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Abstract. The study describes the protein kinase selec-
tivity profile, as well as the binding mode of olomoucine II
in the catalytic cleft of CDK2, as determined from co-
crystal analysis. Apart from the main cell cycle-regulating
kinase CDK2, olomoucine II exerts specificity for CDK7
and CDK9, with important functions in the regulation of
RNA transcription. In vitro anticancer activity of the
inhibitor in a panel of tumor cell lines shows a wide 
potency range with a slight preference for cells harboring
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a wild-type p53 gene. Cell-based assays confirmed
activation of p53 protein levels and events leading to 
accumulation of p21WAF1. Additionally, in olomoucine 
II-treated cells, Mdm2 was found to form a complex with
the ribosomal protein L11, which inhibits Mdm2 ubi-
quitin ligase function. We conclude that perturbations in
RNA synthesis may lead to activation of p53 and that 
this contributes to the antiproliferative potency of cyclin-
dependent kinase inhibitors.
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Neoplastic transformation is a sequence of genomic alter-
ations, e.g. gain-of-function mutations resulting in onco-
protein activation, and loss-of-function mutations leading
to inactivation of tumor-suppressor gene products [1]. As
a consequence of these mutations, the transformed cell
acquires the ability to proliferate in the absence of extra-
cellular growth signals. This forced proliferative state is
tightly connected with elevated levels of the principal cell
cycle regulators, i.e. the cyclin-dependent kinases (CDKs).
Individual CDKs associate with their cyclin-activating
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partners which are cell cycle phase-specific proteins. The
various CDK-cyclin complexes reach maximum activity
during particular phases, i.e. CDK4/CDK6-cyclin D and
CDK2-cyclin E during G1, CDK2/cyclin A in S phase,
and CDK1/cyclin B at the G2/M boundary [1, 2]. Further-
more, at least CDK7, CDK8, and CDK9 participate in the
phosphorylation of the C-terminal domain (CTD) of RNA
polymerase II and thus regulate transcription [3]. Altered
protein phosphorylation patterns in cancer cells have
stimulated an extensive search for protein kinase inhibitors
with potential applications in cancer therapy [4, 5]. 
The discovery of olomoucine, one of the earliest reported
specific CDK inhibitors led to the development of exten-
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sive research on structure-activity relationships within
the 2,6,9-trisubstituted purine compound class to which
olomoucine belongs [6]. Structural modifications to olo-
moucine culminated in the discovery of even more potent
and CDK-selective antiproliferative purine inhibitors,
such as roscovitine, purvalanol A, and now olomoucine II
[7–9]. A chirally and chemically defined and pure form of
R-roscovitine (seliciclib, CYC202, Cyclacel) is currently
in phase II clinical trials in patients with cancer [4, 10, 11].
In recent years, a large number of pharmacological CDK
inhibitors other than trisubstituted purines, with a wide
variety of cellular antiproliferative mechanisms, have
also been reported [5, 12]. The antiproliferative activi-
ties of such compounds have variously been associated
with inhibition of CDK1/cyclin B, CDK2/cyclin E,
CDK2/cyclin A, and, to a lesser extent, with CDK4/
cyclin D, all kinases involved directly in the regulation
of the cell cycle, and also with inhibition of CDK7/
cyclin H, which forms part of the CDK-activating
(CAK) complex [2, 5].
The CDK inhibitors roscovitine and flavopiridol are
known to induce nuclear accumulation of the tumor 
suppressor protein p53, as well as to trigger its tran-
scriptional activity in human cancer cells [13–18]. 
Accumulated p53 in turn induces a host of downstream
genes, including those encoding the endogenous CDK
inhibitor p21WAF1 which executes cell cycle arrest, and
the p53-specific ubiquitin ligase Mdm2 which negatively
affects p53 activity and stability. However, unlike p53
transcriptional activity, p53 protein levels do not ap-
parently respond to elevated Mdm2 [17]. Moreover,
high doses of CDK inhibitors reduce expression of
Mdm2 and p21WAF1 [17; unpublished observation] as a
result of interference with global transcription and 
selective down-regulation of proteins with short half-
life mRNAs [8, 16, 18]. This may again lead to stabi-
lization of p53 by suppressing the expression of Mdm2.
Elsewhere, the pan-CDK specific inhibitor flavopiridol
has been found to display similar effects, exerting its
activity via several mechanisms, including interaction
with CDK9 [19]. Despite the evidence showing that
roscovitine-meditated p53 stabilization is linked to 
interference with transcription through inhibition of the
CDKs that regulate RNA synthesis, such as CDK7 and
9 [16, 18], the mechanism of p53 stabilization by CDK
inhibitors has not been fully explained. For example,
roscovitine can also inhibit rRNA synthesis, leading to
nucleolar disruption [20, 21]. 
The enhanced in vitro anticancer activity of olomoucine
II compared e.g. to the structurally related roscovitine [9]
motivated us to evaluate its protein kinase inhibition 
profile and the resulting cellular consequences. The 
present work is thus directed toward analysis of the mol-
ecular effects in cancer cells of olomoucine II, a novel
CDK inhibitor, with a focus on p53 activation.
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Materials and methods

Compounds
R-roscovitine [(2-R)-2-(6-benzylamino-9-isopropyl-9H-
purin-2-ylamino)-butan-1-ol)] and olomoucine II {2-{[2-
((1-R)-1-hydroxymethyl-propylamino)-9-isopropyl-9H-
purin-6-ylamino]-methyl}-phenol} were synthesized ac-
cording to published procedures [7, 9]. For biological
evaluation, compounds were made up as 100 mM stocks in
dimethylsulfoxide (DMSO) and diluted prior to applica-
tion in assay buffers or culture medium, respectively. The
maximum concentration of DMSO in the assays never
exceeded 0.1%. 

Kinase inhibition
Kinase assays were performed using a 96-well plate for-
mat with recombinant CDK-cyclin complexes generated
at Cyclacel, or with recombinant active ERK-2 or protein
kinase Ca (Upstate Biotechnology). CDK1, CDK2,
CDK4, CDK7, CDK9, SAPK2a (p38), and ERK-2 assays
were performed using an assay buffer consisting of 25 mM
b-glycerolphosphate, 20 mM MOPS, 5 mM EGTA, 1 mM
DTT, and 1 mM NaVO3 at pH 7.4, into which were added
2–4 µg of active enzyme with appropriate substrates
[purified histone H1 for CDK1/cyclin B, CDK2/cyclin E,
GST-pRb(773–928) for CDK2/cyclin A and CDK4/
cyclin D1, biotinyl-Ahx-(YSPTSPS)4 for CDK7/cyclin H
and CDK9/cyclin T1, or myelin basic protein for SAPK2a
(p38) and ERK-2). The reaction was initiated by addition
of Mg/ATP mix (15 mM MgCl2 and 100 µM ATP with
30–50 kBq per well of [g-32P]-ATP) and the mixtures
were incubated for 10–45 min as required, at 30°C. 
Reactions were stopped on ice, followed by filtration
through p81 or GF/C filter plates (Whatman Polyfiltron-
ics), except for CDK7 and CDK9, where, after stopping
reactions on ice, 50 mg avidin was added to each well and
incubation continued for 10 min prior to filtration. After
washing three times with 75 mM aqueous orthophos-
phoric acid, plates were dried, scintillant (Microscint 40)
added, and incorporated radioactivity measured in a
scintillation counter (TopCount; Packard Instruments).
Protein kinase C (PKC) and Protein kinase A (PKA) were
assayed using commercial assay kits (Amersham Biotrak
PKC and Upstate PKA assay kits). Data were analyzed
using curve-fitting software (GraphPad Prism version
3.00 for Windows) to determine IC50 values (concentra-
tions inhibiting kinase activity by 50%).

Crystallization and structure determination
Recombinant human CDK2 was produced and purified
as previously described [22]. Briefly, CDK2 crystals were
grown by vapor diffusion using the hanging-drop
method. A solution of CDK2 (7–8 mg/ml in the final 
purification buffer) was mixed with the precipitant 
solution containing 15% PEG 6000 and 100 mM 



Na-HEPES buffer (pH 7.5). Crystals were obtained after
3–5 days at 4°C. 
The olomoucine II/CDK2 complex was prepared by
transferring a coverslip containing a drop of native CDK2
crystals over a well solution of 40% PEG 6000 and equi-
librating at 4°C for 24 h. A single crystal of CDK2 was
transferred from this drop into a 2-µl drop of 40% PEG
6000, 100 mM Na-HEPES buffer (pH 7.5), 1 mM olo-
moucine II, and 5 mM DMSO, and placed over a well of
the same solution. Crystals were left to soak for 7 days.
The crystal of about 0.05 mm in length was mounted in a
0.05- to 0.1-mm cryoloop (Hampton Research) and was
flash frozen in liquid nitrogen. The soaking solution acted
as a cryoprotectant. All diffraction data were collected at
100 K (Cryostream) at ESRF, Grenoble, on station ID14.
Data processing was carried out using the programs
MOSFLM and SCALA [23]. Initial structure solution
was performed using the program MOLREP [24] using
an available CDK2 structure (PDB code 1HCL). The pro-
gram REFMAC [25] was used to perform refinement and
ARP/WARP [26] was used to add water molecules. Re-
finement and model building were performed using the
program O [27]. Atomic coordinates have been deposited
in the Brookhaven Protein Data Bank under the accession
code 2A0C.

Anticancer activity in vitro
The tumor cells (purchased from the American Type Cul-
ture Collection and the German Collection of Microorga-
nisms and Cell Cultures) were grown in DMEM medium
(Gibco BRL) supplemented with 10% (v/v) fetal bovine
serum and L-glutamine (0.3 g/L) and were maintained at
37°C in a humidified atmosphere with 5% CO2. For anti-
cancer cytotoxicity estimations, 104 cells were seeded into
each well of a 96-well plate, allowed to stabilize for at
least 4 h, and the test inhibitors were then added at various
concentrations (ranging from 0.1 to 100 µM) in triplicate.
Three days after addition of the inhibitors, calcein AM 
solution (Molecular Probes) was added. One hour later,
fluorescence of cells was quantified using a Fluoroskan
Ascent (Labsystems) reader and cytotoxic effective con-
centrations were calculated and expressed as IC50 values
from dose-response curves. The p53 status of the cell lines
was considered to be wild-type or mutant (including dele-
tions) according to the relevant literature [28, 29].

p53-dependent transcriptional activity
To measure p53-dependent transcriptional activity, b-
galactosidase activity was determined in the human
melanoma cell line Arn8 which was established using
stable transfection of the parental A375 cell line with a
p53-responsive reporter construct pRGCDfoslacZ [15]
that allows qualitative as well as quantitative measurement
of p53 transcriptional activity via b-galactosidase assay.
After 24 h incubation with the inhibitors in a 96-well

microtiter plate, the cells were fixed with 2% formalde-
hyde and 0.2% glutaraldehyde, washed with PBS, and
developed in X-gal solution (0.2 mg/ml in PBS) overnight.
Positive cells were scored under a light microscope. A
24-h incubation period was chosen, since by 6 h the level
of p53 protein expression and its transcriptional activity
had reached a steady state (data not shown).

Antibodies and immunoprecipitation
The monoclonal antibodies used in this study were: DO-1
antibody directed toward the epitope 20-SDLWKL-25
within the p53 N-terminal region [30, 31]; 118 antibody
which recognizes the p21WAF1 protein [32]; PC-10 anti-
body against PCNA [33]; 2A9 against Mdm2 [34], all
produced and purified in-house. Anti-L11 (clone 3A4A7)
was purchased from Zymed. The final antibody concen-
trations used for Western blotting were 1 µg/ml. For im-
munoprecipitation experiments, the cells were lysed in a
buffer containing 150 mM NaCl, 50 mM Tris, pH 8.0, 5
mM EDTA, 1% NP40, 1 mM PMSF, supplemented with
protease inhibitor cocktail, and incubated overnight at
4°C with antibody, adsorbed onto protein G-Sepharose
(Sigma), washed three times in lysis buffer, and analyzed
by Western blotting.

SDS-polyacrylamide gel electrophoresis and Western 
blotting
For direct immunoblotting, total cellular protein lysates
were prepared by harvesting cells in hot Laemmli elec-
trophoresis sample buffer. Proteins were then separated
by SDS-polyacrylamide gel electrophoresis on a 10%
gel, and transferred onto a nitrocellulose membrane.
Molecular-weight markers were run in parallel. The
membrane was blocked in 5% low-fat milk and 0.1%
Tween 20 in PBS for 2 h and probed overnight with the
specific monoclonal antibodies described above. After
washing three times in PBS plus 0.1% Tween 20, 
peroxidase-conjugated rabbit antimouse immunoglobu-
lin antiserum diluted 1:2000 was used as the secondary 
antibody. To visualize peroxidase activity, ECL+ reagents
were used according to the manufacturer’s instructions.

Results 

Kinase inhibition specificity
The potency of olomoucine II as an inhibitor was deter-
mined against a panel of purified human recombinant
protein kinases, in the presence of a final ATP concen-
tration of 100 µM as described elsewhere [35]. The data
confirmed the specificity of olomoucine II for CDKs;
apart from the main cell cycle-regulating kinase CDK2, it
exerts specificity for CDK7 and CDK9, i.e. CDKs with
important functions in the regulation of RNA transcription.
Among them, CDK9 proved to be the most sensitive of all
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protein kinases tested (table 1). Most of the non-CDK
kinases assayed were not inhibited, with the exception of
Erk2, another target of the related purine CDK inhibitors
roscovitine and purvalanols [8, 35]. Olomoucine II thus
showed a better selectivity ratio for CDK9 than the struc-
turally similar roscovitine, evident especially from the
increase of inhibitory data for CDK1, CDK4 and Erk2,
with 2.8-, 1.4-, and 30-fold higher IC50 values, respectively.
CDK2 and CDK7 were affected approximately to the
same extent by both olomoucine II and roscovitine.
However, strong inhibition of the non-cell cycle-related
CDK9 suggests that olomoucine II may significantly
influence transcription in cells, which is controlled by
RNA polymerase II, a natural substrate of CDK9. 

Olomoucine II binding mode in CDK2
Since CDK9 has not been crystallized yet either alone or
in a complex with a ligand, a co-crystal of CDK2 with the
inhibitor was prepared and analyzed to understand the
mechanism of anti-CDK action of olomoucine II in detail.
As expected, the overall structure of CDK2 in the olo-
moucine II complex is very similar to those of the apo-
and ATP-bound CDK2 structures [36]. The structure
consists of two domains, the N-terminal domain (residues
1–83) composed predominately of b strands and the 
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Figure 1. Refined electron density for olomoucine II localized within the active site of CDK2. 2|Fo|-|Fc| density is colored blue and is con-
toured at 1s and shown around the ligand. All protein-ligand interactions less than 3.2 Å are indicated by a dashed red line.

Table 1. Kinase specificity of olomoucine II.

Kinase Olomoucine II R-roscovitine
IC50 (µM) IC50 (µM)

CDK1/cyclin B 7.6±0.2 2.7±2-5
CDK2/cyclin E 0.1±0.01 0.1±0.1
CDK4/cyclin D1 19.8±0.2 14.2±4.3
CDK7/cyclin H 0.45±0.06 0.49±0.26
CDK9/cyclin T 0.06±0.02 0.74±0.09
Erk2 32±7 1.17±1.4
Abl >100 >100
SAPK2a >100 >20
PKCa >100 >100
CaMKII >100 n.a.
CKII >100 n.a.
GSK3 >100 n.a.
PKA >100 n.a.
PKB >100 n.a.
PLK1 >100 n.a.
RSK >100 n.a.

Recombinant kinases were assayed with 100 µM ATP as detailed in
Materials and methods. Results are means (±SD) of three experi-
ments. The values for R-roscovitine were taken from McClue et al.
[35]. Abl, Abelson tyrosine kinase; CaMKII, calmodulin-dependent
protein kinase II; CDK, cyclin-dependent kinase; CKII, casein
kinase II; Erk2, extracellular signal-regulated kinase 2; GSK3,
glycogen synthase kinase 3; PKA, protein kinase A; PKB, protein
kinase B; PKCa, protein kinase Ca; PLK1, polo-like kinase 1;
RSK, ribosomal S6 kinase; SAPK2a, stress-activated protein kinase
2a; n.a., data not available.



C-terminal domain, which is mostly a helical. The final
free R factor of the model is 24.4%.
Olomoucine II binds in the narrow cleft between the N-
and C-terminal domains of CDK2. The electron density
for the inhibitor is excellent with all its atoms being well
defined in density and allowing the unambiguous posi-
tioning of the inhibitor in the binding cleft (fig. 1). The
purine ring system of the ligand binds differently to the
purine portion of ATP but in comparison with other
homologous ligand structures (Protein Data Bank codes
1CKP and 1G5S [8, 37]), the purine ring is found to be in
almost exactly the same position. The published binding
modes and descriptions for both olomoucine and roscov-
itine [36, 38] also show that these compounds bind in a
very similar mode to that of olomoucine II (coordinates
for the two structures are not available). The purine ring
is embedded between the side chains of Leu134 on one
side (to which it makes a 3.18-Å interaction at C5 of the
ligand) and Ile10 and Ala31 on the other side. As with
other homologous ligand structures, olomoucine II forms
two strong hydrogen bonds between the Leu83-N and
Leu83-O backbone atoms using its N9 and N17 atoms as
acceptor and donor, respectively. An additional conserved
hydrogen bond is found between the Glu81-O and the
CH8-hydrogen of the ligand. As with the 1G5S structure,
the phenyl ring of the benzylamino group interacts with
His84-O at the ortho position of the ring. This ring is in a
similar orientation in both the olomoucine II and 1G5S
structures. Additionally the ortho hydroxyl makes a good
intramolecular hydrogen bond to N1 of the purine ring
system (N...O=2.77 Å), stabilizing the orientation of the
ring. Rotation of the ring by 180° results in the ortho
hydroxyl being too close to the His84-O and no interaction
between the ortho C..H and N1. Another protein-ligand
interaction is found between C25 of the inhibitor and the
CG1 of Val18. No other tight interactions are present for
this section of the ligand to the protein. A further hydrogen
bond is found from N13 to a well-defined water molecule
(W17). This water molecule makes additional bonds with
the side chain of Asp86 and Gln131. A longer (3.4 Å)
interaction is made between this water and the ortho
hydroxyl of the inhibitor phenol ring. The W17 water is not
present in either 1CKP or 1G5S, although this may be a
consequence of the lower resolution of the 1G5S structure
(2.61 Å). Interestingly, the purvalanol structure contains
a molecule of ethanediol in the active site. One of the
oxygens of the ethanediol is in a position similar to that
of the hydroxyl of the N13 substituent of olomoucine II.
The ethanediol forms a hydrogen bond to the backbone O
of Gln131. This distance is increased to 3.4 Å in the
olomoucine II structure. Also apparent in the purvalanol
structure is that the presence of ethanediol produces
disordering of Asn132 into two distinct positions; in one
of these, the Gln131-binding O of ethanediol is able to
form a strong hydrogen bond to the side chain of Asn132.

This disordering is not present in the ligand structure and
the Asn132 side chain points away from the active site.
The movement of this hydroxyl toward either Gln131 or
Asn132 is probably restricted by the presence of the
ethanyl group moving too close to Val18 and stopping
this hydrogen bond pattern forming. The enantiomeric
form of the compound should change the binding pattern
in this region.
Also interesting to note is that the orientation of Lys33
(which is very well defined in the structure) is found in
the trans configuration suggested by Wu et al. [22] to play
a role in the disordering of the T loop of CDK2. In the
structure discussed here, the T loop is also disordered as
it is in the purvalanol B, olomoucine, and roscovitine
complexes [8, 36, 38].

Anticancer activity in vitro
Our previous comparison of olomoucine II and roscovitine
cytotoxicities on five different cell lines already suggested
increased cellular activity of the novel compound [9]. The
antiproliferative activity of olomoucine II was therefore
verified on a panel of 17 human tumor cell lines and
compared with that of roscovitine using a fluorescent
indicator of cell viability and intact membranes calcein
[39]. After 72-h incubation of tumor cells with olomoucine
II, we found this compound to be more than two-fold
more potent than roscovitine. These data demonstrated a
wide range of effectivity against cell lines derived from
various human tumor tissues, with slightly increased
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Table 2. In vitro antiproliferative activity of CDK inhibitors on
human cancer cell lines of different origin and p53 status.

Cell line Tissue origin Olomoucine II R-roscovitine
(p53 status) IC50 (µM) IC50 (µM)

HOS bone (mut) 9.3±2.4 24.3±0.2
T98G brain (mut) 9.2±0.9 29.0±2.2
HBL100 breast (wt) 10.5±3.0 13.9±3.4
BT474 breast (mut) 13.6±0.3 30.5±3.4
MCF-7 breast (wt) 5.0±3.0 12.3±1.1
HT29 colon (mut) 10.8±0.3 25.6±1.9
CCRF-CEM blood (mut) 5.3±0.8 16.3±1.7
BV173 blood (wt) 2.7±0.6 15.8±2.3
HL60 blood (mut) 16.3±0.1 33.2±8.8
K562 blood (mut) 11.5±3.1 45.5±2.7
Hs913T lung (mut) 10.3±1.4 24.5±4.7
A549 lung (wt) 8.7±0.7 25.0±4.1
A431 skin (mut) 10.2±0.5 30.0±1.9
SVK14 skin (wt) 9.3±2.0 29.9±6.5
G361 skin (wt) 7.8±0.4 22.4±0.2
SKUT-1 uterus (mut) 4.9±0.2 22.0±0.7
HeLa uterus (wt) 7.7±0.3 22.3±2.1

Mean (wt) 7.4 20.2
Mean (mut) 10.1 28.1

The number of viable cells after 72 h treatment of cell cultures was
quantified with the calcein method and IC50 values were calculated
from dose-response curves. Results are means (±SD) of at least
three experiments. wt, wild type; mut, mutant



potency against cells harboring a wild-type p53 gene
(table 2). Of the 17 cell lines used, 10 were considered to
bear mutant p53 with average IC50 values estimated to be
approximately 1.4-fold higher than for cells with wild-
type p53 (Student’s t-test, p = 0.096). Such a tendency has
already been described for the related compound roscov-
itine [35]. On the other hand, leukemia CCRF-CEM and
sarcoma SKUT-1 cell lines with inactive p53 showed
markedly higher sensitivity to olomoucine II over the
average IC50. The difference between average cell cyto-
toxicity of roscovitine measured in our laboratory and the
value published earlier (IC50=15.2 µM [35]) is due to a
different assay method and a different cell line panel.
However, the results support the correlation between
CDK inhibitory activity of 2,6,9-trisubstituted purines
and their in vitro anticancer activity that we described
earlier [40]. 

Olomoucine II induces p53-dependent transcription
With respect to the preferential affinity of olomoucine II
for CDK9, we attempted to verify this influence on tran-
scription in a cell-based assay in the human melanoma
cell line Arn8 expressing b-galactosidase under the con-
trol of a p53-responsive promoter. Accumulation of wild-
type p53 in the treated cell line led to activation of the re-
sponsive promoter and subsequent expression of b-galac-
tosidase. After 24 h, Arn8 cells incubated with medium
containing increasing doses of olomoucine II were fixed
and monitored for galactosidase activity using the X-gal
substrate. A substantial (50-fold) increase of the number
of positive cells appeared at compound concentrations

ranging from 9 to 15 µM. Higher amounts of olomoucine
II led to inhibition of p53 activity back to basal level. In a
control experiment run in parallel, roscovitine proved to
be active from 30 µM (fig. 2A). 
The reporter-based assay was complemented with Western
blotting analysis of p53 and p21WAF1 proteins in ARN8
and MCF7 cells. Similarly, an enhancement of p53 signal
was observed in olomoucine II-treated cells in a dose-
dependent manner, beginning at concentrations as low as
5 µM. Together with p53, its downstream target gene
product p21WAF1 was also co-induced and detected in both
cell lines (fig. 2B, C). However, higher doses of olo-
moucine II (above 10 µM in Arn8 and 5 µM in MCF-7)
again suppressed the transcriptional activity of p53, so
that p21WAF1 was no longer detectable in cells. Roscovitine,
already known to have similar effects, was active at
higher concentrations, with p21WAF1 peaking at around
20 µM in Arn8 cells (fig. 2B). 

CDK inhibitors increase L11 complexing of Mdm2
Our data supported the idea that roscovitine and olo-
moucine II can induce transcription stress by inhibition of
CDKs. This stress is responsible for nucleolus disinte-
gration [13, 14, 20]. We analyzed the role of transcription
stress (mediated by low concentrations of olomoucine II
and roscovitine) in the activation of p53 protein. Since
L11 is a nucleolar and ribosomal protein that binds to and
inactivates Mdm2 as ribosomal stress occurs [41], we ex-
amined the influence of CDK inhibitors on its distribution.
When Mdm2 was immunoprecipitated from Arn8 and
MCF-7 cells treated with CDK inhibitors, the L11 protein
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Figure 2. Dose-dependent effect of olomoucine II and roscovitine on p53-dependent transcription. (A) Arn8 cells stably transfected with 
a p53-responsive b-galactosidase reporter construct were treated with different CDK inhibitors for 24 h and positive cells were counted 
under a light microscope for each concentration in triplicate. (B) Induction of p53 and p21WAF1 proteins in Arn8 cells treated with the indi-
cated concentrations of CDK inhibitors. (C) Induction of p53 and p21WAF1 proteins in MCF-7 after olomoucine II treatment. The cells were
harvested, the proteins were separated on a 10% SDS-PAGE gel and analyzed on Western blots with specific antibodies as described in 
Materials and methods.
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was also found to be bound to Mdm2 by Western blotting
using a specific anti-L11 antibody (fig. 3A), in contrast
to control cells that contained insignificant amounts of the
L11-Mdm2 complex. As expected, cell lysates analyzed
for their L11 level did not show any obvious differences,
but confirmed activation of Mdm2 by both CDK inhibitors
(fig. 3B).

Discussion

The relatively small structural variation between roscovi-
tine and olomoucine II, which differs from roscovitine
only by the presence of an additional ortho-hydroxyl
group in the benzyl function, was found to significantly
change the protein kinase inhibition specificity toward
CDK9. A crystal structure of olomoucine II complexed
with CDK2 was prepared and analyzed; however, the
preference of the inhibitor converges on CDK9, which is
involved in transcription and thus different molecular
effects could be expected in cells, presumably similar to
those of another CDK inhibitor with CDK9 specificity,
i.e. flavopiridol [17, 19]. Since a method for CDK9 crys-
tallization has not yet been described, a co-crystal of
olomoucine II with CDK2 was analyzed to gain better
insight into the inhibition specificity. The olomoucine II

molecule occupies almost exactly the same position in
CDK2 compared with other homologous ligand complex
structures such as those of purvalanol B, olomoucine,
H717, and roscovitine [8, 36–38]. In the olomoucine II
structure, the phenolic hydroxyl forms an intramolecular
hydrogen bond to N1 of the purine ring system and this
stabilizes the orientation of the ring. Moreover, a CH
group of the phenyl ring interacts with the His84 carbonyl
oxygen and this may contribute to increased ligand affinity
to CDK2 (and possibly also to CDK9). According to the
in silico model of CDK9 with bound flavopiridol, strong
electrostatic interactions between Glu92-Lys20 and
Glu92-Lys29, involving residues not present in CDK2,
render the binding pocket tighter and increase the contact
area between protein and inhibitor [19]. As a consequence
of these interactions, the phenyl side chain of Phe90 is
also pushed deeper into the ATP-binding pocket, closing
the pocket and further increasing the contact area of
CDK9 not only for flavopiridol but probably also for
purines including olomoucine II [19].
The increased antiproliferative activity of olomoucine II
over roscovitine that had been measured previously [9]
was confirmed here in a panel of 17 human tumor cell
lines of different tissue origin: the inhibitor proved to be
effective on all cell lines. Efficacy on cells harboring
wild-type p53 was approximately 1.4-fold higher than on
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Figure 3. L11 binding to Mdm2 in Arn8 and MCF-7 cells treated with the indicated CDK inhibitors. (A) Cells were incubated with olo-
moucine II and roscovitine for 24 h, lysed and immunoprecipitated with the anti-Mdm2 antibody followed by Western blotting probed with
anti-L11 antibody. (B) Direct Western blot analysis of the Arn8 cells treated with olomoucine II and roscovitine for 24 h did not reveal any
obvious differences in L11 level, but showed an increase in Mdm2. Sample loading order as in A.
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those with mutant p53, which is very similar to roscovitine,
calculated to be 1.5 [35]. Similarly, other CDK inhibitors
(flavopiridol and kenpaullone) also exert higher activity
on cells with active p53 according to a publicly available
database of in vitro antitumor cell line-screening results
of the National Cancer Institute [28, 29]. On the other
hand, the fact that the difference in average sensitivity
between p53 normal and mutated cells does not exceed
one order of magnitude and that CDK inhibitors display
antiproliferative activity on all cells irrespective of p53
status suggest that p53 plays only a partial role in the
cellular response. Moreover, although the antiproliferative
activities of CDK inhibitors have been generally thought
to correlate with their inhibition of CDK1, CDK2, and
CDK4, leading to dephosphorylation of substrates relevant
to these CDKs, and blockage of the cell cycle, recent 
reports suggest that other non-cell cycle-related targets
should also be taken into account. This aspect has recently
been revised in the case of flavopiridol which also inhibits
other homologous kinases, CDK7–9, involved in the
initiation and elongation phases of RNA transcription 
[8, 19, 42]. Nevertheless, purine CDK inhibitors affect
RNA synthesis in cells as well and the mechanism 
involves inhibition of the phosphorylation of the CTD of
RNA polymerase II [8, 16, 18]. 
Another phenomenon usually accompanying the cellular
effects of CDK inhibitors is accumulation of p53 protein
and subsequent induction of the downstream p21WAF1

gene in cells with wild-type p53 [13, 15, 17]. The latest
reports provide evidence that the accumulation of p53
followed by trans-activation of Mdm2 and p21WAF1 results
from direct inhibition of transcription caused by pharma-
cological CDK inhibition [17, 18]. Thus, with respect to its
specificity, the induction of p53-dependent transcription
activity by low doses of olomoucine II can also be directly
ascribed to inhibition of CDK9, leading to initial down-
regulation of the short half-life negative p53 regulator
Mdm2 and stabilization of p53 protein levels. Virtually
identical results have been recently demonstrated in
HCT116 cells treated with flavopiridol [17]. Conversely,
higher concentrations of olomoucine II (and also roscov-
itine and flavopiridol [16, 17]) decreased transcription in
cells in general, leading to a drop in p53 activity, as seen in
a cell-based assay and also on p21WAF1 levels on Western
blots. As concluded from the relevant experiments with
flavopiridol, the transcription inhibition is transient at
low drug concentrations and the transcription is restored
slowly over time [17].
Except for inhibition of transcription by anti-CDK agents
that leads to a direct drop in Mdm2, we suggest an alterna-
tive explanation for the p53-activating pathway. Ribosomal
stress is known to trigger release of several proteins from
ribosomes. According to our observation and to other
reports [13, 14, 20, 21], olomoucine II and roscovitine
(data not shown) are also able to disintegrate nucleoli.

One of the proteins released from the nucleoli is L11
which then interacts with Mdm2 and blocks its ubiquiti-
nating activity against p53 [41, 43]. Under normal condi-
tions, L11 is localized to the nucleolus where it participates
in ribosomal biogenesis and after transcription pertur-
bation or disruption of nucleoli it translocates to the nu-
cleoplasm where it stabilizes p53 [41, 43, 44]. Stabilized
p53 can thereby trans-activate its subordinated genes;
one results is that Mdm2 complexed with L11 is no
longer able to ubiquitinate p53 [43]. Therefore, nucleolar
disruption may inhibit p53 ubiquitination which results in
its nuclear accumulation [44, 45]. 
The exact roles of the studied compounds in nucleolar
destruction remain to be explored. However, speculation
arises as to the possible inhibition of RNA polymerase III
which also leads to breakdown of nucleolar structure and
stabilization of p53 [44, 45]. Such a mechanism could
utilize repression of TFIIIB by pRb, a substrate of CDK2
and CDK4, that in hypophosphorylated form suppresses
transcription driven by RNA polymerase III [46]. In sum-
mary, the observed effects of CDK inhibitors are likely to
imitate DNA damage through multiple transcription
disturbances, sensed by rate of transcription, serving the
cell as a lesion dosimeter of genome integrity and inducing
cell destruction [45].
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