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CDKO9 a Potential Target for Drug Development
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Abstract: The family of Cyclin-Dependent Kinases (CDKs) can be subdivided into two major functional groups based on
their roles in cell cycle and/or transcriptional control. CDK9 is the catalytic subunit of positive transcription elongation
factor b (P-TEFb). CDKOY is the kinase of the TAK complex (Tat-associated kinase complex), and binds to Tat protein of
HIV, suggesting a possible role for CDK9 in AIDS progression. CDK9 complexed with its regulatory partner cyclin T1,
serves as a cellular mediator of the transactivation function of the HIV Tat protein. P-TEFb is responsible for the phos-
phorylation of the carboxyl-terminal domain of RNA Pol II, resulting in stimulation of transcription. Furthermore, the
complexes containing CDK9 induce the differentiation in distinct tissue. The CDK9/cyclin T1 complex is expressed at
higher level in more differentiated primary neuroectodermal and neuroblastoma tumors, showing a correlation between
the kinase expression and tumor differentiation grade. This may have clinical and therapeutical implications for these tu-
mor types. Among the CDK inhibitors two have shown to be effective against CDK9: Roscovitine and Flavopiridol.
These two inhibitors prevented the replication of human immunodeficiency virus (HIV) type 1 by blocking Tat transacti-
vation of the HIV type 1 promoter. These compounds inhibit CDKs by binding to the catalytic domain in place of ATP,
preventing transfer of a phosphate group to the substrate. More sensitive therapeutic agents of CDK9 can be designed, and
structural studies can add information in the understanding of this kinase. The major features related to CDK9 inhibition

will be reviewed in this article.
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INTRODUCTION

Cell cycle progression is controlled by cyclin-dependent
kinases (CDKs) [1-3]. CDKs ( EC 2.7.11.22) are part of a
family of serine/threonine protein kinases that play a key role
in the regulation of progression through the cell division
cycle. In each phase of the cell cycle CDKs phosphorylate
distinct proteins and therefore are usually classified as either
Gl (CDK4 and CDKé6/cyclins D, CDK2/cyclin E), S
(CDK2/cyclin A, CDKl1/cyclin A), or G2/M (CDKl/cyclin
B) phase specific [4,5]. Human CDKs are inactive as mono-
mers and regulation of these kinases is tightly controlled at
different levels, including interactions with negative and
positive partners, activation by de/phosphorylation and sub-
cellular localization.

Besides the role in cell cycle regulation, several CDKs
participate in other physiological processes, such as neuronal
function (CDKS5, CDKI11), apoptosis (CDK1, CDKS5) and
transcription (CDK2, CDK7, CDK8, CDK9, CDK11), which
are also affected by pharmacological inhibitors of CDKs
[6,7][9, 23]. Especially the latter one has recently attracted
medicinal chemists, because roles of CDKs in many viral
infections have been established. Small DNA viruses rely on
host cell CDK2 for their replication, some require host ex-
pression apparatus (CDK2-activated) to synthesize replica-
tion proteins, while others encode their own cyclins that
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activate cellular CDKs, or contain proteins that directly re-
cruits CDKs to the nascent viral transcripts to finish its syn-
thesis [8].

Since deregulation of cyclins and/or alteration or absence
of CDK inhibitors (CKlIs) has been associated with many
cancers, there is strong interest in chemical inhibitors of
CDKs that could play an important role in the discovery of
new family of antitumor agents [9]. Therefore, namely
CDK2 and 4 became very often investigated as promising
protein targets for development of novel anticancer agents
[10-13]. In addition to the positive regulatory role of cyclins
and CDK?7, many negative regulatory proteins (CKIs) have
been discovered [13]. CKIs fall into two broad categories
based upon whether they bind solely to the catalytic subunit
(CDK) or whether they bind to CDK complexes. The former
category has been identified only in higher eukaryotic cells
and is termed the INK family. The most studied INKs are the
proteins pl5, pl6, pl8, and pl19. These inhibitory proteins
bind to CDK4 and 6 and prevent binding of the cyclin part-
ner [14]. Inhibitors of the second category bind to CDK
complexes. In mammalian cells, this family includes protein
p21, p27, and p57 [14]. Besides positive and negative regula-
tion by phosphorylation and binding of cyclins and CKIs,
CDKs interact with another class of regulatory proteins
known as CskHs. This protein is also known as p9. It was
identified two homologues in humans (CskHs1 and CskHs2)
[13]. Despite many studies investigating its role in the cell
cycle, the function of p9 is not yet understood. The structure
of the complex CDK2-p9 has been determined and based on
this structure it was proposed that p9 acts in targeting the
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CDKs to other proteins or macromolecular assemblies [15].
It is clear that phosphorylation of serine, threonine and tyro-
sine residues is of major importance in all aspects of cell life
and protein kinases are pharmacological targets [6].

ATP is the authentic cofactor of CDK it can be consid-
ered as a "lead compound" for discovery of CDK inhibitors.
However, there are two major concerns: adenine containing
compounds are common ligands for many enzymes in cells,
thus, and adenine derivatives may inhibit other enzymes in
the cells; second, any highly charged groups such as phos-
phates in ATP will prevent uptake by cells [16].

Over 80 CDK2 inhibitors have now been described, some
of then presents IC50 at nanomolar concentrations [17]. Dur-
ing the past decade many potent and selective inhibitors of
CDKs were developed in the SAR drug discovery programs,
in spite of a relevant degree of active site similarity across
the realm of protein kinases. The structures of binary com-
plexes between CDK2 with several different inhibitors have
been described using biocristallography and structural bioin-
formatics. Recently Canduri & Azevedo [18], proposed a
major classification for CDK inhibitors. In this classification
the chemical inhibitors of CDK2 are divided in two broad
classes considering their specificities. Class I CDK inhibitors
are those that are selective for CDK2 (and also CDK1, 5),
such as olomoucine, roscovitine, purvalanol B, aminopur-
valanol, hymenialdisine, indirubin-3'-monoxime, indirubin-
S-sulfonate, SU9516 and alsterpaullone. Class II CDK in-
hibitors are those that are not selective for any specific CDK,
such as deschloroflavopiridol and flavopiridol. Class II in-
hibitors are not specific for CDK2, although some of them
present IC50 in nanomolar concentrations, such as flavopiri-
dol. The effects of CDK inhibitors on the cell cycle progres-
sion and their potential value for the treatment of cancer
have been extensively studied [6,19]. There are three main
features that make CDK inhibitors potential anti-tumor
agents: 1) They arrest cells in G1 or G2/M. 2) They trigger
apoptosis, alone or in combination with other treatments. 3)
In some case, inhibition of CDKs contributes to cell differen-
tiation [20-23].

Most of the CDK inhibitors comprise of structurally dis-
tinct flat heterocyclic molecules, entering the active site and
competing with ATP, a feature usually demonstrated by en-
zyme kinetics and CDK2-inhibitor co-crystals and CDK9-
inhibitor homology models. Anti-CDK drugs possess inhibi-
tory properties against cancer cells both in vitro and in vivo
and some of them (e.g. trisubstituted purine roscovitine,
chloroindolyl sulphonamide E7070 and 2-aminothiazole
BMS-387032) are hence already evaluated in clinical trials
as a new generation of anticancer chemotherapeutics [24].
Efficiency of several CDK inhibitors such as olomoucine,
roscovitine and flavopiridol has been demonstrated on life
cycles of several viruses and their activity attributed to inhi-
bition of transcription [23-26]. However, also oncology of-
fers a new application for these inhibitors. Despite both in
vitro and in vivo efficiency of CDK2 inhibitors, a rationale
for their anticancer application has been displaced by evi-
dence that CDK2 knock-out mice are fully viable [27]. What
is the proper reason for activity of these inhibitors is still not
clear, but there are strong evidences that more CDKs must be
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targeted at the same time [17]. In particular, inhibition of
CDKs mediating phosphorylation of the C-terminal domain
(CTD) of RNA polymerase II is thought to markedly con-
tribute to cytotoxic potency of such compounds, as shown
with flavopiridol and roscovitine [28-31]. Pharmacological
inhibition of transcription, resulting in rapid decline of the
protein levels (especially those where both mRNA and pro-
tein have short half-lives), might be the explanation for in-
duction of cell death. One such gene product is the antiapop-
totic factor Mcl-1crucial for the survival of a range of cell
types, and its down-regulation either by roscovitine or
siRNA is sufficient to induce apoptosis [32, 33]. More par-
ticularly, selective CDK9 inhibition could also serve as a
potential therapeutic strategy against tumor invasion and
metastasis, as has been recently demonstrated that inflamma-
tory cytokine tumour necrosis factor-alpha promotes tumour
progression through activation of matrix metalloproteinase
[17,34].

Recent progress on the development and analysis of
CDK inhibitors already identified several structurally diverse
compounds having the ability to block the CDKs’ phospho-
rylating activity [17,35,36]. Newly identified, 4-phenylazo-
3,5-diamino-pyrazole inhibitors were found to weakly inhibit
the activity of CDK2/cyclin E [17]. Due to the relatively
easy synthesis of its derivatives several new protein kinase
inhibitors were developed based on this moiety. A total of
thirty five 3,5-diaminopyrazole derivatives substituted with
different arylazo side chains at position 4 were synthesized
to illustrate their structure-activity relationships, and deter-
mine their in vitro antiproliferative properties on cancer cell
lines [17]. This review is focused on the structural basis for
specificity of human CDK9 by several different moieties
such as flavone derivatives, purines and diaminopyrazole
derivatives.

HUMAN CDKs

There are over a hundred close-related serine/threonine
protein kinases identified in the human genome, however
many of them are result of alternative splicing or present
larger sequence, when compared with CDK1 and CDK2,
which makes alignment clumsy. Fig. (1) shows the sequence
alignment of 10 human CDKs. In this alignment we can eas-
ily visualize the proximity of CDKs. Analysis of the align-
ment human CDKs indicates the similarity of CDK9 with
CDKS8 and CDK7. The sequence dendrogram shown in Fig.
(2), suggested that the CDK alignment joins the sequences in
three sub-families, besides the CDK9 sub-family, there is
one sub-family joining CDK1, 2, 3 and 5, and a third cluster
joining CDK4, 6 and 10. This information has been success-
fully used to model CDK1 [37], CDK9 [38], and CDKS5 [39],
generating reasonable models. These models have been used
to establish the structural basis for inhibition of these CDKs.

CLONING, EXPRESSION AND PURIFICATION OF
CDK9

In order to perform structural studies, human CDK9 has
been produced using pET vector system and E. coli BL21
(DE)pLys. The expression in different temperatures was
used to yield soluble CDK9. The best condition was obtained
by culturing the selected colonies with the plasmid
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pET23a(+)::cdk9 in LB medium at 30 °C and 0.1mM IPTG.
The expression at 37 °C resulted in high amounts of precipi-
tated proteins; at lower temperature (28 and 20 °C), the ex-
pression resulted in low amounts of protein. In respect to
IPTG, we found that cultures with lower IPTG concentra-
tions produced appropriate amounts of soluble protein. Al-
most 40mg.mL™" of total protein was synthesized and the
soluble proteins were recovered after centrifugation [40].
The CDK9 obtained following this procedure was used for
CD studies, which corroborates the molecular model previ-
ously obtained for CDK9 [17].

Canduri et al.

Circular dichroism is an important technique to estimate
secondary structure content, to validate protein homology
modeling, and for monitoring conformational changes of
proteins due to drug binding. This technique has been em-
ployed to assess the CDK9 structure in solution. Analysis of
the CD spectrum showed that it contains 30-34% helix, 33—
36% beta, and 21-29% of coil. Such CD data permitted to
obtain information about the CDKJ9 structures of the regions
not modeled [40]. The results suggest that human recombi-
nant CDK9 maintains secondary structures and is viable to
functional and structural studies.
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Fig. (1). Sequence alignment of 10 human CDKs generated using BioEdit [58]. The alignment was performed using ClustalW [54].

CDK9 BIOLOGICAL FUNCTIONS
Global Transcriptional Elongation Factor

Transcription by RNA polymerase II (pol II) is a multis-
tep process including preinitiation, initiation, promoter clear-
ance, elongation, and termination [41].

P-TEFb, a positive transcription elongation factor stimu-
lates transcription elongation by phosphorylating Ser2 of the
52 repeats of heptapeptide Tyr-Ser-Pro-Thr-Ser-Pro-Ser of

the carboxyl terminal domain (CTD) of the RNA pol II [42],
preventing its arrest. P-TEFb is a heterodimeric complex
comprised of cyclin-dependent kinase 9 (CDK9) and a regu-
latory cyclin subunit of the T (T1, T2a, T2b or K1).

Tak and CDK9

Human immunodeficiency virus type 1 (HIV-1) encodes
for a protein, Tat, which dramatically activates viral tran-
scription. This simulation occurs through the interaction of
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Fig. (2). Sequence dendrogram of the alignment obtained for 10
human CDKs. The alignment was performed using ClustalW [54].

the protein with the transactivator response (TAR) RNA
element located at the 5” end of nascent retroviral transcripts.
A Tat-associated kinase (TAK) was isolated, with the ability
to phosphorylate CTD. It was identified that CDK9 is the
kinase of the TAK complex, showing that TAK is analogous
to the P-TEFb [43]. In absence of Tat, phosphorylation of
CTD occurs on Ser 2 ad Ser 5; Cdk9 phosphorylates Ser 2,
while Cdk7 phosphorylates Ser 5. In presence of Tat, on the
other hand, the substrate specificity of Cdk9 is altered, and
this kinase phosphorylates both the Ser residues. This sug-
gests that the ability of Tat to increase transcription elonga-
tion may be due to its ability to modify the substrate specific-
ity of the Cdk9 complex [44].

CDK9 model

The sequence of Cell division protein kinase 9 (EC
2.7.11.22) (EC 2.7.11.23) (CDKJ9) consists 372 amino acids
with a molecular weight of 42,778 Da and a theoretical pI of
8.97. There is no crystallographic structure available for hu-
man CDK9, however the similarity between CDK9 and
CDK2 sequence makes CDK2 structure a reasonable tem-
plate for modelling of CDK9. Azevedo et al using the
atomic coordinates of CDK2 generated a homology model
for human CDKD9, that has also been used to study the struc-
tural basis for interaction between CDK9 and inhibitors [38].
To model CDK9 structure it was used Parmodel, a free web-
server dedicated to molecular modeling [45]. The alignment
of CDK2 (template) and CDK9 (target) is shown in Fig. (1).
Fifteen residues from the N-terminal and 45 residues from
the C-terminus were removed from the CDK9 model, since
there is no good template for these fragments. Analysis of
the CDKO structure shows that it belongs to the class of al-
phatbeta structures and investigation of the fold indicates
two alphatbeta domains with a larger C-terminal mostly
alpha helical, which is characteristic of the protein-kinase
fold. Fig. (3) shows the structure of human CDK9 in com-
plex with ATP. As expected the structural model of CDK9
shows a bilobal structure, with smaller N-terminal domain
consisting of a sheet of five antiparallel B-strands and a sin-
gle large a-helix. The larger C-terminal domain consists
primarily of a-helices. It contains a pseudo-4-helical bundle,
a small B-ribbon and two additional a-helices. The ATP-
binding pocket is found in the cleft between the two lobes.
The adenine base is positioned in a hydrophobic pocket be-
tween the B-sheet of the small domain. In the binary complex
of CDK9-ATP the ATP phosphates are held in position by
ionic and hydrogen-bonding interactions with several resi-
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Fig. (3). Structure of human CDK9 in complex with ATP solved by
molecular modeling [55]. Figure generated using Pymol [56], the
protein is presented as ribbon diagram (light gray) and ligand ATP
is presented as stick model (dark gray).

dues, including Lys33, Asp145, and the backbone amides of
the glycine-rich loop (residues 10-17). It was observed that
ATP binding to CDK9 appears to induce a slight closure of
the cleft by a 2° hinge movement around an axis parallel to
the longitudinal axis of the ATP molecule, as observed for
the crystallographic structure of CDK2 [38]. All inhibitors
and ATP bind in the deep cleft between the two domains.
Sequence alignment of 10 close related human CDKs (Fig.
(1)) indicates that these CDKs share several conserved struc-
tures, such as: Glycine loop, T loop, and P loop. Fig. (4)
shows the intermolecular contact between CDK9 and ATP.

Inhibition of CDK9

Based on the structural models obtained for the com-
plexes between CDK9 and different ligands we may high-
light few structural features identified on these models that
are important for inhibition of CDK9. There is structural
information available for CDK9 in complex with flavopiridol
[38] and with CANS508 [17], both inhibitors present low mo-
lecular weight, below 600 Da, and they are all flat and hy-
drophobic heterocycles. Fig. (5) shows the structural formula
for flavopiridol and CANS508. Furthermore, all CDK inhibi-
tors studied so far act by competing with ATP for binding in
the CDK ATP-binding pocket [18]. Fig. (6) shows the inter-
action of these two inhibitors with ATP-binding pocket.
Most of the contacts are hydrophobic and the complexes
present few intermolecular interactions. The inhibitors are
enclosed in a hydrophobic pocket formed by Ile10, Ala31,
Val64, and Leul34. This hydrophobic environment is con-
served in all human CDKs, with one exception at position
31, which is replaced for Asp in the CDK8 sequence. We
used the numbering scheme shown for CDK2. Analysis of
the contact area between inhibitor and CDK9 indicates that
inhibitors with low IC50 values (higher affinity for CDK9)
present higher contact areas and higher number intermolecu-
lar hydrogen bonds. One of the most studied CDK inhibitor
is flavopiridol, which is also one of the most potent inhibi-
tors of HIV-1 transcription and virus replication identified to
date.



CDKY a Potential Target for Drug Development

Asn 139

@

-2

Phe 90 —

Medicinal Chemistry, 2008, Vol. 4 No. 3 215

2

oDl g ‘i

SR P

L on2 ‘*’
Dl 1

|
\ Phe 15 goa
1 N

Ala 31

Leu 141

Fig. (4). Intermolecular contacts between CDK9 and ATP. Figure generated with Ligplot [57], the dashed lines shows the hydrogen bonds

among CDKO9 residues and ATP ligand and its length.

A primary target of flavopiridol is the positive transcrip-
tion elongation factors b (P-TEFb) kinase. A close inspection
of the CDK9 model did not reveal the presence of any addi-
tional binding pockets. Furthermore, attempt to dock CDK
inhibitors with CDK9 identified the same ATP pocket as a
binding site [38]. CDK9-flavopiridol model clearly reveals a
very tight binding of the inhibitor to the enzyme, which may
essentially inactivate the enzyme, in such scenery a competi-
tive kinetic mechanism is possible.

Analysis of the binary complexes of CDK2 and CDK9
with flavopiridol indicates that the contact areas for the com-
plexes of CDK2 and CDK9 with flavopiridol are 320 A* and
332 A? respectively, which may partially explain the lower
IC50 value observed for CDK9. In addition, the CDK9—
flavopiridol complex shows a higher number of intermolecu-
lar hydrogen bonds, which also indicates that flavopiridol
has higher affinity for CDK9. The structure of the binary
complex indicates that the flavopiridol is tightly bound to the
ATP-binding pocket and since no further binding sites were
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A

Fig. (5). Structural formula for CAN508 (4-Arylazo-3,5-diamino-
pyrazole) (A) and flavopiridol (B).

identified in the CDK9 structure we have strong structural
evidence that flavopiridol is a competitive inhibitor with
ATP, as observed for the CDK2. Superposition of the com-
plexes of flavopiridol with CDK2 and CDK9 is shown on
Fig. (7). The benzopyran ring of flavopiridol occupies ap-
proximately the same region in both complexes. This region
is the same occupied by the purine ring of ATP in the
CDK2-ATP complex [16]. Superposition of the CDK2-ATP
onto CDK9-flavopiridol structure indicates that the two ring
systems overlap approximately in the same plane, but the
benzopyran is rotated about 52.5° relative to the adenine in
ATP, measured as the angle between the carbon—carbon
bonds joining the two cycles in benzopyran and adenine
rings, respectively. Two strong salt bridges are observed
between Glu 92-Lys 20 and Glu 92-Lys 29 in the CDK9-
flavopiridol structure, these salt bridges involve residues
from two different lobes of the CDK9 structure and they are
not conserved on the CDK2 structure, Lys 20 and 29 in the
N-terminal lobe and Glu 92 in the C-terminal lobe. This
strong electrostatic interaction brings the two lobes of CDK9
closer, which increases the contact area between enzyme and
inhibitor. Fig. (8) shows the position of the salt bridges on
the CDKO9 structure. Furthermore the side chains of Glu 92,

Ala 138

Met 312
Leu 141
Ile :}

€25

0 OB
. Cys 91
Ala 3l

Fig. (6). Intermolecular hydrogen bonds for flavopiridol (A) and CAN508 (B) with ATP-binding pocket. Figure generated with Ligplot [57].
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Lys 20, and Lys 29 brings the phenyl of Phe 90 to a position
deeper in the binding pocket, which also contributed to in-
crease the contact area between flavopiridol and CDK9.

Lys 33

Asp 145

Asp 152

DFPLP

Fig. (7). Details of superposition of the complexes of deschlorofla-
vopiridol (DFPLP) with CDK2 and flavopiridol (FPLP) with CDK9
showing intermolecular hydrogen bonds involving ligand and resi-
dues, indicated with dashed lines. The figure was generated with
program Pymol [56]. CDK2 and DFPLP are presented as black
stick and CDK9 and FPLP as light gray stick.

Most recently, a structural model for the binary complex
of CDK9-CANS508 has been proposed using the same proto-
col described for the modeling of CDK9-flavopiridol [17].
This inhibitor, CAN508 (4-Arylazo-3,5-diaminopyrazole),
proved to be a competitive inhibitor of CDK2-cyclin E with
respect to ATP [17]. Cellular activity of CANS508 blocks
proliferation of several tested cancer cell lines. Roscovitine a
well-known CDK inhibitor, which has similar affinity for
CDK9 [24] causes accumulation of p53 in cells treated at
lower concentrations [17]. Analysis of the CDK selectivity

Leu 141 —

Can 508

N3



CDKY a Potential Target for Drug Development

Fig. (8). Salt bridges, observed between Glu 92-Lys 20 and Glu
92—Lys 29 in the CDK9—flavopiridol. Figure generated with pro-
gram Pymol [56], the CDKO9 is presented as ribbon (light gray) and
residues Lys 20, Lys 29 and Glu 92 are presented as stick (dark

gray).

profiles indicates that inhibition of other CDKs (probably via
combined effects on CDK2, CDK7, and CDK9) may be re-
sponsible for the antiproliferative and pro-apoptotic potency
of CDK inhibitors [17]. However, the cellular activity of
several 4-phenylazo-3,5-diamino-1H-pyrazole derivatives
significantly exceeded that of olomoucine, thus, they repre-
sent good lead compounds for further structural optimization
of specific CDK9 inhibitors [17], with applications in devel-
opment of anticancer and anti-viral drugs.

The selectivity of CANS508 towards CDKO9-cyclin T1
found during kinase assays prompted an investigation into
the structural basis for this selectivity. Analysis of the mod-
eled interactions between CAN508 and CDK9 (Fig. (6)) in-
dicates the participation of Aspl52 (which corresponds to
Aspl45 in CDK2) in an intermolecular hydrogen bond with
the phenol- OH of the inhibitor. Intermolecular hydrogen-
bond interactions corresponding to those with Glu81 and
Leu83 observed in the CDK2-CANS508 [17] complex appear
to be absent in the CDK9-CANS508 model. This was the first
CDK inhibitor to show no participation of the molecular fork
of CDK in intermolecular hydrogen bonds, previously de-
scribed to be present in intermolecular hydrogen bonds in the
structures of all CDK-inhibitor complexes studied so far
[38]. In the CDK9 complex structure, CDK9 interactions
with CANS508 are characterized by predominantly hydro-
phobic and van der Waals interactions between the protein
and the 4-phenylazo moiety. Most of the intermolecular con-
tacts between CDK9 and CANS508 involve a hydrophobic
pocket formed by the residues Ile25, Val33, Phel03, Cys116,
Leul56, Alal66, and Aspl67. A structural comparison of
both complexes (CDK2-CANS508 and CDK9-CANS508) indi-
cates that the specificity of CANS508 for CDK9 does not
stem from the establishment of intermolecular hydrogen
bonds, because the CDK9-CANS508 complex presents a
smaller number of hydrogen bonds when compared with
CDK2-CANS508 complex. The most striking difference be-
tween the two complexes concerns the intermolecular con-
tact area, which is significantly higher in the CDK9 complex
(190 A% than in the CDK2 complex (174 A?). Structural
inspection of the interaction between CANS508 and CDK9
suggests that the inhibitor’s specificity against CDK9 is
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probably due to the 4-phenylazo moiety, which affords a
higher intermolecular contact area with CDK9 than that ob-
served for the CDK2-CANS508 complex. Especially interest-
ing is the presence of two salt bridges (Glul107-Lys35 and
Glul07-Lys44) in the CDK9-CANS508 structure; these were
also observed in the CDK9-flavopiridol complex and involve
residues at interface between both lobes of the CDK9 struc-
ture, the overall result is an increase in the contact area be-
tween the CDK9 and CANS508. These salt bridges are not
observed in the CDK2-CANS508 complex. A tighter ATP-
binding pocket observed in the CDK9-CANS508 complex
makes possible a higher number of intermolecular van der
Waals contacts between CDK9 and CANS508.

The analysis of the charge distribution of the binding
pockets indicates the presence of some charge complemen-
tarity between inhibitor and enzyme, nevertheless most of
the binding pocket is hydrophobic in both structures. The
overall analysis of the intermolecular interaction between
CDKO9 and inhibitors strongly indicates that we would expect
higher intermolecular contact area and higher number of
intermolecular hydrogen bonds for inhibitors with low IC50.
This qualitative observation may help the guidance on ex-
ploring large chemical libraries, selecting potential new
CDK inhibitor based on the intermolecular hydrogen bond
pattern and contact area.

MOLECULAR FORK

It has been observed in several structures of CDK2 and
CDK9 complexed with inhibitors the participation of a mo-
lecular fork, composed by a C=0O group of Glu81 (Asp in
CDK9) and the N-H and C=O group of Leu83 (Cys in
CDKD9), in intermolecular hydrogen bonds between CDK2
and CDK9 and the inhibitors. There are eighty structures of
CDK2 complexed with inhibitors (search performed on the
PDB [46] on January 2007). Analysis of the intermolecular
hydrogen bond distances between CDK2 and all inhibitors
that have atomic coordinates deposited in the PDB and also
for the complexes of CDK2 with IPA, olomoucine, rosco-
vitine, and flavopiridol strongly indicates the conservation of
at least one member of the molecular fork in hydrogen bond-
ing. This molecular fork, composed of two hydrogen bond
acceptors (C=0) and one hydrogen bond donor (N-H), al-
lows a wide range of different molecules to dock on to the
ATP binding pocket, such as: olomoucine, isopenteny-
ladenine, and roscovitine [47,48,39], staurosporine [49], pur-
valanols [50], indirubins [51], hymenialdisine [49], UCN-
01[52], NU2058 [18], and diaminopyrazole derivatives [17].
All these inhibitors have pairs of hydrogen bond partners that
show complementarity to the molecular fork on CDK2 and
CDK9, most of them involving at least two hydrogen bonds
with the molecular fork. The relative orientation of the in-
hibitor in the ATP-binding pockets of CDK2 and CDK9 lo-
cate one hydrogen bond donor close to C=0 in Glu81 (Asp
in CDK9) and/or Leu83 (Cys in CDK9), and an acceptor
close to N-H in Leu83 (Cys in CDK9). Differences in the
sequence of the molecular fork, observed between CDK2
and CDKDJ, is not expected to cause major differences in the
intermolecular hydrogen bonds of the molecular fork, since it
involves only main-chain atoms in the hydrogen bonds. Such
simple paradigm is conserved in all CDK2-inhibitor complex
structures solved so far. In all binary models obtained by
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homology modeling for CDK9, this molecular fork is also
conserved [40].

COMPLEX CDK9-CYCLIN

Human CDKSs are inactive as monomers, and their activa-
tion needs binding to cyclins, a diverse family of proteins
whose levels oscillate during the cell cycle, in the case of
CDKO the partner is (cyclin T or cyclin K). There is no struc-
tural information for cyclin T1, however recently the cyclin
K structure has been solved by X-ray crystallography [53].
The structure of cyclin K opened the possibility of modeling
of cyclin T1, since the sequence identity between them is
over 42 %. This modeling allowed studies of the interaction
of CDK9 and cyclin T1, using molecular modeling ap-
proaches. Two isoforms of CDK9 have been identified in the
human genome cells, CDK9 (42kDa) and CDK9 (55kDa),
which differ in their N-terminal domains. The association of
these isoforms with cyclins K, T1, T2a, and T2b, results in
the formation of eight structurally and functionally distinct
P-TEFb. This binary complex shows that their CDKO-
interacting surfaces present great structural differences,
which could potentially be exploited for the design of cyclin-
targeted inhibitors of the CDK9—cyclin K and CDK9—cyclin
T1 complexes.
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