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In spite of a proven potential and effectiveness of FlexE in docking flexible ligands into an ensemble of protein structures,
FlexE has rarely been successful in virtual screening situations. In this study, we constructed cyclin-dependent kinase 2
(CDK2) ensemble structures which have exactly the same backbone conformations as 1AQ1 but differ only at the side chain
torsion angles of the key amino acid (Lys33, Phe80, Lys89 and Asp145) residues: the torsion angles observed in the 17 CDK2
crystal structures were adapted to represent conformational flexibility. FlexE ensemble docking protocol then completely
samples the full conformational fields generated by combination of torsions of the four amino acids in the ATP binding site.
Virtual screening for CDK2 inhibitors by using the FlexE ensemble docking of a database composed of 48,703 inactives and
82 actives showed significant enrichment factor (EF = 18.5), and successfully identified 71 actives among the top 132
ligands (53.8%) ranked by total energy scores. Moreover, total energy scoring followed by visual inspection filtered-off
non-specific binders among the highly-ranked ligands to increase the ratio of actives-to-inactives to 71:13 at the top 5% of the

virtual screening solutions.
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1. Introduction

Cyclin-dependent kinase 2 (CDK?2) is an enzyme involved
in the regulation of the cell cycle, which undergoes a series
of conformational changes upon binding to cyclin and
phosphorylation to yield a fully active complex [1]. ATP
and inhibitor binding at the ATP-binding site also induce
further conformational changes [2]. Thus, more than 60
CDK?2 crystal structures are publicly available at present,
which have subtle but significant structural differences [2].
In a crystal structure, however, a protein conformation is
optimally adapted for interaction with one specific ligand,
which makes it difficult to choose a basal protein structure
for use in high-throughput docking of thousands of ligands
of diverse structures. One way around this problem is to
incorporate protein flexibility into the docking program,
and the program FlexE [3] tackles receptor flexibility
using a combinatorial approach, which generates new,
recombined protein conformations based on a set of
experimentally determined structures of a target protein.
Thus, FlexE approach is based on a united protein
description generated from the superimposed structures of
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the ensemble. For varying parts of the protein, discrete
alternative conformations are explicitly taken into
account, which can be combinatorially joined to create
new valid protein structures. FlexE can then dock flexible
ligands into an ensemble of protein structures. However, in
spite of the successful representation of the protein
flexibility when docking a small set of ligands, FlexE has
rarely been investigated for screening large databases. To
our knowledge, only three studies have been directed for
evaluation of the FlexE in virtual screening situation
[4-6]. The first FlexE ensemble docking to virtual
screening for CDK2 inhibitors was reported by Steffen
et al. [4]. During the enrichment study, 6011 ligands were
docked using the FlexE/ScreenScore docking scheme, and
the authors found that enrichments in different ensembles
could not even reach that yielded by FlexX and stated that
the enrichment declined sharply with an increasing
number of structures in the ensemble. Also, two
independent studies recently reported [5,6] concluded
that the flexibility solution provided by FlexE does not
seem to reflect true flexibility, but FlexE could only be a
useful tool for merging different crystal structures and
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docking into them simultaneously, which saves significant
computational time but does not necessarily improve the
enrichment. It was also noted that the best result of FlexE
was the reproduction of the enrichment given by FlexX,
and this was limited to the four-membered ensemble,
which is coincident with the results of Steffen er al [4]. We
have also experienced the same problem in which the
FlexE failed to run on the protein ensemble with more than
four to five CDK2 structures. However, we found that
FlexE run could be successfully performed (data not
shown) with certain combinations of CDK2 structures,
which commonly exclude three PDB structures (1FIN,
IFVV and 1H1P) among 17 CDK2 structures used for
FlexE run. In order to understand the structural
characteristics of these three PDB structures, a CDK2
structure complexed with an inhibitor staurosporine
(PDB code: 1AQ1) was chosen as a reference and 17
CDK?2 structures were aligned by homology. Interestingly,
the three PDB structures (1FIN, 1FVV and 1HIP) showed
significant conformational differences (root—mean—
square—deviations, RMSD = 2.0A) compared with the
reference structure (1AQ1), while the others matched well
(RMSD < 1.0 A) (table 1). Based on these findings, it
was assumed that, in general, FlexE does not tolerate
flexibility in a wide range of the conformational field
which may include the polypeptide backbone. Thus, for
successful virtual screening by FlexE ensemble docking, it
is necessary to generate a united protein structure which
represents different protein conformations with a combi-
nation of minimal structural variations.

Recently, Thomas er al. showed that there are some
CDK?2 structures that are clearly better than others for
docking study, and the main determinants of this are the
volume of the binding site into which the ligands are
docked [7]. Moreover, by comparison of 20 CDK2
structures, they concluded that the more the side chains of
Lys33, Phe80, Lys89 and Asp145 protruded into the ATP
binding site, the smaller the number of correctly docked
ligands tended to be. Taken together, even though the
relationship was not clearly notified by the authors, it
is obvious that the volume of the ligand binding site would
be determined by conformations of the four amino acid
residues (Lys33, Phe80, Lys89 and Aspl45). Super-
position of 17 CDK2 structures (figure 1) clearly shows
that they share almost the same backbone conformation
but differ in the side chain conformation of the four amino
acid residues (Lys33, Phe80, Lys89 and Asp145).

Table . RMSD of 17 crystal structures (align structures by homology).

PDB RMSD (A) PDB  RMSD(A) PDB  RMSD (A)

1AQ1 0.0000" 1FIN 2.2482 1H1P 2.0551
1B38 0.7297 1FVT 0.7180 IHCK 0.7375
1DI8 0.8783 IFVV 2.0957 1HCL 0.7014
1DM2 0.7396 1G5S 0.7835 1JVP 0.8081
1E1V 0.8778 1GZ8 0.7490 10IT 0.7370
1IE1X 0.8929 1HOO 0.7141

o

" CDK2 complexed with an inhibitor staurosporine (1AQI) was chosen as
reference structure for comparison.

Ligand of 1AQ1 Ff[\});;\ ) ”

: staurosporine p

Aspl45

Figure 1. Superposition of 17 CDK2 structures. Fine gray lines indicate
superimposed backbone Ca’s, and the four residues (Lys33, Phe80,
Lys89 and Asp145) are shown as capped sticks. A ball and stick model at
the center is a ligand of the PDB ID 1AQI.

Thus, in this study, we focused on the conformational
flexibilities of the four key amino acid residues (Lys33,
Phe80, Lys89 and Aspl45) of CDK2 and, with the
minimized conformational flexibilities in the protein
ensemble, we tested FlexE ensemble docking to virtual
screening for CDK2 inhibitors.

2. Materials and methods

2.1 Protein structures

The following CDK2 protein structures, taken from the
Protein Data Bank [8], were used in this work: 1AQ1 [9],
1B38 [10], IDI§ [11], IDM2 [12], IE1V [13], IEIX [13],
1FIN [14], IFVT [15], 1IFVV [15], 1G5S [16], 1GZ8 [17],
1HOO [18], 1HIP [19], 1HCK [20], 1HCL [21], 1JVP [22]
and 10IT [23]. These 17 structures were chosen because
of their diversity in terms of resolution [1.30 A
(1GZ8) ~ 2.80 A (1FVV)], size of the bound ligand
[ATP (1FIN, 1HCK) ~ staurosporine (1AQ1)], the
presence or absence of other proteins (IFIN, 1FVYV,
IH1P: complexed with cyclin A), phosphorylation status
(1H1P: phosphorylated at Tyr160), and ATP binding site
conformation [status of the loop around the active site (T-
loop): ordered (1B38, 1E1V, 1E1X, 1FIN, 1FVV, 1GZS,
1HIP, 1THCK and 1HCL) or disordered (1AQI1, 1DIS,
IDM2, 1FVT, 1G5S, 1H00, 1JVP and 10IT)]. The side
chains of lysine and arginine residues were protonated
and the carboxylate groups of aspartic and glutamic acid
were ionized. Water molecules contained in the PDB file
were removed. In order to define the active sites of the
proteins, all 17 enzyme structures were superimposed
together with their ligand structure using the “Align
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Structures by Homology” module of Sybyl 7.2 (Tripos
Inc., St Louis, MO, USA). All atoms located less than
10A apart from any ligand atom were considered in
ensembles. In addition, the complete amino acid was
selected if at least one of its atoms is picked. The bound
inhibitor was not included in the docking run. 1AQ1 was
used as a reference structure for the united protein
preparation.

2.2 Ligand structures

First, the ligand coordinates of the non-hydrogen atoms
were extracted from the original PDB. They were used as
reference for the calculation of the RMSD values later on.
The ligand input files were obtained by defining correct
atom types (including hybridization states) and correct
bond types, adding hydrogen atoms, assigning formal
charges to each atom, and finally energy-minimizing the
reference structure (using the standard Tripos force field
with Gisteiger—Hiickel charges until the energy gradient
converged to below 0.05 kcal/mol). The energy minimiz-
ation guarantees a low-energy conformation with suitable
bond length and angles. This new geometry and the fact
that the minimized structures is not translated according to
its original crystal structure guarantees that there is no
implicit docking information about the protein—ligand
complex of the PDB structure in the ligand input file. In
general, all carboxylic acid groups are ionized while all
amino groups but no amide groups are protonated.

2.3 Virtual screening and preparation of the ligand
database

LeadQuest is a screening library commercialized by
Tripos, Inc. Our screening library involves a subset of
LeadQuest compound libraries (LQDB) as inactive
molecules. The LQDB has molecular weight less than
550, ClogP less than 6, no more than one chiral center, no
non-drug-like fragments (a toxicity filter, based on a
growing knowledge base), and at least one chromophore.
Our active set was compiled by the diverse selection of 35
ligands extracted from the crystal structures of CDK2
(1AQI1, 1CKP, 1D18, 1DM2, 1E1V, 1E1X, 1E9H, 1FVT,
1FVV, 1G5S, 1GZ8, 1H00, 1HO1, 1HO06, 1HO7, 1HOS,
1HOV, 1HOW, 1H1Q, 1HIR, 1HIS, 1ISV, 1JVP, 1KES,
1KE6, 1KE7, 1KE8, 10GU, 10IQ, 10IR, 10IT, 1P2A,
1PF8, 1PXK and 1PXL; figure 2) and 47 oxindole
analogues [24] (figure 3). Thus, the input library
comprised 48,703 inactive and 82 active compounds,
and the final screening library was comprised of both
active and inactive sets, which were stored as a Sybyl SLN
list and converted to Sybyl mol2 format by means of
Concord™.

2.4 Docking protocol

Virtual screening experiments were performed using
FlexE. Standard parameters were used as implemented in

the SYBYL 7.2 package. The FlexE approach is based on
the united protein description which handles the
similarities and differences of the protein structures of
the ensemble. Formal charges and particle concept options
were always checked. Thirty poses were saved in mol2
files for further analysis. All stored poses were rescored
using the CScore™ module of SYBYL 7.2 comprising five
different scoring functions including Dock [25], Chem
[26], FlexX [27], PMF [28] and Gold [29]. In order to
eliminate conformations with impossible torsion energy
values, we introduced torsion energy constraints by setting
up the maximal torsion energy term to default value
(20kJ/mol).

3. Results and discussion

3.1 Developing a virtual screening protocol.
Comparison of X-ray structures

Comparison of the X-ray structures has revealed that
overall folds of both apo enzyme and its ligand-bound
forms are very similar, which is shown by low RMSD
values of Ca’s in table 1. However, even though CDK2
structures share almost the same backbone conformations,
superposition of the 17 CDK2 crystal structures (figure 1)
revealed that they show major differences in the side chain
conformations at the four residues (Lys33, Phe80, Lys89
and Aspl45), which are responsible for the different
volume and thereby different three dimensional structure
of the ATP-binding site of CDK2. The conformations of
the four residues are summarized in figure 4. Even though
Aspl45 is distributed in a relatively wide conformational
field compared with other amino acids, the four key
residues (Lys33, Phe80, Lys89 and Aspl45) show
conserved backbone conformations (phi and psi) through-
out 17 crystal structures (figure 4). The Ramachandran
plot for the four amino acid residues clearly show that the
conformations of these residues lie in the confined
energetically favored regions (figure 5) without significant
conformational differences. Therefore, the contribution of
the flexibility of the protein backbone, if any, to the overall
flexibility of CDK2 can be assumed to be marginal.

However, side chain conformations of the four residues
in the 17 crystal structures studied were not conserved at
all (figure 6), which confirms that the conformational
flexibilities of the four amino acids are focused on their
side chains.

As these residues are directly involved in the formation
of the ATP binding site, it is obvious that the
conformational differences would exert significant impact
on the overall structure of the ATP binding site and
thereby different ligand specificity. Taken together, we
assumed that the conformational differences in various
CDK2 X-ray structures result from different side chain
conformations of the key four amino acids (Lys33, Phe80,
Lys89 and Asp145) in the ATP binding site and, therefore,
protein ensembles could be constructed by a simple
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Figure 2.  Structures of the 35 ligands extracted from the CDK2 crystal structures.

combination of the side chain conformations of the four
amino acid residues on a consensus backbone structure.
Then, the generated protein ensembles would be
compatible with FlexE by virtue of the minimized Ca

RMSD endowed by sharing exactly the same backbone
structures. Nevertheless, the key structural features which
represent the conformational flexibilities of the ATP
binding site are reserved in the protein ensemble by



17: 49 14 January 2011

Downl oaded At:

Virtual screening for CDK2

HN
HO H Ho._OH
0 Q :
R NH, . §-NH N2 X NH,
=N S =Ny e} o _ /@b
Hi HN H N
o) o) HN
)
y ;
N 2 N cl
-NH, N e NH, '§-NH,
N /@ 3 =N ° /@’ 3 =N o
N 0 HN H N HN N
HN H 0 HN %
) o
HN-N N=\ N=\ N=\
" : ° 3 i ° Q. ° N
N S.\_NHZ N 2 3N s\’N\/\
“N o =N “ N SR [o} OH
HN p HN H HN H HN
0 o) o) o)
= _ = —
o H N’\S o N’\S g SN;HZ N’\S t‘é’\‘_
§ N _NH, R =0 0
= N@/ Ol @/ '
o HN N\ ) “y =\
5 HN Hiv p HN
o o )
-N =N —N
Cl (N7 o/ { Y%
i -NH, Q
/”N@% N Q%‘””? R § N
HN “UN o = N@/ o /O/
o) HN HN H HN
o) o

HN H HN
(0]

Q HNN
(o} 0 Br Q )—cl
o &-NH, N §NHe %S,NHZ
§-NH, /N~N/©b = N’() o =N, ,@b
=N 0 HN H HN H uN N
ﬂ o] o H

///OH
N=\ HN
S 0=8:0
= NU
HN H
[¢]

HO NH,

Figure 3.  Structures of the 47 oxindole analogues used as active molecules.
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combination of the torsions of the four amino acid platform structure for this purpose because 1AQI has a
residues found in the 17 crystal structures of CDK2. wide open ATP binding site from which various

A CDK?2 crystal structure with staurosporine bound at combinations of side chain torsions of the four amino
the ATP binding site (PDB ID, 1AQ1 [9]) was used as our ~ acids without invoking steric hindrance with nearby
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Figure 4. Backbone torsion angles of the four residues (Lys33, Phe80, Lys89 and Aspl145).

residues can be feasible. Based on this platform structure,
17 ensemble structures were manually constructed by
changing the side chain torsion angles of the four amino
acids according to the torsion angles observed in the 17
crystal structures (figures 4 and 6).

3.2 Virtual screening protocol

FlexE algorithm then samples discrete receptor confor-
mations in a combinatorial fashion while incrementally
building ligands into the binding site. Thus, the full
conformational fields which are generated by combination
of torsions of the four amino acids in the ATP
binding site can be covered by this method with minimum
computational efforts.

3.3 Enrichment studies

To show the effectiveness of our screening protocol,
we calculated enrichment factors (EF). The LQDB
database containing 48,703 unique molecules was used
as a background of drug-like decoys for enrichment

calculations, and the screening library also contained 82
active compounds (35 ligands extracted from the crystal
structures of CDK2 and 47 oxindole analogues). We
assumed that molecules annotated as inhibitors of a given
enzyme in the LQDB are true positives and the remaining
molecules are true negatives (neither of these assumptions
is likely to be entirely correct). The quality of enrichment
is measured as the proportion of true binders found in
selected subsets from the docking (or rescoring)
calculations compared with the proportion expected
from random selection. The EF assesses the quality of
the rankings [24]:

(Naciive@)/N@))
(Nacitive /Nall)

where EF (%) is given as the percentage of the ranked
database, Naciive(s) 15 the number of active compounds in a
selected subset of the ranked database, N4, is the number
of active molecules and the number of compounds in the
screening database.

Thirty poses generated for all of the ligands from FlexE
docking run were saved, and the saved poses were then

EF(%) =
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scored using the CScore™ module of SYBYL 7.2
comprising five different scoring functions including
Dock [25], Chem [26], FlexX [27], PMF [28] and Gold
[29]. Then the ligands with the lowest scores were ranked
with the help of the total energy scores. Compared with
the previous report (EF = 2.8-5.8) [4], our novel virtual
screening protocol for CDK2 inhibitors using the FlexE
ensemble docking provided significant improvement in
the EF (EF = 18.5). More interestingly, 25 out of 27 top
ranked ligands (top 1% of the ranked database) proved to
be actives. At the top 3 and 5% of the ranked database,
55.7% (44 out of 79) and 53.8% (71 out of 132) of the
actives were identified among the docked ligands,
respectively (table 2).

With this result in hand, we performed visual inspection
of 2644 ligands in the ranked database in order to
improve our novel virtual screening protocol. In 1AQI1,
staurosporine forms main polar interactions with Glu81
and Leu83 of the enzyme (figure 7).
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Figure 6. Side chain torsion angles of the four residues (Lys33, Phe80, Lys89 and Asp145).
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Table 2. Number of the actives found at the top 1, 3 and 5% of the ranked database.

Scoring ﬁmctionT

Visual inspection filter*

No. of the No. of the Percentage of the No. of the No. of the Percentage of the
actives inactives actives? actives inactives® actives
1% 25 2 92.6 25 2 92.6
3% 44 35 55.7 44 11 80.0
5% 71 61 53.8 71 13 84.5

Total number of compounds in the screening DB: 48,785. Total number of the actives in the screening DB: 82. Total number of the docked ligands in the ranked DB: 2644. EF:
18.5." Number of the docked ligands determined only by the final total energy scores. * Number of the docked ligands determined after filtering-off non-specific binders by
visual inspection. ' (No. of the actives)/(No. of the actives + No. of the inactives) X 100. ¥ Inactive ligands without specific hydrogen bonding interactions were filtered-off.

Structural comparison of 17 CDK2 complexes strength-
ens the importance of similar specific interactions. In this
regard, it should be noted that CDK2 crystal structures
identified to date shows that ligands binding at the ATP
binding site should form a hydrogen bond with the
backbone of Leu83 [7]. Even though additional hydrogen
bonds with Lys33, Lys89 or GInl31 take part in fine-
tuning the binding affinities of some ligands, the key
interaction is hydrogen bonding between ligand and
backbone CO as well as NH of Leu83.

Thus, ligands docked into the ATP binding site without
specific hydrogen bonding interaction with backbone CO
and NH of Leu83 can be considered as nonspecific
binders, which were filtered-off by visual inspection. This
process of filtering nonspecific binders reduced the
number of the inactives without affecting the number
of the actives to give remarkably increased ratio of
actives-to-inactives (table 2). It is noteworthy that all of
the active compounds observed in the high rank showed
hydrogen bonding interaction with the enzyme backbone.

In conjunction with this result, our virtual screening
protocol was also examined in terms of the ability to
reproduce X-ray ligand positions in a near-native binding
geometry (within 2.0 A heavy atom RMSD). As 17 CDK2
structures were used for construction of the protein
ensembles, ligands which were extracted from those 17 X-
ray structures were investigated. Interestingly, 13 out of 17
ligands (76.5%) were successfully docked at the top 5% of
the ranked database, and it is noteworthy that the docking
poses of the docked ligands were well reproduced in the
RMSD range of 0.02-0.47 A with near-native binding
geometries (table 3).

4. Conclusions

There have been several efforts to tackle the problem of
docking into conformationally flexible enzymes but, due
to the complexities of the specially designed approaches
(docking multiple ligands to multiple enzyme structures)

Figure 7. CDK2 complexed with staurosporine (PDB code 1AQ1). Staurosporine is hydrogen bonded to backbone NH and CO of Glu81 and Leu83,

respectively.
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Table 3. RMSD of the docked ligands from the X-ray ligand positions.

PDB RMSD (A) PDB RMSD(A) PDB  RMSD (A)

1AQ1 0.18 1KE6 0.12 1P2A 0.12
1E9H 0.10 1KE7 0.19 1B38 -
IFVV 0.15 10GU 0.02 IHCK -
IHIR 0.10 101R 0.03
1HIS 0.10 10IT 0.47

" This structure contains an ATP as a ligand bound at the ATP binding site. The
crystal structure also includes a Mg ion chelated by ATP but, in the docking study,
Mg ion could not be considered. As a result, RMSD was not estimated.

[7], there is an ongoing need for simple, intuitive,
straightforward and easily reproducible method which can
be generally applied. In this study, by assuming the major
conformational difference among the numerous CDK2
crystal structures lies at the side chains of four amino acid
residues (Lys33, Phe80, Lys89 and Aspl45) at the ATP-
binding site, we constructed 17 ensemble structures by
changing side chain torsion angles of the four key amino
acids on the platform structure (1AQ1) according to the
torsion angles observed in the 17 crystal structures. FlexE
algorithm then efficiently samples the full conformational
fields generated by combination of torsions of the four
amino acids in the ATP binding site. Our novel virtual
screening protocol showed significant EF (EF = 18.5) in
virtual screening of a database composed of 48,703
inactives and 82 actives, and successfully identified 25
actives among the top 27 ligands ranked by total energy
scores. Moreover, total energy scoring followed by visual
inspection filtered-off nonspecific binders among the
highly-ranked ligands to increase the ratio of actives-to-
inactives.

In summary, combination of the key structural features
which confer conformational flexibilities to CDK?2 instead
of sampling whole enzyme structures in virtual screening
for CDK2 inhibitors by using the FlexE ensemble docking
successfully identified the actives from the database of
inactives.
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