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Inhibition of the cell cycle is widely considered as a new approach toward treatment for diseases
caused by unregulated cell proliferation, including cancer. Since cyclin-dependent kinases
(CDKSs) are key enzymes of cell cycle control, they are promissing targets for the design and
discovery of drugs with antiproliferative activity. The detailed structural analysis of CDK2
can provide valuable information for the design of new ligands that can bind in the ATP binding
pocket and inhibit CDK2 activity. For this objective, the crystal structures of human CDK2
apoenzyme and its ATP complex were refined to 1.8 and 1.9 A, respectively. The high-resolution
refinement reveals 12 ordered water molecules in the ATP binding pocket of the apoenzyme
and five ordered waters in that of the ATP complex. Despite a large number of hydrogen bonds
between ATP-phosphates and CDKZ2, binding studies of cyclic AMP-dependent protein kinase
with ATP analogues show that the triphosphate moiety contributes little and the adenine ring
is most important for binding affinity. Our analysis of CDK2 structural data, hydration of
residues in the binding pocket of the apoenzyme, flexibility of the ligand, and structural
differences between the apoenzyme and CDK2-ATP complex provide an explanation for the
results of earlier binding studies with ATP analogues and a basis for future inhibitor design.

Introduction

Protein kinases are a large family of enzymes that
are essential for the regulation of many diverse cell
functions through phosphorylation of other enzymes and
structural proteins.! Biochemical and structural studies
have increased our understanding of their role in signal
transduction?=5 and cell cycle regulation®—8 enormously
in recent years. For example, crystal structures of
several serine/threonine protein kinases, including cyclic-
AMP-dependent protein kinase (cAPK),? mitogen-acti-
vated protein kinase (MAPK),1° twitchin kinase,!! casein
kinase 1 (CK1),12 phosphorylase kinase (PhK),® and
cyclin-dependent kinase 2 (CDK?2),%* revealed a common
two-domain core structure with enzyme-specific varia-
tions. 15

Among protein kinases, CDK2 plays a central role in
cell cycle regulation, and efforts are underway to develop
specific inhibitors of CDKs as potential antimitogenic
drugs.’6-19 Structure-based drug design requires the
three-dimensional structure of the target enzyme and
possibly its bound natural ligand or lead inhibitor
compound. Hence, high-resolution data provide impor-
tant information for the design of active ligands because
more accurate protein structures including bound water
molecules can be obtained. Hydration of residues that
participate in protein—ligand interactions is important

" The refined coordinates of CDK2 apoenzyme and CDK2-ATP
complex have been deposited in the Protein Data Bank, Biology
Department, Brookhaven National Laboratories, Upton, NY 11973,
under the file names 1HCL and 1HCK, respectively.

#K. U. Leuven.
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in determining the thermodynamics of ligand binding
and provides clues for identifying protein residues as
potential ligand interaction sites.

Previously reported crystal structures of the CDK2
apoenzyme and its ATP complex were refined to 2.4 A 14
where the details of hydration in the ATP binding
pocket were not certain. We have now obtained high-
resolution crystals and refined the structures of the
apoenzyme to 1.8 A and that of the ATP complex to 1.9
A. Here, we describe in detail the interactions between
ATP and CDKZ2, the coordination of the Mg2" ion, and
the ordered water structure in the binding pocket of the
apoenzyme and discuss the implications of the struc-
tural information for the affinity of ligand binding.

Results and Discussion

Refinement. The details of data collection and
reduction are summarized in Table 1. Refinement of
the CDK2 apoenzyme and ATP complex to 1.8 and 1.9
A, respectively, resulted in very accurate protein models
as indicated by low R values, good stereochemistry
(Table 2), and estimated coordinate errors of 0.2 A for
the apoenzyme and 0.2—0.25 A for the ATP complex.2°
In the apoenzyme structure, all residue conformations
fall in energetically favorable regions of the Ramachan-
dran plot, and in the ATP—enzyme complex, only
residue Val** adopts a conformation just outside the
favorable conformations.?! The electron density for both
molecules is well defined with the exception of residues
37—40, which were omitted in both molecules. In
addition, residues at the N-terminus and C-terminus
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Table 1. Data Collection Statistics

CDK2 apoenzyme CDK2-ATP complex

space group P212:2; P212:2;

unit cell (&) a=7312,b=7272, a=72.82,b=72.66,
c=54.25 ¢ =54.07

resolution (A) o — 1.8 o —1.9

unique reflections 27034 (3904)2 22636 (3019)b

multiplicity 3.6 3.6
completeness (%) 98.6 (97.1)2 97.3 (92.8)P
Rumerge (%)° 6.12 6.75

loy 12 (2.4)2 10 (1.5)P

a Number in brackets is the corresponding value for resolution
shell 1.9 to 1.8 A. » Numbers in brackets are the corresponding
values for resolution shell 2.0 t0 1.9 A. ¢ Ryerge = Y |1(h) — <I(h)>|/
> 1(h), where I(h) is the observed intensity and <I(h)> the mean
intensity of reflection h over all measurements of I(h) with /oy >
0.

Table 2. Refinement Statistics

CDK2—apoenzyme CDK2—ATP complex

resolution (A) 8—1.8 8-1.9
reflections (F/og >2.0) 22436 19547
atom
protein 2373 2371
solvent 180 108
ATP 31
Mg 1
Riree? 25.45% 27.19%
Rerysi? 18.12 18.47
rms deviation®
bonds (A) 0.011 0.012
angles (deg) 1.61 1.78
dihedrals (deg) 24.18 24.58
improper (deg) 1.42 1.58
average B values (A2)
CDK2 31 37
solvent 44 48

2 Ryaiue =X nuilFo — Fel)/Y nkiFobs, Where Ryree is calculated for a
randomly chosen 10% of reflections omitted from refinement and
Reryst is calculated for the remaining 90% of reflections included
in the refinement. ® Root-mean-square deviations from ideal val-
ues.

and residues 72—75 and 153—162 have higher than
average B values.

ATP Binding. The electron density for the refined
CDK2—ATP complex shows clear density for the ATP
molecule with all three phosphates, a Mg?* ion, and five
water molecules within 4.5 A of the ATP molecule
(Figure 1). The five-membered ribose ring is puckered
into a C2-endo envelop. The increased resolution
allowed the identification of alternate side-chain con-
formations for GIn131, which provide additional contacts
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with the s-phosphate (Figures 2 and 6). In the stronger
occupied side chain conformation, the side-chain turns
toward the backbone and the side-chain amide oxygen
is within hydrogen bonding distance to the residue’s own
peptide nitrogen. In addition, it forms several van der
Waals contacts with Pro!. In the second, weaker
occupied conformation, the side chain points into the
binding pocket, forming a hydrogen bond with a 5-phos-
phate oxygen of ATP. A total of 93 interatomic contacts
between CDK2 plus bound waters and ATP were
identified; 26 contacts with the adenine base, 15 with
the ribose, and 52 with the phosphates (Table 3).

As can be expected from the relative hydrophilicity
of the ATP molecule, most hydrogen bonds and salt
bridges (9) are formed with the phosphate moiety, while
the adenine base and ribose are involved in only three
hydrogen bonds each (Figure 2, Table 3). Three water
molecules, Wat®02, Wat>%3, and Wat®%, in the binding
pocket are also mediating CDK2—ATP interactions
(Figure 2, Table 3).

The hexacoordinate Mg?* ion is bound by one oxygen
from each phosphate, and one each from Asn!® and
Asp!*® side chains and Wat®% (Figure 3) with coordina-
tion bonds ranging in length from 1.82 to 2.29 A. The
coordination of all three phosphates of ATP by a single
Mg?* ion is very unusual and to our knowledge has
never been observed before. The electron density for
the Mg?* ion is relatively weak which is reflected in the
/r&efinement of its occupancy to 0.6 with a B value of 32

2

ATP Binding Pocket in the Apoenzyme and
Comparison with CDK2—ATP Complex. The excel-
lent electron density for the apoenzyme structure al-
lowed the placement and refinement of 180 water
molecules in hydrogen bonding distance to the protein.
Water molecules in the ATP binding pocket area are
especially interesting with regard to analyzing ligand
binding and designing new ligands. We identified 12
water molecules that are overlapping with or are within
4.2 A of the ATP ligand after superposition of the
apoenzyme and the enzyme—ATP complex (Figure 4).
Three water positions of the apoenzyme are retained
in the CDK2—ATP complex (Figure 5), but only one of
these, Wat®%, is within van der Waals distance to ATP
and forms hydrogen bonds with the Mg?* ion and the
ribose O5' (Table 3). Waters in the other two common
positions are hydrogen bonded to Asp!4® peptide nitro-

iOI WAT
'

Figure 1. F, — F. omit map for ATP, Mg?*, and five water molecules within 4.5 A of ATP. The map was contoured at 3 o. The
enzyme is schematically drawn as Ca trace and Mg?" and water molecules are displayed as filled black circles.
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Figure 2. Schematic stereodrawing of the ATP binding pocket in the CDK2—ATP complex. CDK2 residues in contact with ATP
are shown in green. ATP and three waters in hydrogen-bonding distance are shown as a ball and stick model with atom-specific
coloring: dark gray for carbon, blue for nitrogen, red for oxygen, pink for phosphate, and light gray for Mg?". Hydrogen bonds are

indicated as broken lines.

Table 3. ATP Interactions with CDK2

total number of contacts

CDK2 hydrogen bond partners

residue adenine ribose phosphates

110 3 2

G13 6,a+y G3N ATP Oa2

T4 8,y TN ATP Oy2
T“Oy1 ATP Oy2
Tyl ATP Oy3

V18 1 4 2, a

A3t 4

K33 4, o K33Nga ATP Oal
K33Ng2 ATP Oa2

V64 1

80 1

ESL 2 ES1O ATP N6

F82 4

L83 3 L8N ATP N1

D86 3 D801 ATP O3

K129 7, 0+y  KI®PNE ATP Oy3
K129Nga ATP Of3

Qi 3 9,8 Q¥INe2 ATP Op1
Q310 ATP O2'

N132 4,6+

L34 4 1

D145 50ty

Wat502 4,0+y  Wat20 ATP Oa2
Wat5020 ATP Oy2

Wat503 1 2 3, a Wat®030 ATP O5'

Wat505 2 Wat5050 ATP N3

total 26 15 52 15

a Salt bridge.

gen and its side-chain carboxylate (Wat®%, Figure 5) and
through water-mediated hydrogen bonds to backbone
carbonyl oxygens of residues His'25 and Asp45 (Wat®01,
Figure 5). Of the remaining water molecules in the
apoenzyme binding pocket, three are very close to the
position of N1, N6, and N7 atoms in the adenine ring
of the superimposed CDK2—ATP complex and five are
located in the binding pocket area for the triphosphate
of ATP (Figure 4).

The CDK2 apoenzyme and its ATP complex are
structurally very similar with a rms deviation of 0.39
A for all backbone atoms except residues 37—40. Even
residue conformations in the ATP binding pocket are

mostly conserved, including residue GIn!3! with two
alternate side-chain conformations (Figure 6). The only
significant differences are observed in the side chains
of residues Lys®3, Lys'?%, and Asn'3 (Figure 6). In the
CDK2—-ATP complex, the Lys® side-chain N¢ atom is
positioned close to the ATP a-phosphate and Aspl4®
carboxylate, several angstroms removed from its posi-
tion in the apoenzyme where it forms hydrogen bonds
with Asp'4 and a water molecule in the binding pocket.
Conformational changes for Lys'?® are smaller. The N&
atom is within hydrogen-bonding distance to Asp!?’
carboxyl oxygens in the apoenzyme. The observed shift
of the N¢ atom in the CDK2—ATP complex moves it
closer to the ATP y-phosphate and away from Asp?7.
Finally, the conformation of Asn'3? in the ATP complex
positions the side-chain amide close to the Mg?*ATP and
provides a coordination partner for the Mg?" ion. In
the apoenzyme, the same side chain is pointing away
from the binding pocket and forms a hydrogen bond with
the backbone nitrogen of Lys!?°,

ATP Conformation in CDK2 and Other Protein
Kinases. The refinement of the CDK2—ATP complex
to 1.9 A provides a very clear picture of the ATP binding
mode and ATP interactions with the inactive CDK2. In
contrast to the structure of the inactive MAPK where
the y-phosphate of ATP seems disordered,® the ATP
density is well defined in the CDK2—ATP complex.
However, as described earlier,’* there are conforma-
tional differences to the ATP molecule in the active
enzyme cAPK.?2 The ribose adopts a C2'-endo confor-
mation, compared to the C3'-endo puckering in the
cAPK structure. More importantly, the position of the
B-phosphate is far removed from its position in the
ATP—cAPK complex,? leading to an almost perpen-
dicular orientation of the P,—P4 and the Ps—P, bonds
in the CDK2 and cAPK complex structures. Conse-
guently, the position and coordination of the Mg2* ion
is different as well. In the CDK2 complex, we observe
only one Mg?* binding site, which is closest to the minor
binding site in the cAPK—ATP complex where five
ligands for the metal, Pa, Py, Asn'™, Asp!® and a
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Figure 3. Close-up stereoview of the Mg?" binding site in the CDK2—ATP complex. The orientation and coloring are identical
to those in Figure 2. Six oxygen donor ligands are arranged in octahedral geometry around the Mg?* ion.

solvent have been described.??> The Mg?" ion in the
CDK2 complex is coordinated by the same conserved
protein residues, Asn132, Aspl45, a solvent, and all three
phosphates, due to the different positioning of the j-
phosphate (Figure 3). Although the electron density in
the presumed metal binding site is relatively weak for
a MgZ™ atom, it was interpretated as Mg?" because of
the short coordination bonds (average 2.0 A) to its
ligands, octahedral coordination that is the preferred
geometry for alkaline earth metal ions in complexes
with oxygen donor groups, and its relation to the minor
metal binding site in cAPK.

Implications for CDK2 Inhibitor Design. The
natural ligand ATP can be regarded as pseudo lead
compound for the structure-based design of small in-
hibitor molecules of CDK2. The detailed description of
the CDK2-ATP complex structure provides a list of
potentially important interactions for ligand binding.
However, other information such as binding affinities
of ligand analogues, conformational flexibility of the
ligand, and solvation of residues in the binding pocket
of the apoenzyme are needed to identify functionally
essential interactions. The list of all CDK2-ATP con-
tacts (Table 3) shows more than half of all contacts,
including nine hydrogen bonds, being formed with the
triphosphate portion of ATP. However binding studies
of cAPK with ATP analogues revealed low sensitivity
to modifications in the triphosphate moiety as long as
there is an uncharged group in the 5'-position on the
ribose moiety.2* These seemingly contradictory findings
might be explained by the high cost of decreased entropy
in binding the flexible triphosphate moiety which is
counterbalanced by the entropically favorable displace-
ment of water molecules from the binding pocket.
Similarly, changes in the net energy of hydrogen bond-
ing should be small since the formation of hydrogen
bonds in the CDK2—ATP complex involves the displace-
ment of hydrogen-bonded water molecules. Indeed, the
high-resolution structure of the CDK2 apoenzyme shows
density for five well-ordered waters in the binding
pocket area for the triphosphate (Figure 4).

In contrast to the phosphate contacts, adenine inter-
actions with CDK2 are mostly of hydrophobic nature
with residues that are conserved throughout the protein
kinase family. Two hydrogen bonds, between L8N and
ATP N1 and between E810 and ATP N6 are observed
(Table 3), of which the latter was shown to be essential
for high-affinity binding of ATP in cAPK.2* The fact
that this hydrogen bond is formed in a hydrophobic
environment, which increases the interaction energy
between two dipoles, most likely contributes to its
importance in overall binding affinity. The binding
pocket for the adenine in the apoenzyme shows three
well-defined waters whose density overlaps with the
adenine ring in the superimposed ATP complex (Figure
4). One of the waters is substituting for the adenine
N6 atom forming a hydrogen bond with E81O, thereby
confirming the importance of a hydrogen-bonding part-
ner for E®1O. The second is close to N1 and C2 in the
adenine ring, forming a hydrogen bond with Leu830
instead of L8N, as the N1 atom of adenine does, and
the third is close to the N7 atom, forming hydrogen
bonds with other water molecules in the binding pocket.
The large contribution of the adenine base to binding
affinity is probably due to the formation of essential
buried hydrogen bonds and numerous van der Waals
contacts in combination with the smaller entropic cost
of binding the rigid purine ring. The B-factor distribu-
tion in the ATP molecule, that shows increasing values
from the adenine ring to the y-phosphate, correlates
with the atom movements, and probably reflects the
strength of CDK2—ATP interactions for the respective
atoms.

Binding energies between enzyme and ligand could
also be affected by conformational changes in the protein
partner. However, analysis of conformational differ-
ences between CDK2 apoenzyme and its ATP complex
(Figure 6) and other CDK2 inhibitor complexes!®2> show
only adjustments in a few side-chain conformations in
response to small molecule ligand binding and very
small changes in backbone atoms.
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Figure 4. Stereoview of the F, — F. omit map for 12 water molecules in the ATP binding pocket of CDK2 apoenzyme. The
electron density map was contoured at 3.25 o. In (@) CDK2 residues that form the binding pocket are shown, and water molecules
are drawn as black circles. (b, ¢) The same omit density for waters in the apoenzyme is shown together with the superimposed
ATP molecule imported from the CDK2-ATP complex. Part b is drawn in the same orientation as (a), while (c) is rotated 90°
around a horizontal axis.

Figure 5. Comparison of the water structure in the ATP binding pocket of CDK2 apoenzyme and its ATP complex. The enzyme
and waters in the CDK2—ATP complex are shown in green, ATP in cyan. Waters in the binding pocket of the superimposed
apoenzyme are shown in red, as well as the side chain of Lys® which adopts a very different conformation in the CDK2—ATP
complex. Some enzyme residues, as well as those water molecules, that are found in similar locations in the apoenzyme and
CDK2—ATP complex are labeled.
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Figure 6. Schematic stereodrawing of the ATP binding pocket in the CDK2 apoenzyme and its ATP complex after superposition.
The CDK2—ATP complex is drawn in green, the apoenzyme in red. Side chains whose conformation differ significantly between
the two structures are shown, as well as the side chain of GIn'3! that adopts alternate side-chain conformations in both structures.

The Mg?* ion is shown as a filled green circle.

Conclusion

Analysis of the high-resolution structures of CDK2
apoenzyme and its ATP complex provides important
information for the structure-based design of new drugs
and the improvement of already identified lead com-
pounds.

(1) The water structure of the binding pocket suggests
binding partners for potential ligands. However, the
energetics of displacing bound waters with ligand atoms
has to be considered.

(2) The number of observed protein—ligand hydrogen
bonds does not always correlate with the importance of
the respective ligand moiety for binding affinity. If the
ligand displaces hydrogen-bonded water molecules, the
net changes in hydrogen-bonding energy might be small.
In addition, the entropically favorable displacement of
waters might be balanced by the unfavorable im-
mobilization of ligand atoms.

(3) Ligand-induced conformational changes in the
protein are difficult to predict and need to be determined
experimentally. In case of CDK2, they are small and
probably not important.

(4) A relatively small number of directional hydrogen
bonds compared to nondirectional hydrophobic interac-
tions might allow a larger variety of chemical scaffolds
for inhibitor design and more flexibility in the orienta-
tion of inhibitor binding. For example, the adenine
binding pocket of CDK2 can accommodate adenine-
based inhibitors in three different orientations?® as well
as a flavopiridol-based inhibitor.2> However, more
examples will show if this is true in general.

Experimental Methods

Human CDK2 was expressed in SF9 cells with a recombi-
nant baculovirus vector, purified, and crystallized as described
previously.?® Diamond and wedge-shaped crystals appeared
after 2—4 days and continued growing after gradual increases
of the buffer concentration in the reservoir. The Mg>tATP—
CDK2 complex was obtained by cocrystallization and by
soaking apoenzyme crystals in 50 mM HEPES solution, pH
7.4, containing 2.5 mM MgCl; and 1.25 mM ATP for 48 h. The

size of the apoenzyme crystal was 0.35 x 0.25 x 0.25 mm and
that of the Mg?*ATP—CDK2 complex was 0.30 x 0.20 x 0.20
mm.

Diffraction data were collected at room temperature from a
single crystal with a Rigaku RAXIS-Il imaging plate area
detector using 1.6° or 1.7° oscillation angles for the apoenzyme
and complex crystal, respectively. Data were processed with
the Raxis data processing software (Table 1). Refinement of
the apoenzyme structure to 1.8 A resolution was performed
using X-PLOR?’ with the 2.4 A resolution apoenzyme structure
as the starting model. Rounds of simulated annealing using
the slow-cooling protocol, followed by individually restrained
B-factor refinement, were alternated with rebuilding of parts
of the enzyme and all water molecules into 2F, — F; or F, —
F. omit maps, using the program O.?6 The model was rebuilt
into SIGMAA-weighted simulated annealing omit maps?°
where parts of the enzyme or solvent molecules were omitted
for structure factor calculation. Only those regions of the
enzyme with high B values in the 2.4 A structure were rebuilt.
Finally, additional waters within hydrogen-bonding distances
to acceptor or donor protein atoms were built into F, — F; >30
densities, and alternate side-chain positions for residues GIn*3!
and Ser?%* were included. The final structure has a Ry Of
25.45% and Reryst of 18.12% for 8—1.8 A data with F/oF > 2.0
and good stereochemistry (Table 2). Residues 37—40 were
excluded from the final model because of extremely weak and
disconnected electron density.

Refinement of the Mg?*ATP—CDK2 complex proceeded
similarly. However, the whole enzyme, ATP, and solvent
molecules were checked and if neccessary rebuild into 10%
omit maps. The final complex structure has a Rsree 0f 27.2%
and Reryst of 18.47% for 8—1.9 A data with F/oF > 2.0 and good
stereochemistry (Table 2). As in the apoenzyme, residues 37—
40 were omitted in the final model because of missing electron
density.

Root mean square differences on backbone atoms were
calculated with the Protein Analysis Package (PAP).*® Pro-
teins were superimposed on Ca atoms using the program
OVRLAPS3! with the simple progression rule. Hydrogen bonds
and van der Waals contacts were assigned with the program
CONTACSYM.®2 The cutoff for hydrogen bonds and salt
bridges was 3.4 A and up to 4.11 A for van der Waals contacts,
depending on the atom type and using standard van der Waals
radii.
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