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Abstract In order to develop promising cyclin dependent
kinase 1 inhibitors, homology modeling, docking and
molecular dynamic simulation techniques were applied to
get insight into the functional and structural properties of
cyclin dependent kinase 1 (CDKI1). Since there is no
reported CDK1 crystal structural data, the three dimension-
al structure of CDK1 was constructed based on homology
modeling. An extensive dynamic simulation was also
performed on a Flavopiridol-CDK1 complex for probing
the binding pattern of Flavopiridol in the active site of
CDKI1. The binding modes of other inhibitors to CDK1
were also proposed by molecular docking. The structural
requirement for developing more potent CDKI1 inhibitors
was obtained by the above-mentioned molecular simula-
tions and pharmacophore modeling.
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Introduction

Cyclin-dependent kinases (CDKs) are a family of serine/
threonine kinases that are essential for cell cycle progres-
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sion by activating host proteins through phosphorylation on
serine or threonine using adenosine triphosphate (ATP) as a
phosphate donor. The CDK-cyclin complexes drive cells
from GI into M phase through the restriction points to
complete the cell cycle progression [1].

At present, 13 members of the CDK family have been
reported, which are named from CDK1 to CDK13. Among
these members, CDK1, CDK2, CDK4 and CDK6 regulate
cell cycle directly, in the meanwhile CDK7 controls the
cycle by activating other CDKs. In addition, CDKS, 9, 7
are transcription regulatory factors. Moreover, CDK2,
CDK4, and CDK6 mediate G1 phase of cell cycle, whereas
CDK2 and CDK1 regulates S and G2 phase, and M phase,
respectively [2—6].

So far hundreds of CDK inhibitors (CDKIs) have
been developed for anti-tumor proposes because the
overproduction of CDKs has an intrinsic correlation
with the pathogenesis of cancer [7]. Various structure-
diverse molecule inhibitors, such as Olomoucine [8, 9],
Indisulam [10], P276-00 [11], R547 [12], AZ703 [13],
TYP-835 [14], 7-1 [15], UCN-01 [16-18] and 9-1 [19]
(Fig. 1) exhibit good potential in the preclinical or clinical
studies.

Focusing on the inhibition of CDKI1 for cancer
therapy, our group has developed fruitful inhibitors, for
example, flavopiridol derivatives with interesting activi-
ties [20]. On the forthcoming chemical modification and
optimization of CDKIs, we need an extensive understand-
ing on the structural basis of CDK proteins. Therefore, in
the current manuscript we would like to model the
theoretical structure of CDK1 and simulate the interaction
between CDK1 and its inhibitors by using computational
approaches.
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Fig. 1 Structures of some CDK
inhibitors of different categories
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Materials and methods
Homology modeling

The sequence of human CDKI1 was downloaded from
NCBI protein data bank (Swiss-Prot entry: P06493). The
crystal structures of human CDK2 (PDB entry: 3EZR),
CDKS5 (PDB entry: 1H4L), CDK6 (PDB entry: 1JOW),
CDK7 (PDB entry: 1UA2), CDK4 (PDB entry: 2W9F) and
CDKO9 (PDB entry: 3BLH) as modeling templates were all
derived from the Protein Data Bank.

The homology modeling was performed using the
SYBYL 7.3 software running on a DELL Precision 360
workstation. The FUGUE program [21] was used to align
these seven homology sequences and determine the
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relationship between the sequence of CDKI1 and other
structures. The CDK1’s 3D structure was constructed using
the ORCHESTAR [22] module based on the crystal
structure of the six homologous CDK proteins. The
structure of structurally conserved regions (SCRs) which
define the common tertiary folding pattern and the loops
which connect the SCRs were constructed by turns. The
final structure was verified by Phi/Psi and Profiles-3D
analyses [23, 24].

Molecular dynamic simulation
The molecular dynamic simulation was managed using the

GROMACS 4.0 software (http://www.gromacs.org) [25—
27]. The Flavopiridol-CDK1 complex was derived by


http://www.gromacs.org
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Fig. 2 Sequence alignment of human CDKI1 to the templates

docking Flavopiridol [28] to CDKI1 model using FlexX2
docking program [29, 30]. The simulation was performed
using a cubic cell geometry, and the default simple point
charge (SPC) water was added to the box. Periodic
boundary condition was applied, the distance between the
grid box and the protein was set to 1.0 nm. Firstly, a
steepest descents minimization for 500 steps was performed
to remove bad van der Waals contacts. Then a 30 ps
position-restrained simulation was performed by keeping
the protein coordinates fixed, and making the water
molecules soak into the macromolecule. The particle mesh
Ewald (PME) [31] method was used for computing long-

Table 1 Analysis of template structures and the derived CDK1 model

range electrostatics. Finally, a 6 ns dynamic simulation was
submitted at 310 K temperature and 1 bar pressure. The
Berendsen temperature coupling and Berendsen pressure
coupling (the coupling constants were both set to 0.1) were
used to keep the system in a stable environment.

Probing the interaction of CDK1 and inhibitors

The molecular docking was used to determine the binding
patterns of three representative CDK1 inhibitors , including
R547, (R)-Roscovitine [32, 33] and Thioflavopiridol [34]
(Fig. 1), around the active site of CDK1 by employing the

3EZR 1H41 1JOW 1UA2 2WIF 3BLH CDK1
Zscore 59.86 57.25 39.08 40.72 36.48 36.78 -
Verify score 125.89 119.35 111.88 104.03 107.56 125.97 127.04
Expected high score 124.13 126.42 125.97 130.55 118.63 132.84 135.14
Expected low score 55.86 56.90 56.68 58.75 53.39 59.78 60.81
Number of residues in core region 257 246 224 250 214 243 279
Number of residues in allowed region 9 25 40 21 31 32 8
Number of residues in disallowed region 7 7 13 16 16 17 10
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FlexX2 docking program in SYBYL 7.0 package. In the
docking process, MMFF94 charges were assigned to both
the protein and the inhibitors, maximum number of poses
per ligand was set to 30 and other parameters were set as
default. Moreover, a pharmacophore model of the CDK1’s
active site was also generated using HipHop algorithm [35]
in Discovery Studio 2.5 package to look up the common
features of CDKI1 inhibitors.

Results and discussion
Verification of the constructed model

CDKI1 shares a 64%, 44%, 56%, 46%, 44% and 41%
sequence identity with CDK2, CDK4, CDKS5, CDKS6,
CDK7 and CDK9, respectively (Fig. 2). This evidence
reveals that these six homologous proteins are appropriate
templates for building up the CDK1 model. The main chain
root mean square deviation (RMSD) of the derived CDK1
homology model with CDK2, CDK4, CDKS5, CDK®6,
CDK7 and CDK9 is 1.241, 1.337, 0.748, 0.967, 1.258
and 0.813 A, respectively. These low RMSD values
indicated a reasonable initial coordinate for further MM
and MD calculations

The Zscore given by the FUGUE program showed that
all six templates were suitable to be used (Zscore>6)
(Table 1). The Phi/Psi analysis of the model exhibits 279
residues in the core region, 8 in the allowed region and 10
at the disallowed position, respectively (Fig. 3A). These
results disclose that the derived model is of high quality for
further study. The verify score of the model is 127.04 in the

Fig. 3 (a) The Ramachandran
plot of the constructed CDK1
model. (b) Secondary structure
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Fig. 4 The RMSD plot of the protein during the dynamic simulation

Profiles 3D analysis compared to verify expected high
score (135.14) and verify expected low score (60.81). The
scored structure showed that the last 6 residues in the C
terminal may have low verify score for negative contribu-
tion to the quality of the model (Fig. 3B). The results of all
these evaluations suggest a high quality homology model
for CDK1 again.

Molecular dynamic simulation

The root mean square deviation (RMSD) value of the
complex tends to be convergent with fluctuations around
3.5 A after 2.0 ns of simulation. This evidence clearly
indicates that the whole system is stable and has been
equilibrated (Fig. 4). The root mean square fluctuation
(RMSF) plot shows that residues in the N terminal have the

Asn292-Met297

of the constructed CDK1 model
colored by verify score, blue:
high score; red: low score

@ Springer




J Mol Model (2011) 17:219-226

223

Fig. 5 Left: The root mean

square fluctuation of CDK1 0.6

during the 6 ns simulation.
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biggest magnitude of movement, the C terminal and some
flexible loops are also prone to fluctuation (Fig. 5).

Multiple H-bond interactions were found in IlelO,
Glyll, Aspl28, GInl32 and Aspl46 by analyzing the
simulated complex coordinate (Fig. 6). The distances of
corresponding atom pairs were summarized in Table 2. It is
obvious that Aspl146 can function as an H-bond donor by
forming duplicate H-bond interactions with N27 and OS5 of
Flavopiridol. Aspl128 can also play a donor role by
supporting hydrogen bonding to N27. GIn132 may accept
proton from O4. Ilel0 and Glyll can form H-bond
interactions with O2 and O3, respectively.

The contribution of water molecules were observed to
the binding of the ligand-receptor complex (Fig. 7). Three
water molecules, water2780, 5194 and 6875 bridged the
gap between Flavopiridol and residues Lys130 and GIn132.

Fig. 6 2D representation of H-bond interaction between Flavopiridol
and the surrounding residues

The RMSD values show that these water molecules possess
tiny extent of movement during the 6 ns simulation
procedure (Fig. 8). Thus, these three water molecules can
surrogate an intermolecular H-bond network to stabilize the
Flavopiridol-CKD1 interaction. Water2780, functioning as
an acceptor, is able to form two H-bonds with O4 of
Flavopiridol and NH, of GInl32, and at the same time,
functioning as an acceptor, forms a H-bond with CO of
GLN132. Water5194 has the ability to form three H-bonds
with 02, O3 of Flavopiridol and NH, of GInl32,
respectively. Water 6875, as an acceptor, can form three
H-bonds with O1, O4 of Flavopiridol and NH3 of Lys130,
respectively, and as a donor, can form H-bond with CO of
GlInl132.

Docking analysis

Three potent CDK1 inhibitors were docked into the active
site of CDK1 for probing the binding modes of the ligand-
target complexes. There is a big hydrophobic pocket around
the active site of CDKI1 as revealed in Fig. 9. This

Table 2 The distance between polar atoms of Flavopiridol and
corresponding residue atoms

Atom pairs Distance(A)
O2(Flavopiridol)-O9(1le10) 4.1+1.0
O3(Flavopiridol)-O10(Gly11) 4.0+1.0
O4(Flavopiridol)-O8(GIn132) 3.8£1.2
O5(Flavopiridol)-O6(Asp146) 3.6+1.1
N27(Flavopiridol)-O6(Asp146) 3.74+0.8
N27(Flavopiridol)-O7(Asp128) 3.1+0.5
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Fig. 7 Binding patterns of waters in the active site of CDK1. W1:
water2780, W2: water5194, W3: water6875. The structure was
extracted from the simulation at 4050 ps. The picture was made by
the UCSF chimera software [36]

lipophilic pocket is divided into two parts, one is big, and
the other is relatively small. There are some polar residues
(such as Ile10, Glul2, GIn132, and Asnl33) lined in the
opening of the cavity by forming strong H-bond interaction
with ligands located in the pocket. The hydrophobic side
chains of compound R547 (a) and Thioflavopiridol (b)
extended to the two different pockets, respectively. Thus,

Fig. 8 RMSD values of the
3.66E-05

the hydrophobic interactions make important contributions
to the binding of the inhibitors to the active site. H-bonding
interactions formed between the inhibitors and the core
residues were signed in Fig. 8. It is obvious that H-bond
interaction is also very important in the ligand receptor
binding for the three inhibitor molecules. In order to form
strong H-bond interactions the cyclohexane group of (R)-
Roscovitine stretched out of the cavity (¢) which is different
from other molecules.

A pharmacophore model of the constructed CDK1 active
site was also generated to verify and compare the docking
results (Fig. 10). Similar information was derived from the
pharmacophore hypothesis with the docking studies. In the
opening of the pocket, Ile10 provides H-bond donor, Glul2
and Lys130 provide H-bond acceptors. There are both H-
bond donor and acceptor in Aspl46 which locates inside
the pocket. There is also hydrophobic feature inside the
pocket. It must be noted that Leu83 on the edge of the
pocket is a potential H-bond interaction site which was not
discovered in the docking analysis.

For designing more potent CDK1 inhibitors, firstly and
most importantly, multiple H-bond donors and receptors
should be kept in the inhibitors’ structure, because the
hydrogen bonding is proved to play so important a role in
the ligand-receptor interactions. For designing Flavopir-
idol derivatives, the side chain stretched to the bigger

water molecules during the 6 ns
simulation. The RMSD plot of
water 1671 was used to compare
with the above three waters
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Fig. 9 Binding patterns of
inhibitors in the active site of
CDKI1, (a) R547, (b) Thiofla-
vopiridol, (¢) (R)-Roscovitine.
H-bonds are represented as dot
lines. The molecular surface of
the active site was created by
MOLCAD in Sybyl7.0, the
Cavity Depth surface property
was represented

GLN132

pocket should be prolonged with hydrophobic groups
(fixing to the hydrophobic pocket) ended with polar atoms
(binding to Leu83). Furthermore, some oxygen atoms in
the molecular scaffold should be replaced by nitrogen and
sulphur atoms for improving H-bond binding in the
opening of the pocket.

Conclusions

In order to improve our efficiency and rationality for
developing potent CDKI1 inhibitors, the 3D homology

Fig. 10 The pharmacophore
model of CDK1 active site.

The features are H-bond accept-
ors (green), H-bond donors
(magenta) and hydrophobic
centers (cyan). The core residues
are Ile10, Glul2, Leu83,
Lys130, and Aspl46,
respectively

structure of CDK1 was constructed. The modeling structure
was verified to be of good quality and thus being used for
the subsequent analysis. Molecular dynamic simulation was
performed to gain deep insight on the structural property of
the model and binding details of the Flavopiridol-CDK1
complex. Docking and pharmacophore modeling methods
were also applied for further study interaction between
other inhibitors and core residues to provide the structural
requirement of the inhibitors for binding to CDK1. Finally,
such methods for improving the binding were concluded
and these ideas will be applied and verified in our further
work.
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