
Toward Understanding the Structural Basis of Cyclin-Dependent Kinase 6 Specific Inhibition

Heshu Lu† and Ursula Schulze-Gahmen*,‡

Physical Biosciences DiVision at Lawrence Berkeley National Laboratory, 1 Cyclotron Road, MS3, Berkeley, California

ReceiVed January 12, 2006

Cyclin-dependent kinases (CDKs) are key players in cell cycle control, and genetic alterations of CDKs
and their regulators have been linked to a variety of cancers. Hence, CDKs are obvious targets for therapeutic
intervention in various proliferative diseases, including cancer. To date, drug design efforts have mostly
focused on CDK2 because methods for crystallization of its inhibitor complexes have been well established.
CDK4 and CDK6, however, may be at least as important as enzymes for cell cycle regulation and could
provide alternative treatment options. We describe here two complex structures of human CDK6 with a
very specific kinase inhibitor, PD0332991, which is based on a pyrido[2,3-d]pyrimidin-7-one scaffold, and
with the less specific aminopurvalanol inhibitor. Analysis of the structures suggests that relatively small
conformational differences between CDK2 and CDK6 in the hinge region are contributing to the inhibitor
specificity by inducing changes in the inhibitor orientation that lead to sterical clashes in CDK2 but not
CDK6. These complex structures provide valuable insights for the future development of CDK-specific
inhibitors.

Introduction

Cyclin-dependent kinases (CDKs) play a central role in cell
cycle control. The high incidence of genetic alterations of CDKs
and their regulators in a number of cancers make CDKs an
important target for therapeutic intervention in various prolifera-
tive diseases, including cancer.1 Hence, considerable efforts were
made to screen for and design CDK-specific inhibitors. To date,
a large number of chemically diverse inhibitors with high
affinities for CDK1, CDK2, and CDK5 are available and several
of them have entered clinical trials to treat cancer.2-4 Drug
design of CDK2-specific inhibitors was greatly helped by the
high-resolution X-ray structures of CDK2 and its inhibitor
complexes. Biochemical evidence suggests that CDK4-cyclinD
and CDK6-cyclinD complexes are at least as important as
CDK2 for regulating cell proliferation.5-7 Progression through
the G1/S phase requires phosphorylation of the retinoblastoma
(Rb) protein by CDK48,9 or the highly homologous enzyme
CDK69,10 in complex with their activating subunits, the D-type
cyclins. Hyperphosphorylation of Rb diminishes its ability to
repress gene transcription through the E2 family of transcription
factors and consequently allows synthesis of protein products
necessary for DNA replication. Thus, the catalytic activity of
CDK4 and CDK6 (CDK4/6) regulates a critical checkpoint for
the G1/S transition and the commitment to cell divisions.

More than 90% of human tumors abandon the control
mechanisms for this transition point through a variety of genetic
and biochemical adaptations.5,11Examples of these abnormalities
include up-regulation of CDK4 itself, amplification of the D-type
cyclins, down-regulation of a naturally occurring inhibitor of
CDK4 and CDK6 (called p16INK4), and deletion or mutation of
Rb itself.11-14 All of these aberrations can lead to loss of
proliferative controls either through elimination of the check-
point altogether or through inappropriate or enhanced CDK4/6
activity resulting in hyperphosphorylation of Rb. The frequency

of these aberrations clearly implies that abrogation of the G1
checkpoint or acceleration of the CDK4-cyclinD and CDK6-
cyclinD pathways provides distinct advantages to cancer cells
in terms of proliferation and perhaps survival. Hence, selective
inhibitors for CDK4/6 might be valuable compounds for the
treatment of cancer or other proliferative diseases.

In recent years, a few CDK4/6 selective inhibitors have been
described in the literature. These include semispecific inhibitors,
such as a triaminopyrimidine derivative, CINK4,15 and carba-
zoles,15 and more specific high-affinity inhibitors with a pyrido-
[2,3-d]pyrimidin-7-one template.16-18 The structural basis for
the high specificity of the latter inhibitors is unknown because
a three-dimensional structure of CDK4 is still missing and only
one crystal structure of a CDK6-inhibitor complex with a
nonspecific inhibitor, fisetin, has been published.19 We report
here the crystal structures of human CDK6, activated by binding
a viral cyclin from herpesvirus saimiri (Vcyclin), in complex
with two chemical inhibitors, aminopurvalanol,20 a fairly
unspecific inhibitor, and PD0332991, a pyrido[2,3-d]pyrimidin-
7-one inhibitor with high specificity for CDK4 and CDK6.18

Analysis of the structures suggests that relatively small con-
formational differences between CDK2 and CDK6 in the hinge
region are responsible for the inhibitor specificity by inducing
small changes in the inhibitor orientation that may lead to sterical
clashes in only some types of CDK enzymes.

Results and Discussion

Structure Description. The X-ray structures of CDK6-
Vcyclin in complex with the inhibitors PD0332991 and ami-
nopurvalanol (Figure 1) were determined to 3.0 and 2.8 Å,
respectively. The complex crystals grow in the same space group
with similar cell dimensions as the crystals of the unliganded
CDK6-Vcyclin complex.21 They refined toR values of 22.9%
(Rfree ) 30.6%) for PD0332991 and 23.8% (Rfree ) 30.1%) for
aminopurvalanol with good geometry (Table 1). Electron density
maps showed clear density for both inhibitors in the ATP
binding pocket between the N-terminal and C-terminal domains
of CDK6 (Figure 2). After the inhibitors were built into the
ATP binding pocket of CDK6, intermolecular contacts between
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the ligands and CDK6 were determined with the program
CONTACT.22 The analysis of the intermolecular contacts
between CDK6 and the inhibitors in this study is somewhat
limited by the relatively low resolution of the complex structures,
which makes it more difficult to evaluate the significance of
small structural changes. Taking in consideration these limita-
tions, CDK6-inhibitor interactions are discussed in the fol-
lowing paragraphs.

There are a total of 73 contacts shorter than 4.0 Å between
PD0332991 and CDK6, including four hydrogen bonds (Figure
3A). The hydrogen bonds from N3 and N2-H to the backbone
of Val101 are homologous to those found in all CDK2-inhibitor
complexes.23 Two additional hydrogen bonds between the
nitrogen of the aminopyridine side chain and the D102 carbonyl
oxygen and between the C6-acetyl group and the peptide amide
of D163 orientate the inhibitor in the ATP binding pocket. The
C5 and C6 substituents are filling the pocket in front of the
gate keeper residue F98 in the back of the ATP binding pocket

almost completely, while the piperazinylpyridine substituent in
the C2 position is pointing out of the binding pocket toward
the so-called specificity region of the binding pocket.23 The
cyclopentyl substituent is binding close to where the ribose of
the natural ligand ATP would be expected to bind. The
PD0332991 inhibitor appears to fit very tightly into the binding
pocket between the N-terminal and C-terminal domain, leaving
very little room for even small changes in the binding orientation
(Figure 4A).

The inhibitor aminopurvalonol, however, is binding with a
less tight fit in the binding pocket (Figure 4B). There are 64
intermolecular contacts between aminopurvalanol and CDK6,
of which five are hydrogen bonds (Figure 3). The hydrogen
bonds include two conserved bonds with the backbone atoms
of V101 and three hydrogen bonds with the 3-amino-5-Cl-
anilino substituent of the purine scaffold. These last three
hydrogen bonds are probably not very strong because of the
partial solvent exposure of the aniline group. In general, most
of the hydrogen bonds with the ligand are relatively long, also
indicating lower energy contributions by these hydrogen bonds.

Functional Analysis. The IC50 values for PD0332991 with
CDK4 and CDK6 range between 0.009 and 0.015µM and are
>10 µM for 36 protein kinases tested, with the exception of
dual-specificity tyrosine phosphorylation-regulated kinase 1A
(2 µM) and mitogen-activated protein kinase-activated protein
kinase 1a (8µM).18 The inhibitor shows an exceptional high
level of specificity for the CDK4/6 subgroup of the CDK family.
To identify the structural basis for this high specificity, the
CDK6-PD0332991 complex was superimposed onto the CDK2-
cyclinA complex with indirubin-5-sulfonate (PDB code 1E9H)
using residues 56-67 and 98-163 (CDK6 numbering) for the
superposition. These residues were chosen for superposition
because they will superimpose CDKs on the structurally more
conserved C-terminal kinase domain and on residues in the hinge
region andR1 helix that are bordering the ATP binding pocket.
After placement of the PD0332991 inhibitor by superposition
into the CDK2 binding pocket, its position was further optimized
to allow the formation of conserved hydrogen bonds with CDK2
residues 83 and 84, which were observed in the CDK6 complex
with PD0332991. Analysis of this CDK2-PD0332991 model
identifies several unfavorably short distances between the C5
methyl group and F80CDK2 and between the C6-acetyl group
and F80CDK2 (Figure 5). The short distances of about 3 Å would
explain the very low affinity of the inhibitor to CDK2. The
sterical clashes are observed in CDK2 but not in CDK6 because
of small conformational changes in the hinge region connecting
the N-terminal and C-terminal domains. This conformational
change makes hydrogen bond formation between PD0332991
and CDK2 residue 83/84 and favorable van der Waals contacts
with the gate keeper residue F80CDK2 mutually exclusive in the
model complex. It is possible that the linker residues in CDK2
are flexible enough to adjust their conformation to allow for
PD0332991 binding in the ATP binding pocket. However, the
current structural data and the fact that several of the conserved
sequence differences between CDK4/6 and other CDKs are
located in the hinge region (H100CDK6 versus F82CDK2) and in
structurally adjacent residues (F39CDK6 versus V29CDK2) raise
the possibility that the hinge region conformation is kinase-
specific and may be important for the specificity of the
PD0332991 inhibitor.

In addition, contacts between the C2 substituent of PD0332991
and residues at the mouth of the ATP binding pocket are
affecting inhibitor potency. SAR studies of the C2 substituents
showed that replacing the 2-aminopyridinepiperazine by 2-ami-

Figure 1. Molecular structures of PD0332991 (A) and aminopurvalanol
(B).

Table 1. Statistics for Data Collection and Refinement of
CDK6-Vcyclin Complexes

parameter PD0332991 aminopurvalanol

data collection
space group P6522 P6522
cell dimensions (Å) a ) b ) 71.15 a ) b ) 71.52

c ) 446.88 c ) 449.30
resolution range (Å) 50-3.0 50.0-2.8
no. of observations 92 005 143 129
no. of unique reflections 13 633 17 833
completeness (%)a 93.0 (63.3) 96.8 (99.5)
averageI/σ(I) a 35.3 (3.1) 15.4 (3.8)
Rsym (%)a,b 4.9 (33.4) 9.0 (44.8)
mosaicity 0.50 0.75

refinement
resolution (Å) 20-3.0 20.0-2.8
no. of reflections 12 886 16 516
Rcryst

c/Rfree
d 0.229/0.306 0.238/0.301

no. of atoms 4085 4061
CDK6 2134 2121
Vcyclin 1908 1903
PD0332991 33 28

rmsd bond lengths (Å) 0.012 0.011
rmsd bond angles (deg) 1.42 1.37
meanB-factor protein (Å2) 53.3 73.7
meanB-factor inhibitor (Å2) 53.0 80.0
Ramachandran analysis (%)

most favorede 86.2 84.5
additionally allowed 11.2 13.1
generously allowed 2.3 2.2
disallowed 0.2 0.2

a Values in parentheses refer to the highest resolution shell.b Rsym )
∑h∑i |Ih,i - Ih|/∑h∑i Ih,i for the intensity (I) of i observation of reflectionh.
c Rcryst) ∑h ||Fobs(h)| - |Fc(h)||/∑h|Fobs(h)| for all data.d Rfreewas calculated
for 5% of structure factor amplitudes excluded from refinement.e Most
favored region in Ramachandran plot as defined in PROCHECK.22
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nopyridine increases the IC50 value for CDK4-cyclinD 40-fold,
while the IC50 value for CDK2-cyclinA remains above 5µM
for both inhibitors.16 Replacing the piperazine group of the C2
side chain with a variety of heterocyclic groups, including
piperidine, 4-hydroxypiperidine, morpholine, and 3,5-dimeth-
ylmorpholine, has little effect on the binding affinity of the
inhibitor,16 suggesting that the presence of a bulky group in

this position improves inhibitor potency but does not contribute
much to its specificity. The SAR studies agree with the observed
weak electron density for the piperazine moiety in the CDK6
complex structure. The piperazine ring is interacting with the
side chains of D104CDK6 and T107CDK6. Distances between the
threonine hydroxyl and the piperazine nitrogens are between
3.4 and 3.6 Å, suggesting the possibility of hydrogen bonds

Figure 2. Inhibitor binding to CDK6-Vcyclin. (A) Schematic presentation of the whole CDK6-Vcyclin complex with PD0332991 bound in the
cleft between the N-terminal and C-terminal domain of CDK6. (B) Electron density for the bound PD0332991 inhibitor. TheRcalc(|Fo| - |Fc|)
simulated annealing omit map was calculated to 3.0 Å resolution and contoured at 2σ. (C) Electron density for aminopurvalanol bound to CDK6.
TheRcalc(|Fo| - |Fc|) simulated annealing omit map was calculated to 2.8 Å resolution and contoured at 2σ. CDK6 is shown in green and Vcyclin
in magenta. Figure 2 was created using the program Pymol.36

Figure 3. Schematic of CDK6 interactions with PD0332991 (A) and aminopurvalanol (B). Protein residues are shown as rectangular boxes labeled
with the residue number. Side chain contacts are indicated by lines connecting to the respective residue box, and interactions to main chain atoms
are shown as lines to the specific main chain atoms. van der Waals contacts are indicated as broken lines, and H-bonds are indicated by dashed
lines.
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that could not be clearly identified in the 3.0 Å structure.
However, the weak density of the piperazine ring would argue

against the presence of stabilizing hydrogen bonds between the
kinase and inhibitor in this region. T107CDK6 is replaced by

Figure 4. Surface representation of the bound inhibitors and the ligand binding pocket of CDK6. The surfaces of the inhibitors are shown as solid,
partially transparent surfaces in magenta for PD0332991 and in yellow for aminopurvalanol. The surface of the CDK6 binding pocket is shown as
a blue-lined mesh. Figure 4 was created using the program Pymol.36

Figure 5. Models of PD0332991 bound to the hinge region of CDK6 and CDK2. (A) The crystal structure of PD0332991 bound to CDK6 is
shown in green with the crystal structure of CDK2-CyclinA (PDB code 1E9H) superimposed in yellow. (B) Model of PD0332991 bound to
human CDK2. Hydrogen bonds between CDK6 or CDK2 and the inhibitor are drawn as black broken lines. Close contacts between CDK2 and
PD0332991 are drawn as red broken lines with distance labels in Å units. The side chains of residues D102CDK6 and H84CDK2 were omitted for
clarity. Figure 5 was created using the program Pymol.36

CDK6 with PD0332991 and AminopurValanol Journal of Medicinal Chemistry, 2006, Vol. 49, No. 133829



lysine in CDK1, CDK2, and CDK5. Analysis of the CDK2-
PD0332991 model indicates that replacement of T107CDK6 by
K89 in CDK2 will most likely not interfere sterically with
inhibitor binding because of the flexibility of the lysine side
chain. In summary, it appears that the enzyme specificity and
potency of PD0332991 are based on steric hindrance in binding
the C5 and C6 substituents of the inhibitor molecule in CDK2
versus CDK6 and on interactions of the C2 substituent with
protein residues at the mouth of the ATP binding pocket. This
is in contrast to reported findings for another CDK4/6 specific
inhibitor where SAR and molecular modeling studies indicated
that inhibitor interactions with residues in the specificity
determining region are most important for inhibitor specificity.24

Aminopurvalanol binds with an IC50 of 0.45µM to CDK6-
Vcyclin. The IC50 values for binding to CDK1-cyclinB,
CDK2-cyclinA, and CDK5-p25 are 0.033, 0.033, and 0.02
µM, respectively (L. Meijer, personal communication). Analysis
of the CDK6-aminopurvalanol interactions showed that the
intermolecular hydrogen bonds were quite long. Attempts to
improve the geometry of the hydrogen bonds through small
changes in the inhibitor orientation lead to sterical clashes
between the substituted aniline group and the backbone of
residues 102CDK6 and 103CDK6 or the side chain of H100CDK6.
Comparison of the CDK6-aminopurvalanol complex with the
related CDK2-purvalanol B complex25 and with other CDK2-
cyclinA structures shows small variations in the hinge region
conformation. These small conformational differences together
with the side chain substitution of H100CDK6 to F82CDK2 may
cause the observed differences in binding affinity. At the limited
resolution of 2.8 Å, it is, however, difficult to pinpoint the exact
reason for the different potency of aminopurvalanol toward
CDK6 versus CDK1 or CDK2.

Conclusion

Cyclin-dependent kinases are important targets for therapeutic
intervention in various proliferative diseases because of their
central role in cell cycle control. Most drug design efforts so
far have focused on CDK2 because this enzyme is easily
crystallized with a variety of inhibitors. Several small-molecule
CDK inhibitors are currently in clinical trials, although most
of them inhibit multiple CDKs. CDK4 and CDK6 form a
subgroup within the CDKs based on sequence alignments and
functional differences. They phosphorylate the Rb protein, which
is required for progression through the G1/S phase of the cell
cycle and the commitment to cell division. The CDK4/6
enzymes may provide a better target for highly specific
intervention and regulation of cell cycle progression. To explore
the structural basis for inhibitor specificity for CDK4/6, we
determined the crystal structures of CDK6-Vcyclin complexes
with two small-molecule inhibitors: the highly specific inhibitor
PD0332991 and a less specific inhibitor aminopurvalanol. Our
results suggest that small conformational differences in the hinge
region and an inhibitor molecule that fills the binding pocket
nearly completely contribute to the specificity of PD0332991.
The hinge region connecting the two kinase domains forms
several intermolecular hydrogen bonds with bound inhibitors,
which orientate the inhibitor molecule in the binding pocket.
Differences in the hinge conformation lead to differences in the
inhibitor orientation, causing sterical clashes between parts of
the inhibitor and residues lining the ligand binding pocket. In
addition, contacts between the C2 substituent of PD0332991
and residues at the mouth of the ATP binding pocket increase
inhibitor potency. Our structural results on the CDK6-
PD0332991 complex agree well with the previous identification

of inhibitor groups critical for CDK4 specificity by structure-
activity relationship analyses.16,26The information gained from
this analysis will be valuable for the future design and
improvement of CDK-specific inhibitor molecules.

Experimental Section

Inhibitors. Aminopurvalanol was a gift from Prof. L. Meijer
from the C.N.R.S., France. PD0332991 was provided to us by Pfizer
Inc. Both inhibitors were dissolved in DMSO to a final concentra-
tion of 10 and 25 mM, respectively.

Crystallization and Inhibitor Soaking. A complex of human
CDK6 and Vcyclin was expressed and purified from baculovirus-
infected SF9 insect cells, as described previously.27

CDK6-Vcyclin crystals were grown by the hanging-drop vapor
diffusion method at 22°C. Equal volumes of protein (10 mg/mL
protein, 25 mM Tris, pH 8.0, 150 mM NaCl, 10 mM DTT, 0.5
mM EDTA) and well solution (50 mM Tris, pH 8.0, 0.1 M CaOAc,
10-13% PEG 3350, 10 mM DTT) were mixed and suspended over
1 mL of well solution. Sulfobetaine 201 was added to the drop to
a final concentration of 0.1 M. Crystals reached a final size of∼0.2
mm× 0.1 mm× 0.1 mm within 3-4 days. Crystals of unliganded
CDK6-Vcyclin were soaked with inhibitor by transferring them
into a 2µL sitting-drop well solution of 50 mM Tris, pH 8.0, 15%
PEG 3350, 5% glycerol, 150 mM NaCl, 0.1 M CaOAc, 10 mM
DTT, and 0.1 M sulfobetaine with 1.25 mM PD0332991 and 5%
DMSO or with 1.0 mM aminopurvalanol and 10% DMSO. The
drops were equilibrated against the same well solution without
inhibitor for 48 h at 22°C. Crystals were harvested and flash-frozen
in a solution composed of the well solution with 20% (v/v) glycerol.

Data Collection.X-ray diffraction data for the PD0332991 and
aminopurvalanol complex crystals were collected at beamline 8.2.1
and beamline 5.0.1 at the Advance Light Source (Lawrence
Berkeley Laboratories, Berkeley, CA), respectively. For the
PD0332991 complex, a total rotation range of 70° was collected,
with 0.5° rotation per frame at a distance of 350 mm and a
wavelength of 1.0 Å. For the aminopurvalanol complex, a total
rotation range of 90° was collected, with 0.5° rotation per frame at
a distance of 280 mm and a wavelength of 1.0 Å. The intensities
were integrated and scaled using the program HKL200028 with final
statistics shown in Table 1.

Structure Determination. The initial phases were obtained by
molecular replacement with the program AMoRe,29 using the
previously published CDK6-Vcyclin structure (PDB code 1JOW)
as a starting model. The initial molecular replacement models had
an R factor of 0.344 (Rfree ) 0.347) for the CDK6-Vcyclin-
PD0332991 complex and 0.376 (Rfree ) 0.380) for the CDK6-
Vcyclin-aminopurvalanol complex. A model of the inhibitor
aminopurvalanol was created by modification of purvalanol B from
the CDK2-purvalanol B complex structure (PDB code 1CKP). The
initial CNS topology, restraints, and coordinates for PD0332991
were obtained using the ligand builder module in PHENIX.30 The
models were refined using alternate cycles of automated refinement
in CNS31 and Refmac5.022 and manual rebuilding in O.32 Final
model statistics are listed in Table 1. The Ramachandran plot for
both complex structures shows one residue, V181, in a disallowed
conformation. The equivalent residue, V164 in CDK2, was shown
to adopt a similar unfavorable conformation, which confers a
substrate specificity for Pro at the P+ 1 position, following the
phosphorylatable S/T residue in the substrate.33 The lower quality
of the Ramachandran plots otherwise is explained by the limited
resolution of the structures and high-temperature factors especially
in the N-terminal kinase domains. The coordinates and structure
factors were submitted to the PDB data bank with ID code 2EUF
for the CDK6-PD0332991 complex and code 2F2C for the
complex with aminopurvalanol.

Structure Analysis.Protein-ligand interactions were determined
with the program CONTACT.22 CDKs were superimposed using
the McLachlan algorithm34 as implemented in the program ProFit,35

using the CR atoms of residues 98-163 of CDK6 and their
homologues in other CDKs for superposition. Residues 98-163
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were chosen for superposition because they encompass all the
catalytic residues and 13 out of 15 contact residues in the CDK6-
PD0332991 complex. By omission of the residues from the
N-terminal domain and more variable parts of the C-terminal
domain for superposition, the fit for the superimposed ligand
binding sites becomes better, which is the relevant part of the CDK
structures for this analysis.
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