 0.00); SlogP_VSA7 represents the van der Waals surface area of atoms with logP in (0.25, 0.30], and PEOE_VSA_HYD represents
the total hydrophobic van der Waals surface area.

Table 5. Best Linear Models for Inter-Residue Distances and the Area of the Active Site after Removing the Mutant CDK2, CDK5, and CDK6
Structures

best linear modelb R2(q2) relative importance

K33-L83 ) 10.042+ 0.084*E_vdw-
0.111*vsa_don+ 0.018*PEOE_VSA-0

0.81 (0.69) E_vdw (1.00),
vsa_don (0.69),
PEOE_VSA-0 (0.46)

K89-Q131) 7.851+ 0.016*SlogP_VSA7+
0.026*PEOE_VSA-0

0.69 (0.58) SlogP_VSA7 (1.00),
PEOE_VSA-0 (0.70)

Area) 43.403+ 0.179*SlogP_VSA7+
0.583*E_vdw

0.77 (0.66) SlogP_VSA7 (1.00),
E_vdw (0.66),
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our concentrating only on the ligand-induced variability in the
lysine side chains as a measure of the variability in the binding
site.

From a large set of ligand descriptors, we have identified
the crucial descriptors that are well correlated with the lysine
side chain conformational changes in the ATP binding site. It
is interesting to note that out of 29 descriptors that show more
than 50% correlation, 5 descriptors are adequate to capture the
major features of ligand-induced conformational changes in the
protein binding site. Our best linear regression equations (Table
4) suggest that E_vdw, vsa_don, and PEOE_VSA-0 have the
most influence in the movement of the Lys33 side chain. E_vdw
is also correlated to the bulkiness of the molecule. Hence, we
can infer that bulky molecules and negatively charged groups
in the molecule tend to move the Lys33 side chain to trans,
whereas bulky hydrogen-bond donor groups tend to keep the
Lys33 side chain in gauche. In the case of Lys89, we see that

a combination of SlogP_VSA7 and PEOE_VSA_HYD have the
most influence on the movement of the side chain. The more
the number of hydrophobic groups in the molecule, the more
likely the trans conformation in the Lys89 side chain. The
descriptors SlogP_VSA7, E_vdw and PEOE_VSA-0, a com-
bination of hydrophobicity, charge, and bulk, make a positive
contribution to the area of the active site. Interestingly, the most
important descriptors for the Area are a combination of the
descriptors for the Lys33 and Lys89 movements.

The linear models built using exclusively the CDK2 ligands
(Table 5) showR2 andq2 values comparable to the models built
using the full training set for the Lys33-Leu83 distance and
the Area of the active site. But the Lys89-Q131 model shows
a marked improvement (R2 andq2 of 0.69 and 0.58, respectively,
compared toR2 andq2 of 0.54 and 0.38, respectively, for the

Table 6. Proteins and Ligands Used in the Test Set with Crystal
Structure Resolutions and Literature References

Table 7. Predictions for the Test Set Data.

ligand

K33-L83
distance

(Å)

predicted
K33-L83
distance

(Å)

K89-Q131
distance

(Å)

predicted
K89-Q131

distance
(Å)

area
(Å2)

predicted
area
(Å2)

1H1R 13.33 13.46 8.41 10.41 85.15 86.64
1OI9 13.32 13.16 11.52 10.95 103.49 84.75
1Y91 13.65 13.15 12.3 12.74 95.46 100.01
1DM2 13.96 9.10 11.07 8.47 94.25 64.92
2B52 14.16 12.68 10.18 11.25 96.68 82.48
1R78 14.38 12.31 11.88 10.92 106.48 93.30

Figure 5. (a) ATP binding sites of CDK2 structures 1E1V and 1JSV
are superimposed along with their ligands. Protein 1E1V is in yellow,
and its ligand is in red. Protein 1JSV is in cyan, and its ligand is in
magenta. The Lys89 side chains of the two proteins are in stick model.
We observe a clash of the 1E1V Lys89 side chain with 1JSV ligand.
(b) CDK2 structure of 1E1V, after rotamer exploration with 1JSV ligand
and minimization, superimposed on the structure of 1JSV. The color
coding is the same as that in a. The Lys89 side chain of 1E1V takes
on a conformation close to the Lys89 conformation of 1JSV.
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full training set) for the more homogeneous training set. This
may be due to the fact that it is Lys89 that is changed to a Thr
residue in the CDK2 mutant and CDK6 structures, whereas
Lys33 remains intact. Interestingly, the Lys89 side chain shows
more positional flexibility than the Lys33 side chain. Lys89 (or
its corresponding residue) shows almost 180° movement across
the CDK family for different ligands. This reiterates the
importance of this side chain in designing specific ligands for
different CDKs.

The linear models are validated using two independent
methods; one using recently published data on new protein-
ligand complexes and the other using molecular simulations.
Comparisons of the theoretical predictions and reported experi-
mental data as well as results of molecular simulations are in
good agreement with each other.

Currently, the most popular approach for incorporating protein
flexibility during docking is to dock the ligand of interest to an
ensemble of protein crystal structures bound to a diverse set of
ligands. But, independent experiments with CDK28,9 have found
different sets of CDK2 structures to be most suitable to
approximate the binding mode of ligands. These observations
suggest a lack of robustness in the guidelines obtained using
the cross-docking approach with different training sets and
software packages. Also, docking methods that iteratively dock
ligands and model receptor conformational changes are com-
putationally very expensive for practical use in drug discovery
settings.36

The quantitative approach of fitting multiple linear regression
models to important geometrical features of the active site
developed by us provides a rational method to identify the best
protein binding site conformation for ligand docking and binding
mode predictions. We have also illustrated this point with an
example (Table 8) and demonstrated the goodness of the
prediction (Figure 6). This statistical model-fitting approach can
be extended to other receptor-ligand systems involving ligand-
induced conformational changes in the receptor. One can also
envisage using the models to define the range of variations in
side chain positions to be explored during molecular dynamic
simulations for incorporating protein flexibility in docking.

As with any statistical model fitting, the linear models
developed here are likely to be sensitive to the choice of protein
structures in the training set. Hence, we have taken care to
choose only the best-resolved crystal structures available for
model building. The models would have greater reliability with
more and better quality input data. The advantage of this method
is that given 3D structure data on a few ligand-bound protein
complexes, one can predict the binding site geometry for any
other ligand. This would provide more reliable inputs to in silico
screening of molecules prior to synthesis or testing in a
biological assay.

In summary, currently available docking programs show poor
reliability in dealing with proteins showing vast conformational
flexibility in the binding site. The present work provides a
rational and simple approach for estimating ligand-induced
conformational changes in the protein and for using this
information in docking studies for lead evaluation and optimiza-
tion. It, therefore, opens up opportunities for using molecular
modeling techniques in some hitherto difficult situations.
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