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The crystal structure of the human cyclinA—cyclin-dependent kinase2 (CDK2)-ATP complex has
been determined at 2.3 A resolution. CyclinA binds to one side of CDK2'’s catalytic cleft, induc-
ing large conformational changes in its PSTAIRE helix and T-loop. These changes activate the
kinase by realigning active site residues and relieving the steric blockade at the entrance of

the catalytic cleft.

THE eukaryotic cell cycle is coordinated by several related Ser/
Thr protein kinases, each consisting of a catalytic cyclin-depen-
dent kinase (CDK) subunit and a regulatory cyclin subunit
(reviewed in refs 1, 2). The transient appearance of these cyclin—
CDK complexes drives cell cycle events such as cell growth®
(cyclinD-CDK4 and cyclinD-CDK6 in G1), DNA replication*’
(cyclinE-CDK2 in G1/S and cyclinA-CDK2 in S) and cell
division® (cyclinA-CDK1 and cyclinB-CDK1 in G2 and M).

The CDK subunit is inactive as a protein kinase without the
cyclin subunit’. The binding of the cyclin subunit confers basal
kinase activity to the complex®, and phosphorylation of a
threonine residue in the CDK subunit by CDXK-activating
kinase’ (CAK) results in full activity. Recent studies indicate
that binding of the cyclin subunit also modulates the substrate
specificity of the kinase’. Substrates include the retinoblastoma
protein, Rb, which is preferentially associated with cyclinD-
CDK4 complexes'®; p107 (ref. 11), E2F (ref. 12), and replication
protein-A (ref. 13), which are phosphorylated by cyclinA-
CDK2; and histone H1, which is phosphorylated by cyclinB-
CDKI1 (refs 13, 14).

Cyclins, which vary in relative molecular mass (M;) from
30K to 45K, share a homologous region of about 100 amino
acids (30-50% similarity among cyclins A, B, D1 and E)
termed the cyclin box'’. CDKs are highly homologous® (40-
75% similarity among CDKI1 through CDK7) and contain a
conserved catalytic core of approximately 300 amino acids
common to all eukaryotic protein kinases'®. Crystallographic
studies of several eukaryotic protein kinases''?°, including
CDK2 (ref. 21) and the cyclic AMP-dependent protein kinase
catalytic subunit (PKA)* have shown that they all share the
same fold and tertiary structure. When these structures are
compared in detail, however, significant differences in their
catalytic sites become evident, which are thought to reflect
differences in their regulation. Whereas CDKs are activated by
the binding of their regulatory cyclin subunit, for example, PKA
is active in the free form and the binding of its regulatory subunit
is inhibitory**.

To understand how cyclins activate CDKs, we have deter-
mined the crystal structure of a human cyclinA-CDK2-ATP
complex at 2.3 A resolution and refined it to a crystallographic
R-factor of 20.8%. Comparison of the CDK2 structure in this
complex with that of catalytically inactive free CDK2 (ref. 21)
reveals that cyclin binding causes large conformational changes
in CDK2’s active site which we propose are responsible for activ-
ating CDKs.

Structure determination

Because human cyclinA aggregates at high concentrations, we
used limited proteolytic digestion to identify a 29K structural
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domain more amenable to crystallization (residues 173-432).
This fragment, which contains core sequences common to mem-
bers of the cyclin family, has CDK2 binding and activating prop-
erties identical to those of full-length cyclinA. The histone H1
phosphorylation activity of the CDK2-cyclinA fragment com-
plex is 0.30 pmol phosphate transferred per min per pmol CDK2,
compared to 0.28 for the CDK2-full-length cyclinA complex.
Addition of a CDK-activating kinase preparation increases the
activities to 5.1 and 4.8 pmol phosphate, respectively. Similar
results have been obtained with truncated Xenopus laevis cyclinA
fragments analogous to the one reported here”***. Both com-
plexes are inhibited to the same extent by the p27%®' CDK
inhibitor protein® (0.024 residual activity), and both cyclinA
molecules have similar in vivo mitotic activity when synthesized
in Xenopus laevis oocytes from microinjected capped comple-
mentary RNA?,

The cyclinA fragment-CDK2-ATP complex produced three
crystal forms from similar crystallization conditions (Table 1).
An orthorhombic form in spacegroup P2;2,2; with a=132.9,
b=149.3, c=73.7A grew readily; a hexagonal form in space-
group P6,22 with a=b=185.1, c=214.4 A grew infrequently;
and a third form grew twinned and was not characterized.
Both characterized forms contain two complexes in the asym-
metric unit and have similar non-crystallographic symmetry
(approximate two-fold symmetry). The structure of the com-
plex in the orthorhombic crystals was determined by multiple
isomorphous replacement (Table 1), and the structure of the
complex in the hexagonal form was determined by molecular
replacement using the partially refined orthorhombic form
structure (Table 1). The structures in the two forms are
essentially identical, and here we consider the hexagonal form,
which has been refined at 2.3 A resolution. The current model
of the asymmetric unit contains 2 cyclinA molecules (residues
173-432), 2 CDK2 molecules (residues 1-298), 2 ATP molecules
and 416 water molecules. The structure (Fig. 1) has an R-factor
of 20.8% for data from 6.0 to 2.3 A, with 0.013 A r.m.s. deviation
from ideal bond lengths and 1.77° r.m.s. deviation from ideal
bond angles.

Overall structure of the complex

The structure of CDK2 consists of an amino-terminal lobe (resi-
dues 1-85) rich in B-sheet and a larger, mostly a-helical, carboxy-
terminal lobe. ATP binds in a deep cleft between the two lobes
which contains catalytic residues conserved among eukaryotic
protein kinases and is presumed to be the site of protein substrate
binding and catalysis. CyclinA has two helical domains with
identical chain topology. It binds to one side of the catalytic cleft,
interacting with both lobes of CDK2 to form a large, continuous
protein-protein interface (Fig. 2a, b)
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TABLE 1 Diffraction data, MIR analysis and refinement statistics

Data MIR analysis (20-3.2 A)
Resolution Reflections coverage Rsym MFID Phasing
Data set (A) Measured Unique (%) (%) Sites (%)t power}
Native 2 (P6,22) 2.3 677,413 86,466 90.2 6.1
Native-Mg (P2,2412,) 25 174,498 47,667 92.3 6.5
Native 1 (P2,2,2,) 3.1 81,900 26,362 96.3 4.6
HgCl, 3.2 63,110 23,344 93.3 4.4 2 0.12 2.56
Thimerosal 34 35,140 20,928 78.8 5.9 5 0.17 1.31
UO4(OAc), 3.2 75,102 24,218 96.0 5.9 2 0.16 1.62
Sm(OAc)3 34 41,907 17,685 85.1 6.6 2 0.12 0.43
K2Au(CN), 3.8 31,511 13,104 86.7 7.4 6 0.11 0.81
r.m.s.||
Resolution Reflections Total number of R-factor Bonds Angles B-factor
Refinement A) (with|F| >20) atoms waters (%)§ A °) (A?
Hexagonal 6.0—2.3 70,208 9,476 416 20.8 0.013 1.77 3.0
Orthorhombic 7.0-25 43,576 9,157 97 22.8 0.013 1.89 25

Protein expression and purification. Human cyclinA was expressed in Escherichia coli and purified as described®. The cyclinA fragment (residues
173-432) was produced by digesting 50 mg cyclinA with 25 ug subtilisin at 4 °C for 90 min, and it was purified by cation exchange chromatography
(the identity of the fragment was determined by N-terminal sequencing and by subcloning into E. coli). The N-terminal 172 residues absent in the
fragment do not have significant homology in other cyclins, and are absent from cyclins D and E'®. Human CDK2 was expressed in insect cells
using a baculovirus vector, and was purified as described®*. Mass spectroscopy (by the electrospray ionization triple-stage quadropole method) of
the baculovirus-expressed CDK2 preparation indicated that it consisted predominantly of a single species (>95%). The mass was consistent with
the unphosphorylated CDK2 molecule having an acetyl group at the N-terminal methionine (Edman degradation negative). The complex was
prepared by mixing CDK2 and the cyclinA fragment at an equivalent molar ratio, followed by purification on a gel filtration column and concentration
by ultrafiltration to 25 mg mi™* in a buffer of 40 mM HEPES, 0.2 M NaCl, 5 mM dithiothreitol (DTT), pH 7.0. Crystallization and data collection.
Crystals were grown at 4 °C by the hanging drop vapour diffusion method. The complex was mixed with an equal volume of the well buffer containing
28% saturated (NH4)>(S04), 1 M KCI, 40 mM HEPES, 5 mM DTT, pH 7.0, and ATP was added to the drop at a final concentration of 10 mM.
Magnesium was not used in the crystallization because it interfered with the growth of large, diffraction-quality crystals. All diffraction data were
collected at —170 °C. The Native-1 and derivative data sets were collected using an R-AXISIIC imaging plate detector mounted on a Rigaku 200HB
generator. The Native-2 and Native-Mg data sets were collected using a CCD detector at the A1 beamline of the Cornell High Energy Synchrotron
Source (MacChess). For flash freezing, crystals were successively transferred to cryoprotectant buffers that contained increasing amounts of glycerol
(10, 20 and 30%), and were then flash frozen in a stream of nitrogen gas at —170 °C in 50% saturated (NH;)»(SO,4), 30% glycerol, 50 mM KClI,
5 mM ATP, 100 mM HEPES, pH 7.0. MIR analysis, model building and refinement. Heavy-atom soaks were performed using the orthorhombic
form crystals in a buffer of 50% saturated (NH,4)»(S0O,), 0.25 M KCI, 5 mM ATP and 100 mM HEPES, pH 7.0, containing one of the following heavy-
atom solutions: 2 mM HgCl, for 5 h, 0.6 mM thimerosal for 15 h, 4 mM uranyl acetate for 5 days, 3 mM samarium acetate for 5 h, or 5 mM
dipotassium gold cyanide for 13 h. Initial MIR phases were calculated at 3.2 A resolution with the program PHARE>® and had a mean figure of
merit of 0.62. The MIR map was improved by solvent flattening®® and non-crystallographic symmetry (n.c.s.) averaging with the program RAVE®".
The initial MIR map and the n.c.s.-averaged map were used to build the initial model with the programs 0°® and CHAIN®? (CDK2 was built based
on a model derived from the PKA structure). Successive rounds of rebuilding, simulated annealing refinement with the program X-PLOR*°, and
phase combination with the program SIGMAA®® allowed complete interpretation of the cyclinA and CDK2 structures in the orthorhombic crystal
form. After several cycles of refinement with the full model, X-PLOR omit maps were used to systematically check every part of the complex (about
2-5% of the structure was deleted in each calculation, and simulated annealing was used to reduce model bias in the omit maps). Molecular
replacement solution of the hexagonal form structure. The structure of the hexagonal form was determined by molecular replacement with the
programs MERLOT**, BRUTE*? and X-PLOR using a monomeric cyclinA—-CDK2 model from the orthorhombic form crystal structure. The molecular
replacement search yielded two distinct solutions which corresponded to the same n.c.s.-related dimer observed in the orthorhombic crystal form.
The molecular replacement model was refined by simulated annealing (X-PLOR). Successive rounds of rebuilding and refinement were followed by
restrained temperature factor refinement and anisotropic temperature factor correction (X-PLOR). 2F,— F. and F, — F. electron density maps in the
hexagonal crystal form had clear electron density for the adenine ring, the sugar, and the a-phosphate group of ATP which was consistent with the
MIR electron density observed with the orthorhombic crystal form. In the final stages, ATP and water molecules were added to the model. The
model was then further refined by simulated annealing with X-PLOR, and least-squares refinement with TNT*3, The B- and y- phosphate groups of
the ATP and the glycine-rich loop of CDK2 (residues 11-16) that anchors the phosphate groups have poor electron density in the maps, and high
temperature factors in the refined model (similar apparent flexibility in the glycine-rich loop and phosphate groups have been observed in other
kinase structures®”). Other regions with high temperature factors and weak electron density include the 20 C-terminal amino acids of cyclinA (after
the second repeat), and residues 38-41 of CDK2. Structure in the presence of magnesium. Because magnesium interfered with crystal growth,
we attempted to determine whether this was caused by magnesium altering the structure of the bound ATP or of the cyclinA-CDK2 complex. An
orthorhombic form cyclinA—-CDK2-ATP crystal was soaked in 4 mM MgCl, for 2 days (Native-Mg) without any effect on diffraction quality. The 2.5 A
refined structure of the cyclinA—-CDK2-ATP-Mg complex indicates that there are no significant changes in the structure when magnesium is present.
The position of the magnesium was verified using data from a cyclinA-CDK2-ATP crystal soaked in a samarium solution [Sm(OAc)s-Derivative]. The
electron-dense samarium atom was located unambiguously in the catalytic site with difference Patterson and difference Fourier methods; it is
bound by Asp 145 and has a position similar to that of the activating magnesium atom in the PKA structure??

Rsym=Z2n Zi|ln;—In|/Zn Zi I; for the intensity (/) of i observations of reflection h.

+ MFID, mean lsomorphous difference = }:| FPH —Fpl/Z Fen, where Fpy and Fp are the derivative and native structure factors, respectively.

1 Phasing power = [( Fuuc)*/( Foney — Fore)* 1>

§ R-factor=X|F,— F|/Z| Fo.

|| Root mean square deviations from ideal geometry, and r.m.s. variation in the B-factor of bonded atoms.

The a1 helix of CDK2, which contains the PSTAIRE sequence
motif characteristic of the cyclin-dependent kinase family’ (Fig.
2a-c), is central to the interface. In cyclinA-bound CDK2, this
helix rotates about its axis and moves several angstroms into
the catalytic cleft, compared to free CDK2 (ref. 21). To make
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space for it, the N-terminal sheet of CDK2 tilts away. The
T-loop of CDK2, which contains the site phosphorylated in
the fully active kinase (Thr 160 (ref. 26)), also interacts with
cyclinA (Fig. 2a,b). Compared to free CDK2, this loop
undergoes large conformational and positional changes which
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FIG. 1 Electron density at the cyclinA-CDK2
interface in the vicinity of the PSTAIRE helix con-
toured at 1.2 ¢. The (2| F,| —|F|) Fourier synthe-
sis was calculated at 2.3 A resolution using
phases calculated after omitting the interface
residues shown, and subjecting the model to
simulated annealing refinement (X-PLOR) from
2500K (interface residues within 12 A of lle 49
were omitted). lle 49, Glu51 and lle 52 are
labelled.

alter the positions of its residues by as much as 21 A. CyclinA
also contacts the N-terminal B-sheet and helices in the C-
terminal lobe of CDK2.

Structure of cyclinA

The cyclinA fragment has a globular structure consisting of 12
a-helices. The molecule contains a structural repetition, having
two sequential 90 amino acid domains with identical folds (resi-
dues 208-303 and 309-399, respectively; Fig. 3a, b). These folds
consist of a right-handed three-helix bundle (a1, a2 and a3) with
two additional helices (a4 and a5) packed against the bundle’s
side (the second repeat helices are named al’ to a5"). The very
similar structure of the two repeats—the Ca atoms of 78 of the
90 amino acids can be superimposed with an r.m.s. deviation of
1.7 A (Fig. 3b)—was unexpected as the repeats are only 12%
identical (Fig. 3¢).

The repeats are connected by a linker of five amino acids, and
pack loosely against each other across an interface that contains

FIG. 2 a, Schematic drawing of the cyclinA—
CDK2 complex. CyclinA is coloured magenta,
CDK2 light blue; the ATP is shown as a ball
and stick representation. Portions of CDK2 that
undergo large conformational changes upon
cyclinA binding are highlighted: the PSTAIRE
region of CDK2 is red, the T-loop of CDK2 yel-
low. b, View of the complex looking down the
vertical axis of a. The figures were done with
the programs MOLSCRIPT** and RASTER3D*®.
¢, Stereo view of the Ca trace of the cyclinA-
CDK2 complex in an orientation similar to that
of Fig. 2a. Approximately every 40th residue is
numbered and its Ca atom highlighted as a
circle. The ATP is shown as a ball and stick
representation.

NATURE - VOL 376 - 27 JULY 1995

three buried water molecules. They can be superimposed by a
160° rotation and an 11 A translation about an axis approxi-
mately parallel to the helix bundle axis. In addition to the 10
helices in the two repeats, there is an additional a-helix (residues
179-190) N-terminal to the first repeat that packs against the
second repeat, a helical extension to the second repeat (residues
408-412) and an extended region at the C terminus of the protein
(residues 413-432).

The first repeat coincides with the cyclin box (residues 209-
310; Fig. 3c). As expected from its sequence conservation, it is
the key element at the cyclin-CDK2 interface, forming the
binding site for the PSTAIRE helix and making contacts with
the T-loop and the N-terminal B-sheet of CDK2. In general,
the conservation of the different cyclinA elements across species
parallels their role in CDK2 binding. For example, the first
repeat is 78% similar to clam cyclinA”’; the N-terminal helix,
which interacts with the C-terminal lobe of CDK2 and makes a
large contribution to the buried surface area, is 56% similar;
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FIG. 3 a, View of the cyclinA structure (residues 173-432) highlighting
the two structural repeats. The first repeat is coloured red, the second
repeat green, the N- and C-terminal helices grey, and the individual
helices are labelled. The two repeats are related by a 160° rotation
and an 11 A translation about an axis perpendicular to the plane of
the figure positioned approximately between helices a2 and a2'. The
orientation of cyclinA is similar to that of Fig. 2b. b, The two repeats
have very similar structures, and their Ca atoms can be superimposed
with r.m.s. deviation of 1.7 A (for 78 of the 90 amino acids). The back-
bone atoms for residues 211-303 of the first repeat (red) and residues
311-399 of the second repeat (green) are represented schematically.
The different orientation of the al helix in the first repeat is correlated
with a buried salt bridge between Arg 211 of the al helix and Asp 240
of the a2 helix. The salt bridge is buttressed by hydrogen bonds from
the Arg 211 guanidinium group to the hydroxyl of Tyr 199 and to the
backbone carbony! groups of Leu 341 and lle 342 (from the second
repeat). The second repeat does not have an equivalent salt bridge,
and its al’ helix thus packs closer to the structure. ¢, The first cyclin

and the second repeat, which plays only a minor role in the
interface, is 48% similar.

Structure of the cyclin fold. The structural motif of five helices
observed twice in the cyclinA fragment is probably common to
other members of the cyclin family, and may be termed the cyclin
fold. The hydrophobic core of the motif is formed by the a3
helix (Fig. 3a, b) whose central portion is surrounded by the
remaining four helices. The al and a2 helices, which pack against
the a3 helix at 43° and —47°, respectively, participate both in
forming the hydrophobic core and in the inter-repeat packing
with helices a1’ and a2’. Helices a4 and a5, which pack against
the a3 helix at 39° and 105°, respectively, are partially exposed
to solvent and contact CDK2. Similar interhelical angles occur
in the second repeat.

The large angles between helices are associated with short
interhelical distances where they cross. These crossing points
involve alanine residues, whose small size allows the helices to
pack tightly. The most significant of these packing interactions
involves alanines 235 and 264 from the o2 and a3 helices,
respectively (equivalent to alanines 333 and 363 from the
second repeat), where the tight packing allows no substitutions.
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fold repeat of cyclinA coincides with the cyclin box, a region of approxi-
mately 100 amino acids conserved among members of the cyclin family.
Sequence alignment showing the cyclin boxes from cyclinB (50% simi-
larity to the cyclin box of cyclinA), cyclinD1 (40% similarity) and cyclinE
(40% similarity) aligned with that of cyclinA*®. Cyclins C*® and H’ are
more distantly related to cyclinA. The second cyclin fold repeat of cyclinA
was aligned according to the structural alignment in b. The vertical
boxes highlight the conserved alanine residues, which are likely to be
characteristic of the cyclin fold, and also the lysine and glutamic acid
residues that contact the backbone of CDK2 (the second cyclinA repeat
does not contact CDK2 and thus it does not have the conserved lysine
and glutamic acid residues). The boxes around the cyclin C*® and H’
sequences indicate stretches of hydrophobic residues that match simi-
lar residues in the cyclin box cyclins. Insertions in the cyclin C and H
sequences are in lower-case letters and probably replace the a4 helix.
The secondary structure elements of cyclinA, indicated above the
sequence, were defined according to criteria published by Kabsch and
Sander”®.

This pair of residues is highly conserved among cyclin family
members, including cyclins C and H which are only distantly
related to the cyclin box cyclins”*® (Fig. 3c). Additional cross-
ing-point residues with small side chains include Gly 257,
Ala 259 and Ala 260 from the a3 helix (equivalent to Ala 356,
Ala 358 and Ala 359 from the second repeat). Although
not as well conserved, these compact residues are also present
in members of the cyclin family (Fig. 3c¢). This pattern of
compact amino acids may thus be characteristic of the cyclin
fold.

Structure of the cyclinA-CDK2 interface

The cyclinA-CDK2 interface is formed from an interlocking
array of CDK2 and cyclinA elements (Fig. 4a), including the
PSTAIRE helix, the T-loop, portions of the N-terminal sheet
and C-terminal lobe from CDK2, and helices a3, a4 and a5
from the first repeat, as well as the N-terminal helix from cyclinA
(Fig. 4a, b). Although the density of side chain contacts is not
uniform, being highest around the PSTAIRE helix and lowest
at the N-terminal sheet and C-terminal lobe, they result in a
large buried surface area of 3,550 A? (Fig. 4a, b).
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CyclinA

PSTAIRE
helix

FIG. 4 a, The cyclinA-CDK2 interface consists of interdigitated cyclinA
and CDK2 structural elements. Surface representation of the cyclinA
(magenta)-CDK2 (cyan) complex highlighting the PSTAIRE region in red
and the T-loop in yellow. The solvent-exposed ATP surface is shown

PSTAIRE region of CDK2. As shown in Fig. 2a, the cyclin box
clamps onto and surrounds the middle part of the PSTAIRE
helix (residues 46-56): the a5 helix lies parallel to the PSTAIRE
helix on one side, and the C terminus of the a3 helix abuts the
other side perpendicularly. This part of the PSTAIRE helix is
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blue (orientation similar to that of Fig. 2a). The figure was done with
the program GRASP*’. The surface area buried upon complex formation
is substantially larger than most other heterologous protein—protein
complexes whose structure is known, including the complex of enter-
otoxin B with a class Il major histocompatibility molecule*® (1540 A2
buried), and antibody-protein complexes®® (typically 1500 A? buried).
b, Bar graph showing the differences in solvent accessibility>® in cyclinA
and CDK2 residues in the complex compared to the isolated subunits.
The approximate locations of the structural elements discussed in the
text are indicated. The cyclinA-CDK2 interface contains approximately
25 hydrophobic residues whose solvent accessibility is reduced sub-
stantially upon complex formation, and also contains 17 intermolecular
hydrogen bonds between polar or charged amino acids. The following
cyclinA—-CDK2 interactions are not mentioned in the text: in the N-termi-
nal B-sheet of CDK2, Val 69, His 71, Leu 76 and Leu 37 pack against
His 296 and Phe 304 of cyclinA; in the C-terminal lobe, His 121 and
the aliphatic portion of the Arg 122 side chain (both from the a3 helix
of CDK2) make van der Waals contacts with Tyr 185 and lle 182 of
cyclinA, respectively, whereas the backbone amides of Ser 277 and
Ala 278 (from the a7 helix of CDK2) donate a pair of hydrogen bonds
to the hydroxyl of Tyr 178 of cyclinA. ¢, Close-up Ca view of the interface
showing the extensive hydrophobic side chain (yellow) interactions
between the PSTAIRE helix of CDK2 and the cyclin box of cyclinA in an
orientation and colouring similar to that of Fig. 2a. To make the buried
hydrophobic interactions easier to see, only a section of the interface
along the direction of the view axis is shown. lle 49, lle 52 and Leu 54
of CDK2, and Leu 263, Phe 267, Leu 299, Phe 304, Leu 306 and
Ala 307 of cyclinA are labelled. In the structure of free CDK2, lle 49
and lle 52 of the PSTAIRE helix point away from the solvent and would
be mostly inaccessible for cyclinA binding. d, Close up Ca view of the
network of side chain—backbone hydrogen-bond interactions in the loop
preceding the PSTAIRE helix. To make the interactions easier to see,
only the Lys 266 and Glu 295 side chains of cyclinA and the backbone
groups of Glu 42-Val 44 of CDK2 are shown. Colours are as Fig. 2a
except that atoms of interacting residues are red (oxygen), blue
(nitrogen) and grey (carbon). The view is slightly rotated about the x-
and y-axes with respect to that of Fig. 2a.

thus bound by an extended patch of hydrophobic interactions
(Fig. 4c), whereas the N- and C-terminal regions are bound by
networks of hydrogen bonds. Ile 49, in particular, fits tightly
into a hydrophobic pocket lined with the side chains of Leu 263,
Phe 267, Leu 299, Leu 306 and the aliphatic portion of Lys 266
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from cyclinA (Fig. 4¢). In addition, Ile 52 makes a van der Waals
contact with Phe 304 of cyclinA and Leu 54 packs against
Phe 267 and Ala 307 of cyclinA (Fig. 4¢).

Immediately preceding the PSTAIRE helix, the backbone car-
bonyl groups of Glu 42 and Val 44 accept two hydrogen bonds
from the Lys 266 side chain of cyclinA, and the backbone amide
of Val 44 donates a hydrogen bond to the Glu 295 carboxylate
of cyclinA (Fig. 4d). An additional hydrogen bond links the
Lys 266 and Glu 295 side chains (Fig. 4d). The CDK2 loop
conformation that allows this hydrogen-bond network relies on
Gly 43, which adopts a backbone conformation (¢=112°, y =
—150°) that other amino acids cannot adopt. The critical resi-
dues in this interaction, Lys 266 and Glu 295 of cyclinA, and
Gly 43 of CDK2, are highly conserved.

In the C-terminal portion of the PSTAIRE helix, Lys 56 of
CDK2 donates two hydrogen bonds to the Asp 305 side chain
and the Thr 303 backbone carbonyl of cyclinA, and Glu 57 of
CDK2 accepts a hydrogen bond from the Tyr 185 hydroxyl
group of cyclinA.

The key role of the PSTAIRE helix at the interface is consist-
ent with existing biochemical and genetic data. The exact
sequence in this region correlates with the cyclin preference of
CDKSs’, and mutations there eliminate cyclin binding”*. Fur-
thermore, the binding of anti-PSTAIRE antibodies is blocked
by cyclins®'.

The T-loop of CDK2. The T-loop region of CDK2 (residues 146
166), which blocks the entrance to the catalytic cleft in the free

VC
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kinase, is another major focus of cyclinA binding. In the com-
plex, the N-terminal portion of the T-loop (residues 150-157) is
bound by helices al, a2 and a3 from the first repeat of cyclinA,
as well as its N-terminal helix (Fig. 4a, b). Significant inter-
actions include van der Waals contacts between Ala 151, Phe 152
and Tyr 159 of CDK2, and Phe 267, Ile 182 and Ile 270 of
cyclinA, respectively. Hydrogen bonds also link the Arg 150
guanidinium group of CDK2 to the Glu 269 and Ile 270 back-
bone carbonyl groups of cyclinA and the side chains of Arg 157
(CDK2) and GiIn 228 (cyclinA). CyclinA binding induces large
conformational and positional changes in the T-loop, signifi-
cantly relieving the blockade of the catalytic cleft observed in
free CDK2.

N-terminal sheet and C-terminal lobe of CDK2. Interactions
between the N-terminal B-sheet of CDK2 and the a5 helix of
cyclinA are predominantly hydrophobic, whereas those
between the C-terminal lobe of CDK2 and the N-terminal
helix of cyclinA are also polar (Fig. 4a, b). Although these
interactions are not as extensive as those of the PSTAIRE helix,
they effectively exclude solvent and thus substantially extend the
area of buried interface (Fig. 44, b), presumably stabilizing the
complex.

Conformational changes in CDK2

CyclinA alters the conformation of CDK2’s PSTAIRE region
and T-loop, and the relative orientation of its N- and C-terminal
lobes. The C-terminal lobe, with the exception of the T-loop, is

FIG. 5 a, CyclinA binding results in large changes in the structure
of CDK2. The structure of CDK2 from the complex is shown super-
imposed on the structure of free CDK2 (ref. 21) by aligning the C-
terminal lobes. With the exception of the T-loop, the C-terminal
lobes can be aligned with r.m.s. deviation of 0.61 A (177 residues)
in the positions of the Ca atoms. CyclinA-bound CDK2 is coloured
as Fig. 2a, whereas free CDK2 is grey with its PSTAIRE helix and
T-loop green. b, The motion of the PSTAIRE helix is different from
the motion of the N-terminal lobe. Figure shows a superposition
of the N-terminal lobes done by aligning the N-terminal B-sheet.
In this superposition, the position of the PSTAIRE helix relative to
the N-terminal B-sheet in the two structures differs to a similar
extent compared to the C-terminal lobe alignment. Colouring is as
Fig. 5a. ¢, The changes in the position and conformation of the
PSTAIRE helix affect the register and interactions of residues
involved in phosphate orientation and magnesium binding (Lys 33,
Glu 51 and Asp 145). Close-up view of this triad of catalytic site
residues highlighting their different positions and interactions in
the two structures. Lys 33 is on the N-terminal B-sheet, Glu 51 is
on the PSTAIRE helix, and Asp 145 is on the C-terminal lobe (bot-
tom). We note that the carboxylate group of Glu 51 of free CDK2
is 8 A away from its respective position in cyclinA-bound CDK2.
Colouring and alignment are as in a.
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not significantly affected, and can be superimposed on that of
free CDK2 with a 0.61-A r.m.s. deviation in the Ca positions
(Fig. 5a). The C-terminal lobe will thus serve as a frame of
reference in discussing the changes in CDK2.

Changes in the PSTAIRE region. The PSTAIRE helix starts
with a helical hydrogen bond from the conserved Pro 45. On
binding cyclinA, extensive hydrogen bonding (Fig. 4c) induces
a conformational change in the loop immediately preceding the
PSTAIRE helix (Fig. 5a, b), moving the Pro 45 starting residue.
This is associated with a translation of the helix into the catalytic
cleft towards the ATP and a rotation of roughly 90° about its
helical axis, so that the backbone atoms in the helix are as much
as 8.5 A away from their counterparts in free CDK2 (Fig. Sa, b).
The rotation changes the relative ‘phase’ of the helices in the
two structures by approximately one residue. Towards the C
terminus of the helix, the differences become smaller and the
structures converge, as the C terminus of the helix is overwound
and has a 3;¢-like conformation in free CDK2.

The altered position and orientation of the PSTAIRE helix
are associated with dramatic changes in its packing against the
rest of CDK2. In free CDK2, packing is only loose, and the
helix is apparently positioned to facilitate the conformational
change accompanying cyclinA binding. Only two CDK2 resi-
dues make significant packing contacts: Ala 48 against the aL12
helix; and Ile 52 against the N-terminal lobe.

In cyclinA-bound CDK2, however, packing is much tighter,
owing to (1) the lateral translation and the rotation of the
PSTAIRE helix, and (2) the melting of the alL12 helix at the

Thr 197

Thr 160

FIG. 6 a, CPK model highlighting the T-loop position relative to the ATP
in the structure of free CDK2 (ref. 21). The C-terminal lobe is coloured
dark grey, the N-terminal lobe light grey, the T-loop green and the
Thr 160 phosphorylation site red. The ATP is mostly buried behind the
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beginning of the T-loop which prevents motion of the PSTAIRE
helix in free CDK2. In the complex, the repositioned Ala 48 and
Ile 52 pack extensively with Ile 35, Val 69, Leu 76 and Leu 78 in
the N-terminal lobe. Furthermore, Leu 54, which in free CDK?2
pointed out into solution, now points towards the C-terminal
lobe and packs with Val 123 and Ala 151, while Leu 55, which
was pointing into a water-filled internal cavity, now packs
against Phe 80 and Phe 146.

The significance of this movement is that it brings the side
chain of Glu 51, which belongs to a triad of catalytic site residues
conserved in all eukaryotic kinases'®, into the catalytic site. This
triad (Lys 33, Glu 51 and Asp 145) is involved in ATP phosphate
orientation and magnesium coordination, and is thought to be
critical for catalysis®®. In cyclinA-bound CDK2, Glu 51 lies in
the catalytic cleft and makes a salt bridge with Lys 33, one of
the residues that anchors the a and p phosphate groups of ATP,
whereas Asp 145 binds the magnesium atom (Fig. Sc). These
interactions are essentially identical to those observed in the
catalytically active PKA structure®. In free CDK2, however,
Glu 51 is outside the catalytic cleft and is mostly exposed to
solvent. Its carboxylate group lies 8 A from its position in
cyclinA-bound CDK2, and cannot therefore form a salt bridge
with Lys 33 (Fig. 5¢). Instead , Lys 33 makes a salt bridge with
Asp 145 (ref. 21), resulting in these residues adopting conforma-
tions and functions that differ from those observed in cyclinA-
bound CDK2 and in PKA (Fig. Sc¢). This misalignment of active
site residues probably plays a large part in the catalytic inactivity
of free CDK2 (ref. 16).

b

T-loop in this orientation. This conformation of the T-loop is presumed
to block access of the protein substrate to the catalytic site®*. b, CPK
model highlighting the T-loop in the structure of cyclinA-bound CDK2.
The colouring is as a, except that the T-loop is yellow (the structure was
aligned on that of free CDK2 by superimposing the C-terminal lobes).
The conformational change in the T-loop significantly relieves the block-
ade of the catalytic site by making the y-phosphate of ATP fully access-
ible to the protein substrate. The change in the T-loop also exposes the
Thr 160 side chain (red), making it a better substrate for phosphoryla-
tion. ¢, CPK model highlighting the catalytic site in the structure of the
PKA (ref. 22). The region corresponding to the T-loop is shown blue,
and the Thr 197 phosphorylation site red (the structure was aligned on
that of free CDK2 by superimposing the C-terminal lobes). In cyclinA-
bound CDK2 (b) and PKA (c), part of the loop is to the right and back
side of the cleft and is thus not visible in this view. The conformational
changes the T-loop undergoes upon binding to cyclinA make it resemble
closely the respective region of PKA. With the exception of three resi-
dues at the Thr 160 phosphorylation site of cyclinA-bound CDK2, the
T-loop (residues 146-166) can be superimposed on the equivalent
region of PKA (residues 185-202) with r.m.s. deviation of 1.65 A in the
positions of their Ca atoms. It is only in the immediate vicinity of the
phosphorylation site that the two loops differ significantly where the Ca
atom of Thr 160 is 5 A away from the Ca atom of Thr 197, the equiva-
lent residue in PKA.
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Changes in the T-loop. In free CDK2, the Gly 147-Gly 153
region of the T-loop forms the aL12 helix, packing with the
PSTAIRE helix and the N-terminal lobe (Fig. 5a). In cyclinA-
bound CDK2, the aL12 helix melts, allowing the region instead
to form a reverse turn (residues 146-149), followed by a B-sheet
(residues 150-152) with the 6 strand (residues 122-124) of the
C-terminal lobe (Fig. 5a; a similar B-sheet occurs in the catalyt-
ically active PKA structure). The change also leads to new pack-
ing interactions with the repositioned PSTAIRE helix and with
cyclinA (Arg 150, Ala 151 and Phe 152 interact with cyclinA as
discussed earlier).

This change has a twofold significance. First, the aL.12 helix
prevents the PSTAIRE helix from moving into the catalytic cleft
in free CDK2, and its melting on binding cyclinA enables the
PSTAIRE helix to move. Second, the $-sheet that replaces the
aL12 helix directs the T-loop away from the entrance of the
catalytic cleft. At the end of the B-sheet, the T-loop is already
15 A away from its position in free CDK2.

Beyond the aLL12 region, the T-loop in free CDK2 (residues
154-164) criss-crosses the entrance of the catalytic cleft, render-
ing the ATP inaccessible to the protein substrate (Fig. 6a). In
cyclinA-bound CDKZ2, this region is 12-21 A from its position
in free CDK2, well away from the entrance of the catalytic
cleft and close to cyclinA (Fig. 6b; Arg 157 and Tyr 159 make
additional contacts with cyclinA, as discussed earlier). The
cyclinA-induced detour ends at the 164-166 region, by the
end of which the Ca atoms in the bound and free forms are
within 0.5 A of each other. This detour substantially relieves
the steric hinderance at the entrance to the catalytic cleft (Fig.
6a, b) and exposes the Thr 160 hydroxyl group phosphorylated
by CAK, which in free CDK2 is buried in the catalytic cleft*'
(Fig. 6a, b).

Comparison of the Thr 160 phosphorylation site with that of
PKA. The conformational and positional changes induced by
cyclinA in the T-loop leave it closely resembling the respective
region of PKA? (Fig. 6b, ¢). In cyclinA-bound CDK2, however,
the Thr 160 side chain is unphosphorylated and points out into
solution (Fig. 6b), whereas in PKA the equivalent residue
(Thr 197) is phosphorylated, and its side chain is held close to
the structure by multiple salt bridges between the phosphate
group and three basic side chains (Fig. 6¢). In the PKA-sub-
strate complex?, this region forms part of the binding pocket
for the hydrophobic substrate residue immediately following the
phosphate acceptor, and its different conformation in the

unphosphorylated cyclinA-bound CDK2 may explain why the
latter is only partially active.

When CDK2 is phosphorylated, the Thr 160 region may

adopt a conformation similar to that of PKA, as cyclinA-bound
CDK2 contains a cationic pocket that might bind the Thr 160
phosphate group in a manner analogous to that of PKA. The
pocket contains the side chains of Arg 50, Arg 126 and Arg 150,
which bind the carboxylate of Glu 162 in the unphosphorylated
complex.
Change in the relative orientation of the N- and C-terminal
lobes of CDK2. Apart from the PSTAIRE region, the isolated
N-terminal lobe is not significantly altered by cyclin binding
(Fig. 5b), but it moves relative to the C-terminal lobe, tilting
away from the PSTAIRE helix and the entrance of the catalytic
cleft so as to open the cleft (Fig. 5a). The overall rotation is
about 14°, pivoting about a hinge region behind the cleft.

This movement makes space for the PSTAIRE helix to move
into the catalytic cleft, but is otherwise unconnected with the
motion of the PSTAIRE helix (Fig. 5b). The N-terminal lobe
movement is also coupled to the changes the T-loop undergoes.
In free CDK2, the T-loop criss-crosses the entrance to the cata-
lytic cleft and interacts with the N-terminal B-sheet. On binding
cyclinA, however, the N-terminal lobe’s movement would not
allow this interaction even if the T-loop did not move towards
cyclinA. Finally, the N-terminal lobe movement also brings the
side chain of Tyr 15, whose phosphorylation is thought to inhibit
the kinase®, deeper into the catalytic cleft. In the complex, the
Tyr 15 side chain is within hydrogen-bonding distance of the
Glu 51 carboxylate, and its phosphorylation may affect the posi-
tions of catalytic site residues and the ATP phosphates through
steric hindrance and electrostatic repulsion.

Conclusion

The crystal structure of the cyclinA-CDK2 complex offers a
general model for cyclin binding and CDK activation. Intimate
interactions between the PSTAIRE region and the cyclin box
form the centrepiece of the cyclin-CDK interface, and are likely
to be key determinants of cyclin-CDK specificity. The activation
of the kinase results from a conformational change in the
PSTAIRE helix that realigns active site residues, together with
a large motion of the T-loop that relieves the blockade of the
catalytic cleft. The cyclin-T-loop interactions also expose
Thr 160, making it a better substrate for phosphorylation by
CAK and setting the stage for the full activation of the
kinase. O
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