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Abstract

Cyclin-dependent kinases (CDKs) are key regulatory enzymes in cell cycle progression and
transcription. Aberrant activity of CDKs has been implicated in a number of medical conditions,
and numerous small molecule CDK inhibitors have been reported as potential drug leads.
However, these inhibitors exclusively bind to the ATP site, which is largely conserved among
protein kinases, and clinical trials have not resulted in viable drug candidates, attributed in part to
the lack of target selectivity. CDKs are unique among protein kinases, as their functionality strictly
depends on association with their partner proteins, the cyclins. In an effort to identify potential
target sites for disruption of the CDK-cyclin interaction, we probed the extrinsic fluorophore 8-
anilino-1-naphthalene sulfonate (ANS) with human CDK2 and cyclin A using fluorescence
spectroscopy and protein crystallography. ANS interacts with free CDK2 in a saturation-
dependent manner with an apparent Kd of 37 μM, and cyclin A displaced ANS from CDK2 with
an EC50 value of 0.6 μM. Co-crystal structures with ANS alone and in ternary complex with ATP
site-directed inhibitors revealed two ANS molecules bound adjacent to one another, away from the
ATP site, in a large pocket that extends from the DFG region above the C-helix. Binding of ANS
is accompanied by substantial structural changes in CDK2, resulting in a C-helix conformation
that is incompatible for cyclin A association. These findings indicate the potential of the ANS
binding pocket as a new target site for allosteric inhibitors disrupting the interaction of CDKs and
cyclins.
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INTRODUCTION

Cyclin-dependent kinases (CDKs) belong to the CMGC class of serine/threonine protein
kinases which act as key regulatory elements in cell cycle progression. Deregulation of
CDKs has been implicated in a number of diseases (1–4). Both the activity and the substrate
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specificity of CDKs are critically dependent on the presence of their partner proteins, the
cyclins (5–7). The CDK2-cyclin A complex predominantly controls the G1- to S-phase
checkpoint (8,9) and, therefore, represents an attractive target for therapeutics designed to
arrest or recover control of the cell cycle in dividing cells (10,11). Although several CDK2
inhibitors are in clinical trials, none are currently approved for clinical use (12). The main
hurdle encountered in the development of drugs selectively targeting CDK2 is the topology
of the ATP binding site, which is well conserved among protein kinases. To date, more than
140 crystal structures of CDK2 liganded with small molecule inhibitors have been deposited
in the Protein Data Bank (PDB). These inhibitors exclusively bind to the ATP site through
interactions with the hinge or linker region (residues 81–83) and, therefore, belong to the
type I family of protein kinase inhibitors (13). Little progress has been made towards the
design of noncompetitive, allosteric inhibitors of CDKs, particularly those able to disrupt the
interaction with cyclins.

A key structural change observed during the association between CDK2 and cyclin A is the
migration of the PSTAIRE helix (the C-helix), the sequence of which is highly conserved
among CDKs. One method for targeting the CDK2-cyclin interaction has been proposed,
based on cellular inhibition by the Kip/Cip family of proteins (14). The cyclin-binding motif
identified within these proteins was used to design peptidomimetics able to disrupt the
CDK2-cyclin A complex (15–18). However, this approach has not yielded promising lead
molecules for drug discovery to date.

In contrast to CDKs, protein kinases such as Abl, p38, and MEK1 have been successfully
targeted by small molecule inhibitors with allosteric properties (19–21). Type II inhibitors,
such as imatinib (Gleevec) for Abl, extend from the ATP site into a neighboring
hydrophobic pocket, whereas type III inhibitors of MEK1 are purely allosteric. The binding
of allosteric inhibitors is often accompanied by large structural changes within the highly
conserved DFG motif. For many kinases, the DFG region assumes distinct conformations in
the active (DFG-in) and inactive (DFG-out) enzyme states, with the majority of allosteric
inhibitors appearing to stabilize the DFG-out conformation (22,23). However, the DFG
region in CDKs does not seem to undergo this structural transition, with both the active and
inactive enzyme exhibiting DFG-in conformation, thereby rendering the nearby hydrophobic
pocket inaccessible from the ATP site.

In an attempt to identify potential allosteric binding sites in CDK2, we probed the extrinsic
fluorophore 8-anilino-1-naphthalene sulfonate (ANS). Previously, we utilized ANS for the
characterization of ligand-induced conformational changes in the bacterial enzyme MurA
(24) Here, we demonstrate that ANS specifically interacts with free CDK2, but not with
cyclin A, to produce a characteristic fluorescence spectrum. Fluorescence intensity
decreased in a dose-dependent manner upon interaction with cyclin A but not with substrate
ATP. High-resolution crystal structures revealed two ANS molecules bound adjacent to one
another, away from the ATP site, and in the vicinity of the C-helix. Binding of ANS induced
large conformational changes to the C-helix, indicating the potential of this site to
accommodate compounds able to disrupt the interaction of CDK2 with cyclins. Structures of
ternary complexes of CDK2 liganded with ANS and selected ATP-competitive inhibitors
were determined as well, demonstrating that the ANS site is independent of the ATP site and
allosteric in nature.

RESULTS AND DISCUSSION

Fluorescence characterization of the CDK2-ANS interaction

We probed the extrinsic fluorophore ANS (Figure 1) for interaction with free CDK2 and
free cyclin A. ANS alone exhibits a low fluorescence yield in aqueous solutions, which
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increases substantially upon binding to certain proteins (24,25). Incubation of free CDK2
with ANS resulted in a characteristic emission spectrum with a single maximum around 460
nm (Figure 2a). The fluorescence intensity increased in a saturation-dependent manner,
yielding an apparent dissociation constant of Kd = 37 μM. Free cyclin A reacted poorly with
ANS, and saturation was not observed, up to 200 μM ANS (data not shown). Next, we
evaluated the ability of diverse, known CDK2 ligands to displace ANS from the CDK2-
ANS complex. Ligands interfering with the binding of ANS were expected to quench the
CDK2-ANS fluorescence spectrum either directly, by competing with ANS for binding, or
indirectly, by inducing long-range conformational changes to the ANS site. Cyclin A, ATP,
and selected CDK2 inhibitors were among the ligands tested (Figure 1). For these
experiments, the ANS concentration was maintained at 50 μM. Titration of cyclin A into the
CDK2-ANS complex resulted in dose-dependent quenching of the emission spectrum with
an EC50 value of 0.6 μM (Figure 2b). The equilibrium constant of the CDK2-cyclin A
complex was previously assessed using mant-ATP (26,27), and it was concluded that an
initial rapid equilibrium (Kd = 1.3 μM) is followed by a rate-determining conformational
change, giving rise to an overall dissociation constant of 48 nM. The difference in assay
signals between CDK2-ANS and CDK2-mant-ATP likely accounts for the higher apparent
dissociation constant observed here. Furthermore, ANS inhibited the catalytic activity of the
phosphorylated CDK2-cyclin A2 complex with an IC50 value of 91 μM, indicating that the
presence of ANS obstructs formation of the complex between CDK2 and cyclins.
(Supplementary Figure 1).

Compounds JWS648 and SU9516 are ATP-competitive inhibitors of CDK2 with IC50
values of 5.9 and 0.13 μM, respectively (Supplementary Figure 1). Titration of JWS648 into
the CDK2-ANS complex caused only slight quenching of the fluorescence signal (EC50 >
300 μM), suggesting that this inhibitor does not compete with ANS for binding (Figure 2c).
In contrast, titration of SU9516 resulted in significant quenching of the fluorescence signal
in a dose-dependent manner, with an EC50 value of 0.3 μM, comparable to its IC50 value.
Notably, the presence of JWS648 led to a substantial decrease in the potential of SU9516 to
displace ANS, as reflected by a shift of the dose-response curve towards higher inhibitor
concentrations. It appears that the interaction of ANS with CDK2 is unaffected by smaller
inhibitors such as JWS648, whereas ANS is readily displaced by larger and more potent
inhibitors such as SU9516. ATP did not appear to affect the CDK2-ANS fluorescence at
concentrations up to 100 μM. Combined the data indicate that ANS binds immediately
adjacent to the ATP site in a region susceptible to the structural changes that occur upon
interaction with cyclin A.

We compared the fluorescence efficiency of the ANS-CDK2 interaction with that of other
Ser/Thr protein kinases, namely Akt, Aurora A and Rho associated kinase 1 (Rock 1)
(Figure 2d). Akt and Rock 1 reacted poorly with ANS and saturation was not reached up to
100 μM ANS. The fluorescence yield of ANS with Aurora A was about 5 times less
efficient than with CDK2, and the apparent Kd of 54 μM indicates less binding potential.
The results suggest that the interaction of ANS with CDK2 is relatively specific among the
protein kinases tested.

Structural characterization of the ANS binding pocket

To understand the interaction between ANS and CDK2 on a molecular level, we determined
the crystal structures of CDK2 in binary complex with ANS alone and in ternary complexes
with ANS and inhibitors (Table 1). Initial attempts to co-crystallize the enzyme with ANS
using well-known crystallization conditions for free and liganded CDK2 (28,29) failed,
indicating that conformational changes upon binding of ANS are incompatible with crystal
formation under these conditions. Therefore, we first applied in-diffusion (“soaking”)
experiments, in which preformed crystals of free or inhibitor-liganded CDK2 were
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incubated with ANS incrementally over a period of 1–5 days. This allowed the crystals to
adapt to the structural changes induced by ANS, resulting in a ~ 2 Å decrease of the unit cell
b-axis without loss of diffraction quality. Simultaneously, new crystallization conditions
suitable for the co-crystallization of CDK2 with ANS were established. Notably, although
grown from different precipitants (Jeffamine ED-2001 vs. PEG3350), the crystals obtained
by co-crystallization or in-diffusion were of identical space group and possessed the same
unit cell dimensions, with the refined structures displaying the same conformational changes
unique to the binding of ANS.

The crystal structure of the CDK2-ANS complex revealed two distinct ANS molecules
bound adjacent to one another, away from the ATP site and in the vicinity of the C-helix
(Figure 3a). The ANS site that is located approximately midway between the ATP site and
the C-helix likely binds ANS with the highest affinity, as indicated by the elaborate network
of hydrogen bonding and van der Waals carbon-carbon (hydrophobic) interactions, and the
significantly lower temperature factors (B-factors) of the ANS molecule (Supplementary
Figure 2a). Therefore, this site was defined as the primary ANS site. The naphthalene ring is
positioned between C-helix residues Leu55 and Lys56 and gatekeeper residue Phe80. The
sulfonate group is within hydrogen bonding distance of the main chain amides of Asp145
and Phe146, which constitute the DFG motif, and appears to establish a salt bridge with the
ε-amino group of the conserved Lys33 residue (Figures 3b and c). The second ANS
molecule binds adjacent to the primary site, within van der Waals distance of the first ANS
molecule (Figure 2a). This secondary site is also comprised of C-helix residues. The
naphthalene is located between residues Ile52 and Leu76, and the sulfonate group interacts
with residues Lys56 and His71, while the aniline moiety is largely solvent exposed. Notably,
upon incubation of apo-CDK2 crystals with high concentrations of ANS (> 10 mM), a third
ANS molecule appeared in the ATP site (Supplementary Figure 3). However, the weak
electron density and absence of interactions with the hinge region indicate a low binding
potential of ANS for the ATP site.

ANS induces large structural changes in CDK2 not previously observed with small molecule
ligands of this enzyme. The C-helix is locked in a conformation substantially different from
that of CDK2 alone or in complex with cyclin A (Figures 4a and b). Interaction of cyclin A
with the CDK2-ANS complex requires repositioning of the C-helix, which effectively
narrows the ANS pocket. As a result, ANS dissociates from the enzyme, accompanied by
quenching of the fluorescence signal (Figure 2b). The activation loop (residues 152–171)
and the DFG region (residues 145–147) undergo substantial structural changes as well, but
Asp145 and Phe146 remain in the DFG-in conformation. Since the gatekeeper residue
Phe80 shifts only slightly, the ANS pocket remains largely shielded from the ATP site.
Notably, binding of ANS also causes a main chain conformational change of the hinge
region around His84, indicating an increase in conformational flexibility of the ATP site
(Supplementary Figure 4). When occupied by ANS, the pocket becomes partially solvent
accessible, while it is buried in free CDK2 (Figures 4c and d). Entry of ANS to the pocket
likely occurs at the interface between the N-terminus of the C-helix and the activation loop
surrounding residue Phe152 (Supplementary Figure 5). These regions exhibit high
conformational flexibility and are likely to expose the hydrophobic pocket during fluctuating
transitions between the various conformational states of CDK2 (30).

To further evaluate the allosteric characteristics of the ANS binding pocket, we assessed the
ability of inhibitors to form ternary complexes with CDK2-ANS. Crystal structures of
CDK2-ANS-JWS648 and CDK2-ANS-SU9516 were obtained both by co-crystallization
and in-diffusion (Table 1 and Supplementary Table 1). The ternary CDK2-ANS-JWS648
complex (Figures 5a and c) is nearly identical to the binary CDK2-ANS complex (rmsd =
0.35 Å, Figure S2b), suggesting that binding of JWS648 does not impact the allosteric site,
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in agreement with the low fluorescence quenching potential of this inhibitor (Figure 2c).
Unexpectedly, we were also able to obtain the structure of CDK2 in complex with ANS and
SU9516 (Figures 5b and d), although this inhibitor readily displaced ANS in the
fluorescence assay. The CDK2-ANS-SU9516 complex, however, differs considerably from
the ternary complex with JWS648 (rmsd = 1.7 Å, Supplementary Figure 2b), and the volume
of the binding pocket appears significantly smaller. To fit the altered pocket, the two ANS
molecules adopt new conformations by rotating about the aniline moiety, with increased B-
factor values indicating reduced binding potential (Supplementary Figure 6). It appears that
SU9516 induces a conformational change in the side chain of Lys33, which is located at the
interface between the ATP site and the allosteric pocket. This causes the activation loop
around Val156 and the glycine-rich loop around Tyr15 to change structure, in turn affecting
the integrity of the ANS pocket. Thus, the crystal structures of the ternary complexes
provide an explanation for the differential effects of JWS648 and SU9516 on CDK2-ANS
fluorescence and demonstrate the allosteric nature of the ANS binding pocket.

Implications for the design of allosteric CDK inhibitors

The majority of protein kinase inhibitors are ATP-competitive (type I), and comparatively
few allosteric (noncompetitive) inhibitors have been reported to date. Abl, p38, and MEK1
kinases (19–21) are prime examples for the successful design of high affinity inhibitors with
distinct allosteric binding characteristics (type II–IV) (23,31,32). For these enzymes, the
allosteric site extends along the DFG region, with the inhibitor located under the C-helix
(Figure 6). In contrast, the allosteric pocket in CDK2 points away from the DFG region and
extends above the helix. These substantial architectural differences may provide an
opportunity for the design of a new generation of inhibitors selectively targeting CDK2 and
possibly other CDKs as well, since the residues interacting with ANS are largely conserved
(Figure 7). The structural changes induced by ANS indicate the potential of the allosteric
site to modulate complex formation between CDKs and cyclins by locking the C-helix in a
conformation incompatible with this protein-protein interaction. However, the tight
interaction of the CDK-cyclin complex requires allosteric inhibitors to be exceptionally
potent. With an apparent Kd of 37 μM, ANS is readily displaced from CDK2 upon
interaction with cyclin A and, consequently, exhibits relatively weak inhibitory potency
against the activated CDK2-cyclin A complex with an IC50 of 91 μM. However, it is
conceivable that larger compounds occupying both ANS sites simultaneously could interact
more efficiently with CDK2, thereby inhibiting complex formation with cyclins. For
example, aryl groups introduced at the 7-position of the naphthalene ring via alkyl or
alkylamine linkers could extend into the secondary ANS site. The 4-position is oriented
towards a solvent exposed region suitable for the introduction of bulky polar substituents to
increase solubility, and the sulfonate group could be replaced by a sulfonamide to improve
pharmacological properties (Figure 8a). However, defining an allosteric pharmacophore
based on the binding interactions of ANS alone is challenging, and chemical scaffolds other
than ANS are needed to comprehensively evaluate the potential of this pocket as a viable
drug target. The fluorescence assay used herein is suitable for high-throughput screening
(HTS) to identify compounds selectively competing with ANS for binding (Figure 8b). It is
readily adaptable to 384-well format, robust in the presence of DMSO, and cost effective
due to the use of only free, non-phosphorylated CDK2. The assay could be conducted in the
presence of inhibitors, such as JWS648, to effectively block the ATP site from compounds
that may impact the binding of ANS indirectly, as seen with SU9516. Combined, the
findings indicate the potential of the ANS binding pocket as a new target site for allosteric
inhibitors disrupting the interactions between CDKs and cyclins.
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METHODS

Reagents and compounds

Reagents and compounds for biochemical and crystallization experiments were purchased
from Sigma–Aldrich and Hampton Research unless otherwise indicated. ANS ammonium
salt (purity ≥ 97.0% by HPLC) was from Sigma–Aldrich, the peptide substrate for activity
assays from Biomatik and the CDK2 inhibitor SU9516 from Tocris Bioscience. During
protein purification, the protein concentration was determined using the Coomassie reagent
from BioRad with bovine serum albumin as a standard. The concentration of crystallization
grade proteins was determined by A280 molar absorbance using a nanodrop ND-1000
spectrophotometer (Nanodrop Technologies). Non-linear regression analysis was performed
using SigmaPlot (Systat Software).

Cloning and expression

The gene for human CDK2 (comprising residues 1–298) was custom-synthesized (GeneArt),
cloned into the pGEX6P-1 vector to provide an N-terminal GST-tag, and transformed into E.

coli Tuner(DE3) cells (Novagen). The pGEX4T-2 plasmid used for expression of yeast
CAK1 and the pGEX6P-1 used for expression of human cyclin A2 (comprising residues
174–432) were generously provided by Dr. Philip Kaldis (National Cancer Institute) and
transformed into E. coli Tuner(DE3) cells. Cultures were grown for 2–3 h at 37°C, then the
temperature was decreased to 16 °C prior to induction with 0.1 mM IPTG at OD600 = 0.9.
The cultures were allowed to grow for an additional 20–24 h at 16 °C, and were harvested
by centrifugation (20 min at 6000 x g).

Enzyme purification

Harvested cells were resuspended in 50 mM HEPES buffer (pH 7.5) containing 150 mM
NaCl, 10 mM MgCl2, 2 mM dithiothreitol (DTT), 1 mM ethylene glycol tetra-acetic acid
(EGTA), 0.5 mg mL−1 lysosyme, and 0.01 % Triton X-100 at 4 °C for 1 h. After sonication
and centrifugation (1 h at 29000 x g), the supernatant was purified by GST-affinity column
chromatography (GE LifeSciences). After incubation of peak fractions with GST-
PreScission protease (20:1) at 4°C, the cleaved GST tag was removed by a second GST-
affinity column. CDK2 peak fractions were loaded onto a Superdex 200 (26/60) column,
eluting with 50 mM HEPES buffer (pH 7.5) containing 150 mM NaCl, 10 mM MgCl2, 2
mM DTT, 2 mM EGTA, and 0.01 mM ADP. Purified CDK2 was concentrated to ~ 10 mg
mL−1 and stored at −80 °C. Cyclin A2 was purified by GST-affinity chromatography as
described above, adding 100 mM MgCl2 to fractions to prevent protein aggregation. After
PreScission cleavage, the protein solution was applied to a QFF ion-exchange column and
eluted with 50 mM HEPES buffer (pH 7.5) containing 2 mM EDTA and 2 mM DTT over a
0–500 mM NaCl gradient. Fractions containing cyclin A were pooled, concentrated to ~ 20
mg mL−1, and stored at −80 °C. CAK1 was also purified using GST-affinity
chromatography, concentrated to ~ 10 mg mL−1, and stored at −80 °C. Activation of the
CDK2-cyclin A complex was achieved in vitro. Briefly, 6 mg of CDK2 was added to a 15
mL solution of 30 mM Tris/HCl (pH 7.5), 10 mM MgCl2, and 3 mM DTT containing 3 mg
GST-CAK1 and 10 mM ATP. The mixture was incubated for 4 h at room temperature, then
overnight at 4°C, prior to addition of cyclin A (6 mg) to yield the activated CDK2-cyclin A
complex. Purification of the activated CDK2-cyclin A complex included GST-affinity
chromatography to remove the GST–CAK1 fusion protein, followed by buffer exchange
into 50 mM sodium phosphate buffer (pH 7.5) containing 150 mM NaCl, 2 mM DTT, and 1
mM MgCl2. The specific activity of this complex was ~ 6 μmol min−1 mg−1. The
comparative analysis with other Ser/Thr protein kinases (Figure. 2d) was performed for the
kinase domains of human Aurora A (residues 123–380, overexpressed in E. coli Tuner DE3)
and Rock1 (residues 5–415, overexpressed in SF9 insect cells) and full-length Akt1
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(residues 1–480, overexpressed in SF9 insect cells), purified to crystallization grade using
similar purification protocols as described for CDK2.

Enzyme assays

The synthetic peptide PKTPKKAKKL (33) served as a substrate for the activated CDK2-
cyclin A complex, and the formation of ADP from ATP was coupled to the oxidation of
NADH using pyruvate kinase (PK) and lactate dehydrogenase (LDH), monitored at 340 nm
(34,35). Reactions were carried out at room temperature in 50 mM Tris/HCl buffer (pH 7.5)
containing 10 mM MgCl2, 0.24 mM NADH, 5 mM DTT, 6 U mL−1 LDH, 10 U mL−1 PK, 1
mM phosphoenolpyruvate, 5 % (v/v) DMSO, and 0.01 mg mL−1 activated CDK-cyclin A
complex. Inhibitor was added to the mixture, and the reaction was started by the addition of
ATP and peptide substrate. Assays were performed in 384-well plates using a SpectraMax
340PC plate reader (Molecular Devices). Since ANS absorbs strongly at 340 nm, the
inhibitory potential of ANS was determined using a different coupled enzyme assay
(DiscoverX), in which a fluorescent resorufin dye is generated from the interaction of ADP
with hydrogen peroxide and acetyl dihydroxy phenoxazine (measured with excitation and
emission wavelengths of 540 and 590 nm, respectively). Reactions were carried out at 20 °C
in 15 mM HEPES buffer (pH 7.4) containing 20 mM NaCl, 1 mM EGDTA, 0.02% Tween
20, 10 mM MgCl2, 5 % (v/v) DMSO, and 45 ng mL−1 activated CDK-cyclin A complex.
Inhibitor was added to the mixture, and the reaction was initiated by the addition of 50 μM
ATP and 200 μM peptide substrate. Assays were performed in 384-well plates using a
Envision 2102 plate reader (Perkin Elmer). IC50 values for were obtained by fitting the data
to equation (1),

Equation (1)

where A is the remaining activity, [I] is the concentration of the inhibitor, and n is the Hill
slope coefficient.

Fluorescence spectroscopy

Fluorescence spectra were recorded with a Varian Eclipse fluorescence spectrophotometer
using 1 × 1 cm quartz cells in 1 ml reaction mixtures at 20 °C Excitation was at 366 nm and
emission spectra were recorded between 400 and 600 nm. The concentration of ANS was
determined spectrophotometrically from the molar absorbance of 5000 M−1 cm−1 at 350 nm
(36). Emission spectra were corrected for the inner filter effect caused by the absorption of
ANS using equation (2) (37),

Equation (2)

where Fobs is the observed fluorescence intensity, and ODex and ODem the optical density at
the extinction and emission wavelengths, respectively. Under the experimental conditions
tested here absorption of ANS between 450 and 600 nm was negligible. Titrations were
performed by progressive addition of ANS to CDK2 or ligands to the CDK2-ANS complex
into the sample solution (50 mM HEPES/NaOH pH 7.5, 100 mM NaCl, 2 mM DTT and 1.6
μM (55 μg/ml) CDK2. CDK2-ANS spectra were subtracted from those recorded in the
absence of CDK2, and the emission maximum at 460 nm was plotted as a function of ligand
concentration. The apparent Kd of ANS was obtained by fitting data to equation (3),
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Equation (3)

where Fmax is the maximum fluorescence yield.. EC50 values for the quenching potential of
ligands were obtained by fitting F466 values to equation (4),

Equation (4)

where [L] is the concentration of ligand and n is the Hill slope coefficient.

Protein crystallography

For crystallization, CDK2 was transferred into 100 mM Na/K phosphate buffer (pH 6.2)
including 2 mM DTT via PD10 columns (GE Lifesciences) and concentrated to 10 mg mL−1

using Amicon Ultra-4 10K centrifugal devices (Millipore). Crystallization of CDK2 was
performed at 19 °C using the hanging drop vapor-diffusion method. Initially, crystals of free
CDK2 and of the enzyme in the presence of JWS648, SU9516, and ANS were grown from 5
% (v/v) PEG 3350 in 50 mM HEPES/NaOH (pH 7.5) at a CDK2 concentration of ~ 5 mg
mL−1. While free CDK2 and complexes with inhibitors yielded crystals after two days, the
CDK2-ANS crystals appeared after several weeks. Therefore, alternative crystallization
conditions using 15 % (v/v) Jeffamine ED-2001 and 50 mM HEPES were established,
yielding co-crystals with ANS alone and in ternary complex with ANS and JWS648 after
two days (1.5–5 mM of compound was added to the crystallization solution). In parallel, in-
diffusion experiments with ANS were performed for free CDK2 and complexes of CDK2-
JWS648 and CDK2-SU9516. Crystals were incubated for 24 h in 50 mM HEPES (pH 7.5),
50 mM phosphate (Na/K, pH 7.5), 7.5 % (v/v) PEG 3350, and 5–15 mM aqueous ANS, with
or without 2 mM of compound JWS648 or SU9516. All crystals were harvested in
cryoprotectant prior to data collection: 50 mM HEPES (pH 7.5), 50 mM phosphate (Na/K,
pH 7.5), 7.5 % (v/v) PEG 3350, and 25 % (v/v) ethylene glycol, with 0.5–2 mM inhibitor.

X-ray diffraction data were recorded at –180 °C in the Moffitt Cancer Center Structural
Biology Core using CuKα X-rays generated by a Rigaku Micro-Max 007-HF X-ray
generator, focused by mirror optics and equipped with a Rigaku R-AXIS HTC imager and a
Rigaku CCD Saturn 944 system on single crystals frozen in liquid N2. Data were reduced
with XDS (38). CNS (39) was employed for phasing and refinement (minimization and
simulated annealing), and model building was performed using Coot (40) or O (41). Initial
models for the small molecule ligands were generated using Chem3DPro (CambridgeSoft),
with parameters and topology files from the program xplo2d (42). Figures were drawn with
PyMol (Schrodinger) (43).

B-factor analysis

The frequency of B-factor values for all protein atoms, rounded to the nearest integer, were
fitted to the logarithmic gaussian distribution equation (5),

Equation (5)
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where A is the amplitude (height) of the center, Bo is the B-factor for the peak, and c is the
width of the distribution, respectively. The Bo value was then used to normalize the atomic
B-factors of the ANS molecules bound to the binary and ternary complexes.

Synthesis of CDK2 inhibitor JWS648

JWS648 was prepared in two steps (Scheme 1) by the reaction of biguanide with methyl 2-
hydroxy-5-methoxybenzoate to form the corresponding monoacylated biguanide, which was
then subjected to microwave irradiation to form the triazine (44):

Small pieces of sodium metal (108 mg, 4.96 mmol) were added to dry ethanol (40 mL,
cooled to 0 °C). After stirring for 30 min, the sodium was completely dissolved, and
biguanide hydrochloride (1.05 g, 4.96 mmol) was added to the solution. The resulting
suspension was stirred at room temperature for 30 min, then the precipitated sodium
chloride was collected by suction filtration and washed with dry ethanol (20 mL). The
filtrate was collected, and methyl 2-hydroxy-5-methoxybenzoate (903 mg, 4.96 mmol) was
added at once. The suspension was stirred at reflux for 4 h, then the solvent was removed
under reduced pressure. The residue was dissolved in dry DMSO (15 mL), placed into a 20
mL microwave tube, and irradiated at 190 °C for 15 min. The reaction was quenched with
water and extracted with ethyl acetate (3 × 50 mL). The combined organic layers were
washed with brine, dried over sodium sulfate, and filtered. The solvent was removed under
reduced pressure, and the crude residue was purified by flash column chromatography over
silica gel using an ethyl acetate/hexanes gradient (1:1 to 2:1), to afford 150 mg (14 %) of
JWS648 as a light yellow solid. 1H NMR (400 MHz, DMSO-d6): δ=13.35 (s, 1H), 7.71 (d, J
= 3.2 Hz, 1H), 7.18 (br s, 2H), 6.98 (m, 3H), 6.79 (d, J = 8.9 Hz, 1H), 3.70 (s, 3H). HR-MS
calcd for C10H11N5O2 (M+H) 234.0991, found 234.0993.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
ANS and the ATP site-directed inhibitors JWS648 (IC50 = 5.9 μM) and SU9516 (IC50 =
0.13 μM).

Betzi et al. Page 12

ACS Chem Biol. Author manuscript; available in PMC 2012 May 20.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 2.
Fluorescence measurements of CDK2-ANS interaction, the effect of selected CDK2 ligands,
and the efficency of ANS interaction with other protein kinases. a) Emission spectra of
CDK2 (1.6 μM) were recorded for increasing concentrations of ANS. Fitting the emission
maximum at 460 nm to equation (3) yielded an apparent Kd of 37 μM (inset). b) Emission
spectra for the CDK2-ANS complex were recorded at 50 μM ANS and 1.6 μM CDK2 in the
presence of increasing concentrations of cyclin A2. Cyclin A2 quenched the fluorescence
yield in a dose-dependent manner, indicating the displacement of ANS with an EC50 value
of 0.6 μM (inset). c) Spectra were recorded for 50 μM ANS and 1.6 μM CDK2 in the
presence of small molecule ligands and the fluorescence maximum at 460 nm analyzed as a
function of compound concentration. ATP site-directed ligands exhibited differential ANS
displacement potential: SU9515 (■) readily quenched the fluorescence signal (EC50 = 0.3
μM), while concentrations as high as 300 μM of JWS648 (▼) and ATP (●) only marginally
affected the fluorescence yield. Note that the displacement potential of SU9515 decreased in
the presence of 50 μM JWS648 (□) to EC50 = 1.2 μM. Spectra for a-c were recorded with
emission and excitation slit widths 5/5. d) ANS titrations were also performed for Aurora A
(5.8 μM) (■), Rock1 (4.3 μM) (◇) and Akt 1 (4.1 μM) (▼) in parallel with CDK2 (1.5 μM)
(●). Plotted is the maximum fluorescence yield observed per μM respective kinase in the
presence of increasing ANS concentrations. Spectra for d were recorded with slit widths
10/10. Data were fitted to equation (3) yielding Kd values of 37 μM for CDK2, 54 μM for
Aurora A, 450 μM for Akt and 1900 μM for Rock 1.
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Figure 3.
Molecular mode of action of ANS binding to CDK2. a) Two ANS molecules (yellow) bind
adjacent to one another, away from the ATP site (hinge region shown in cyan) and in the
vicinity of the C-helix (magenta). Displayed in blue is the 2Fo-Fc electron density,
contoured at 1σ around both ANS molecules. The Fo-Fc electron density map with the ANS
molecules omitted during refinement is shown in Fig. S7a. b) Schematic representation of
potential hydrogen bonding and van der Waals (hydrophobic) interactions between ANS and
enzyme residues. c) Stereoview of binding interactions within the ANS pocket. Black and
green dotted lines indicate hydrogen bonding and hydrophobic interactions, respectively.
Water molecules are shown as blue spheres.
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Figure 4.
Binding of ANS induces large conformational changes in the C-helix. a) Overall view of the
CDK2-cyclin A complex structure (PDB entry 2CCI) (45). CDK2 is shown in wheat, the C-
helix in magenta, and cyclin A in orange. b) Superimposition reveals the distinct
conformation of the C-helix in the CDK2-ANS complex (green) and in free CDK2 (blue) as
compared to the CDK2-cyclin A complex (magenta). Surface representations of the C-helix
and surrounding residues for free CDK2 (c) and the CDK2-ANS complex (d) reveal the
partial opening of the ANS pocket towards solvent.
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Figure 5.
Allosteric nature of the ANS binding pocket. Crystal structures of ternary complexes with
ATP site-directed inhibitors were determined for CDK2-ANS-JWS648 (a) and CDK2-ANS-
SU9516 (b). The 2Fo-Fc electron density maps contoured at 1σ around the respective
ligands are displayed in blue, with inhibitors shown in orange and ANS in yellow. The Fo-
Fc electron density maps with the ligands omitted during refinement are presented in the
supplemental material (Fig. S7). (c) and (d) represent stereo views of the binding
interactions of ligands in the CDK2-ANS-JWS648 and CDK2-ANS-SU9516 complexes,
respectively.
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Figure 6.
Comparison of the ANS pocket in CDK2 with allosteric sites in other protein kinases. a) In
CDK2, the allosteric site extends away from the DFG motif (green) and above the C-helix
(magenta). In contrast, the allosteric sites in the Abl-Imatinib complex (b, PDB entry
2HYY) (19), the MEK1-PD318088-ATP complex (c, PDB entry 1S9J) (20) and the P38-
BIRB796 complex (d, PDB entry 1KV2) (21) extend along the DFG region so that ligands
are underneath the C-helix. Allosteric ligands are shown in yellow, ATP site-binders in
orange, and the hinge region in cyan.
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Figure 7.
Residues comprising the ANS binding pocket are largely conserved among CDKs. Pairwise
sequence alignments were performed for CDK2 and CDKs1-9, and their overall sequence
similarity and identity values are indicated. Identical residues are highlighted in grey, with
conservative and non-conservative substitutions in blue and red, respectively.
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Figure 8.
Potential of the ANS pocket for the discovery of novel CDK2 inhibitors. a) Based on the
binding interactions of ANS with CDK2, potential allosteric inhibitors spanning both ANS
sites could be designed by attaching aryl groups via rotatable linkers to the 7-position of the
naphthalene. Introduction of polar moieties at the 4-position could serve to increase
solubility, and the sulfonate group could be replaced by a sulfonamide to improve
pharmacological properties. b) HTS using the CDK2-ANS fluorescence assay, in which
compounds that compete for binding to the ANS site induce quenching of the fluorescence
signal, could lead to the discovery of new chemical scaffolds with allosteric binding
potential. The assay could be performed in the presence of ATP site-directed inhibitors such
as JWS648 to protect the CDK2-ANS complex from compounds which indirectly affect the
ANS pocket.
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Scheme 1.
Synthesis of JWS648
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Table 1

Summary of crystallographic data collection and structure refinement. Values in parentheses refer to the
highest resolution shell.

Structure (PDB ID) 2 ANS MOLECULES (3PXF) ANS+JWS648 (3PXZ) ANS+SU9516 (3PY1)

Crystallization

Precipitant Jeffamine ED-2001 PEG 3350 PEG 3350

Co-crystallization ANS JWS648 SU9516

Soaking - ANS ANS

Data Collection

Space group P212121 P212121 P212121

Unit cell dimensions (Å) a=53.0
b=69.4
c=72.3

a=53.1
b=69.6
c=72.6

a=53.3
b=70.2
c=71.5

Resolution range 20–1.80 (1.85–1.80) 20–1.70 (1.75–1.70) 20–2.05 (2.10–2.05)

Unique reflections 24998 (1872) 30104 (2434) 17189 (1183)

Completeness (%) 98.5 (96.6) 99.3 (98.3) 98.7 (99.5)

I/σI 21 (3.8) 27 (4.4) 23 (4.8)

Rmerge
a (%) 3.5 (19.9) 2.9 (22.7) 4.4 (31.4)

Structure refinement

Protein atoms 2438 2431 2448

Average B-factor (Å2) 25 24 31

Ligand atoms 2 ANS (2 × 21 atoms) 2 ANS (2 × 21 atoms)
1 JWS (1 × 17 atoms)

2 ANS (2 × 21 atoms)
1 SU9516 (18 atoms)

Average B-factor (Å2) 22 19 33

Solvent molecules 203 187 128

Average B-factor (Å2) 31 30 35

Rmsdb bonds (Å) 0.010 0.009 0.010

Rmsd angles (°) 1.4 1.4 1.4

Rcryst
c (%) 19.8 21.4 19.9

Rfree
d (%) 22.9 25.8 25.1

Rfree reflection set size 1100 (4.4 %) 1114 (3.7 %) 860 (5.0 %)

Cross-validated coordinate error:
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Structure (PDB ID) 2 ANS MOLECULES (3PXF) ANS+JWS648 (3PXZ) ANS+SU9516 (3PY1)

- From Luzzati plot (Å) 0.24 0.24 0.30

- From SigmaA (Å) 0.12 0.16 0.15

a
Rmerge = 100 × ΣhΣi|Ihi − Ih|/ΣhiIhi where h are unique reflection indices.

b
Rmsd = root mean square deviation from ideal values.

c
Rcryst = 100 x Σ|Fobs−Fmodel|/Fobs where Fobs and Fmodel are observed and calculated structure factor amplitudes, respectively.

d
Rfree is Rcryst calculated for randomly chosen unique reflections, which were excluded from the refinement.
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