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Abstract

Here is described a structural model for the binary complex CDKS5-roscovitine. Roscovitine has been shown to potently inhibit
cyclin-dependent kinases 1, 2 and 5 (CDKI1, 2, and 5), and the structure of CDK2 complexed with roscovitine has been reported;
however, no structural data are available for complexes of CDKS5 with inhibitors. The structural model indicates that roscovitine
strongly binds to the ATP-binding pocket of CDKS5 and structural comparison of the CDK2-roscovitine complex correlates the
structural differences with differences in inhibition of these CDKs by this inhibitor. This structure opens the possibility of testing new
inhibitor families, in addition to new substituents for the already known lead structures of adenine derivatives.
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Cyclin-dependent kinases (CDKs) control the pro-
gression of cell cycle [1,2]. CDKs are constituted of a
catalytic subunit and a regulatory subunit (cyclin) [3].
Each step of the cell cycle is thought to be regulated by
such CDK-cyclin complexes. However, certain CDKs
do not participate in controlling cell cycle, but they are
rather involved in controlling cell differentiation in
neuronal and muscle cells [4,5]. In addition, CDK also
play a role in apoptosis (CDK2) and in the control of
transcription (CDKs7, 8, 9) [6,7].

CDKS5 is a unique member of the CDK family of
kinases. Although the CDKS5 is widely expressed in
many tissues and cells, CDKS5 kinase activity is re-
stricted to neuronal cells [8]. This specificity for neu-
ronal tissue is the result of the CDKS5 activator
proteins p35, p25, and p39. CDKS5 is a multifunc-
tional kinase that associates with other cell proteins to
interact with the cytoskeleton and form supramolec-
ular complexes. Recent investigations have revealed
that most of the CDKS5 in cells forms large multimeric
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complexes of high molecular weight, ranging from 60
to 670kDa, in which CDKS5 is associated with p25,
p35, synapsin, t-, B-catenins, and N-cadherins [4].
Increased CDKS kinase activity has been implicated in
Alzheimer’s disease. Furthermore, pretreatment of
cells with CDKS5 inhibitors protected cells against
neuronal death [9]. Since deregulation of CDKS5 has
been implicated in Alzheimer’s disease, there is strong
interest in chemical inhibitors of CDKS5 that could
play an important role in the discovery of anti-
Alzheimer’s disease agents.

Roscovitine  [2-(R)-(1-ethyl-2-hydroxy-ethylamino)-
6-benzylamino-9-isopropylpurine] is a purine analog that
has been shown to potently inhibit CDK, with IC50
values ranging from 0.16 uM (for CDKJ5) to over
100 uM (for CDK4 and CDKG®6) [10]. The crystallo-
graphic structure of the binary complex of CDK2-ros-
covitine indicates that the inhibitor is strongly bound in
the ATP-binding pocket of CDK2. This article describes
the modeling of human CDKS5 complexed with rosco-
vitine. The investigation was made in order to gain
further insight into the structural basis for chemical
inhibition of CDKS.
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Methods

Molecular modeling. The structure of CDKS complexed with p25 has
been recently determined [11] and a molecular model for CDK5 com-
plexed with the peptide PKTPKKAKKL has also been reported [12];
however, the atomic coordinates for CDKS5 are not available. Therefore,
for modeling of the CDKS5 we used a protocol previously described for
modeling of CDKO9 [13]. In brief, model building of CDKS was carried
out using the program MODELLER [14]. The atomic coordinates of
eight crystallographic CDK2 structures solved to resolution better than
2.1 A were used to build up an ensemble of CDK2 structures to be used as
starting models for modeling of the CDKS. The alignment of CDK2
(template) and CDKS5 (target) is shown in Fig. 1. Next, the spatial re-
straints and CHARMM energy terms enforcing proper stereochemistry
[15] were combined into an objective function. Finally, the model is
obtained by optimizing the objective function in Cartesian space. The
optimization is carried out by the use of the variable target function
method [16] employing methods of conjugate gradients and molecular
dynamics with simulated annealing. Several slightly different models can
be calculated by varying the initial structure. We generated 500 CDK5
models and the final model was selected based on stereochemical quality.
The roscovitine molecule from the CDK2-roscovitine structure was
superposed onto the best CDKS5 model. Further optimization of the
complex CDKS5-roscovitine was performed following the procedure
described for CDK5 model. All optimization process was performed on
SGI Octane, R12000.

Analysis of the model. The overall stereochemical quality of the
final model for CDKS was assessed by the program PROCHECK [17].
Atomic models were superposed using the program LSQKAB from
CCP4 [18]. The cutoff for hydrogen bonds and salt bridges was 3.6 A.
The contact surfaces for the binary complexes were calculated using
AREAIMOL and RESAREA [18].

Results and discussion
Quality of the model

Fig. 2 shows the Ramachandran diagram ¢—y plots
for the binary complex of CDK5-roscovitine. The Ra-
machandran plot for the eight CDK2 structures was
also generated (figure not shown) to compare the overall
stereochemical quality of CDKS5 model against CDK2
structures solved by biocrystallography. Analysis of the
Ramachandran plot of the best CDKS5 model shows that
91.0% of the residues lies in the most favorable regions,
8.2% in the additional allowed regions, and 0.8% in the
disallowed regions (Asp97 and Alal98). The same
analysis for eight crystallographic CDK2 structures
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presents 89.8% of residues in the most favorable, 9.7% in
additional allowed regions, and 0.5% in generously al-
lowed regions. The overall rating for the model is better
than the one obtained for the eight structures of CDK2.

Overall description

The model of the kinase in the complex CDKS5-ros-
covitine is folded into the typical bilobal structure as was
observed for CDK2 structure [19,20], with the smaller N-
terminal lobe consisting predominantly of B-sheet struc-
ture and the larger C-terminal lobe consisting primarily of
a-helices. Fig. 3 shows a schematic drawing of the com-
plex CDK5-roscovitine. The N-terminal lobe of CDK5
consists of a sheet of five antiparallel B-strands (B1-f5)
and a single large helix (a1). The C-terminal lobe contains
a pseudo-4-helical bundle (a2, 3, 4, 6), a small B-ribbon
(B6-B8), and two additional helices (a5, 7). The roscovi-
tine molecule is found in the cleft between the two lobes.

Molecular fork

Analysis of the many available crystal structures of
CDK2-inhibitor complexes reveals the existence of con-
served interactions that appear to be determinant for
recognition of the small molecules by the ATP-binding
pocket of this class of enzymes. The participation of a
molecular fork composed of C=0 group on Glu81, N-H
group, and C=0 group in Leu83 in hydrogen bonds be-
tween CDK2 and inhibitor has been observed on several
CDK2-inhibitor structures. Furthermore, the molecular
model for CDK9 complexed with flavopiridol also pre-
sented the molecular fork [13]. In the CDK5-roscovitine
model this molecular fork is composed of C=0 on Glu§]1,
N-H, and C=0 on Cys83 and participates in hydrogen
bonds between CDKS5 and roscovitine.

Side chain positions

To find out whether roscovitine binding to CDK5
induces changes in side chain conformation in the
binding pocket, we compared the binding pockets of
CDKS5 complexed with roscovitine and CDK2 com-
plexed with ATP (PDB access code: 1HCK) after a
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Fig. 1. Sequence alignment of human CDK2 and CDKS5. There is 40.4% identity between CDK?2 and CDKS sequences in the modelled region. The
alignment was performed with the program CLUSTAL V [25].
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Fig. 2. Ramachandran plot for the CDKS. The regions A, B, and L are
more favorable, the regions a, b, 1, and p are allowed and ~a, ~b, ~1, and
~p are generously allowed regions. Glycine residues are shown as
triangles.

Fig. 3. Ribbon diagram of the human CDKS5 generated by Molscript
26].

superposition of the models based on their Ca.atoms. This
superposition revealed the significant movement of two
side chains. For the roscovitine complex, it was observed
that Lys20 changed its position, with NZ moving by

1.97A away from its position in the ATP complex and
Phe82 changed its position, with CZ moving by 2.91 A
away from its position in the ATP complex. No significant
movements were observed on the side chains in the ATP-
binding pocket of the complex CDKS5-roscovitine. In
summary, roscovitine fits very well to the binding pocket
with small adjustments in the side chains.

Interactions of roscovitine with CDKS5

The specificity and affinity between enzyme and its
inhibitor depend on directional hydrogen bonds and ionic
interactions, as well as on shape complementarity of the
contact surfaces of both partners [21-23]. A total of five
hydrogen bonds were observed between CDKS5 and ros-
covitine, in binary model, involving the residues Cys83,
Asp86, and GInl130. For the CDK2-roscovitine model
two hydrogen bonds involving the residue Leu83 were
observed. Table 1 shows the intermolecular hydrogen
bonds for both complexes. The higher number of inter-
molecular hydrogen bonds, observed in the CDK5-ros-
covitine complex, is probably due to the modification of
His84 (CDK2) to Asp in the CDKS5 sequence, which al-
lows an additional salt bridge in the CDKS5 structure,
involving Asp84 and Lys20. This salt bridge moves the
inhibitor away from the molecular fork of CDKS5, how-
ever, keeping the intermolecular hydrogen bonds between
the molecular fork and roscovitine. Nevertheless, this
movement is enough to bring roscovitine closer to the side
chains of GInl130 and Asp86, which allows additional
intermolecular hydrogen bonds.

Superposition of the CDK2-ATP onto CDK5-ros-
covitine structure indicates that the two ring systems of
roscovitine and ATP overlap approximately in the same
plane, however, with different orientations. As observed
for the crystallographic structure of roscovitine bound
to CDK2 [3], the region of CDKS5 occupied by the
phenyl ring of roscovitine is pointing away from the
ATP-binding pocket and partially exposed to solvent.
Fig. 4 shows the ATP-binding pocket for the complexes
CDK2-ATP and CDKS5-roscovitine.

The electrostatic potential surface of the CDK2-
roscovitine and the model of CDK5 complexed with the
same inhibitor were calculated with GRASP [24].
The analysis of the charge distribution of the binding
pockets indicates the presence of some charge comple-

Table 1
Intermolecular hydrogen bonds between CDKS5 and roscovitine

Roscovitine CDK Distance (A)

Residue, atom

N6 CDK2 Leu83 O 2.82
N7 CDK2 Leu83 N 3.38
N6 CDK5 Cys83 O 3.10
N7 CDK5 Cys83 N 3.53
Ol CDK5 GInl130 NE2 3.29
N2 CDK5 Asp86 OD2 3.54
N1 CDK5 Asp86 OD2 3.16
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Fig. 4. Superimposed binding pockets of CDK5-roscovitine complex (thick line) and CDK2-ATP complex (thin line).

mentarity between inhibitor and enzyme; nevertheless,
most of the binding pocket is hydrophobic in both
structures.

Conclusions

The overall structure of the complex indicates that the
roscovitine is tightly bound to the ATP-binding pocket
and no further ATP-binding sites were identified in the
CDKS structure. Both complexes presented the same
contact areas (334 A ), with no direct correlation with the
activity of these inhibitors. This is probably because they
are all very specific inhibitors for CDK2 and CDKS.
Analysis of the number of hydrogen bonds between
roscovitine and CDK5 and CDK?2 shows that the CDK5—
roscovitine complex has a higher number of intermolec-
ular hydrogen bonds, which indicates that roscovitine has
higher affinity for CDKS5 than for CDK2. The IC50 values
for inhibition by roscovitine of CDK?2 and CDK5 are 0.70
and 0.16 uM, respectively [10].

The analysis of the structural models and activity ex-
periments strongly indicates that the comparison of
structures of different enzymes complexed with same in-
hibitor (roscovitine complexed with CDKS5 and CDK?2)
can be used for a qualitative analysis of the activity of
these inhibitors against different enzymes. Furthermore,
the molecular fork identified in CDK2 structures and
CDK9 molecular model seems to be conserved in CDK5
structure, and also participates in hydrogen bonds with
inhibitors, which suggests that CDKS5 may also be
strongly inhibited by other CDK2 inhibitors, which opens
the possibility of testing new inhibitors. Further inhibi-
tion experiments may confirm this prediction.
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