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Abstract

CDK1 is the only essential cell cycle CDK in human cells and is required for successful
completion of M-phase. It is the founding member of the CDK family and is conserved across all
eukaryotes. Here we report the crystal structures of complexes of CDK1-Cks1 and CDK1-cyclin
B—Cks2. These structures confirm the conserved nature of the inactive monomeric CDK fold and
its ability to be remodeled by cyclin binding. Relative to CDK2-cyclin A, CDK1-cyclin B is less
thermally stable, has a smaller interfacial surface, is more susceptible to activation segment
dephosphorylation, and shows differences in the substrate sequence features that determine
activity. Both CDK1 and CDK?2 are potential cancer targets for which selective compounds are
required. We also describe the first structure of CDK1 bound to a potent ATP-competitive
inhibitor and identify aspects of CDKZ1 structure and plasticity that might be exploited to develop
CDK1-selective inhibitors.

Introduction

CDK1 is the founding member of the cyclin-dependent protein kinase (CDK) family and
was first purified as a component of maturation promoting factor from unfertilized Xenopus
eggs 1. Subsequently human CDK1 was identified as a homologue of Saccharomyces
cerevisiae/ Schizosacchar omyces pombe Cdc28/Cdc2 2 and cloned by complementation of S.
pombe Cdc2* (3; reviewed in 4). CDK1 is partnered by cyclin A and cyclin B. Cyclin A is
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first expressed during late G1 where it initially binds to CDK2 and promotes S-phase (>,
reviewed in 7). Subsequently as cyclin A levels rise, it binds and rapidly activates CDK1 to
generate detectable CDK1/cyclin A complexes by late S/G2. CDK1-cyclin A also regulates
entry into mitosis and this complex persists until cyclin A destruction via the ubiquitin-
proteasome system starting in early pro-metaphase 8:°.

CDK1 is the only CDK to partner cyclin B, which starts to accumulate in S-phase 10. Unlike
CDK1-cyclin A whose activity tracks cyclin accumulation, the activity of CDK1-cyclin B
is regulated by the opposing activities of Weel kinase and Cdc25 phosphatases which
together determine the extent of inhibitory phosphorylation within the CDK1 active site 11
(reviewed in 4). Activation of CDK1-cyclin B, first detected at centrosomes, signals the
onset of mitosis, and CDK1 complexes of both cyclin A and B are required to ensure its
successful completion 1113 (reviewed in 14-16). CDK1-cyclin B phosphorylates a large
number of substrates 17 and, in vertebrates, a number of phosphatases have been shown to
counteract its activity16:18, Ultimately, however, CDK1 activity is depleted by the beginning
of anaphase as a result of cyclin A and cyclin B ubiquitination and subsequent degradation
through the respective activities of the APC/C E3 ubiquitin ligase and the proteasome 19-21,

CDK1 is the only essential member of the CDK subfamily that drives cell cycle progression
(reviewed in 22). Deletion of the CDK1 gene cannot be rescued by knock-in of its closest
relative, CDK2, suggesting that in addition to its pattern and level of expression, CDK1 may
possess unique structural features 23. Cells which have been engineered to only express
CDK1 can successfully replicate their DNA and divide, as under these circumstances CDK1
can form complexes with cyclins A, B, D and E 24. CDK1 conditional knockout mice are not
viable, and the derived embryonic fibroblasts arrest in G2 subsequent to the induction of
CDK1 loss, frequently having undergone DNA re-replication as a result of elevated CDK2—-
cyclin A activity 2°. CDK1 has also been shown to have an essential role in meiosis where,
in mouse oocytes, it is required for maturation 28,

In addition to contributions from the cyclin subunit, the selection of substrates by CDKs can
also be influenced by the presence of other accessory proteins. The first member of the Cks
family was identified in S. pombe in a screen for genes which, in high copy number, can
suppress the temperature-sensitive phenotype of certain cdc2 alleles 27. Biochemical studies
in Xenopus suggested Cks proteins enhance the phosphorylation of selected CDK1
substrates at mitosis 28 and recent work using S. cerevisiae as a model system has
demonstrated their contribution to the recognition of CDK1 substrates primed by prior
phosphorylation 2930, Cks1 binds to the CDK2 C-terminal domain in an orientation where it
can be speculated that its phospho-amino acid binding site would be positioned to enhance
substrate binding within the CDK active site cleft 31:32,

A priori the essential nature of CDK1 might be predicted to preclude its selection as a
potential target for cancer treatment. However, with appropriate selection of molecular
context, its unique ability to phosphorylate specific substrates may offer opportunities for
therapeutic exploitation 33-36_ In this context, the validation of CDK1 as a clinical target has
been hampered by the lack of potent and selective tool compounds. RO-3306 remains one of
only a few inhibitors that show selectivity for CDK1 over other members of the CDK
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family37. Sequence differences between other members of the CDK family have permitted
development of selective CDK4/6 and CDKQ inhibitors, a process that has been assisted by
structural insights 38-41

In this paper we describe the crystal structure of monomeric CDK1 bound to Cks1 and the
structures of a ternary CDK1-cyclin B-Cks2 complex in the apo form and bound to a potent
CDK1 inhibitor. These structures reveal the similarities and differences between an essential
member of the CDK family and its close homologues.

Results and Discussion

Structure of CDK1-Cks1

The CDK1-Cks1 complex crystallizes with four CDK1-Cks1 heterodimers in the
asymmetric unit to yield a lattice with large interfaces between the CDK1-Cks1 pairs (Fig.
1a, Supplementary Fig. 1 and Table 1). Monomeric CDK1 adopts a classical bi-lobal protein
kinase fold that is in an inactive conformation. The C-helix of the N-terminal lobe is
displaced out of the active site cleft and the non-phosphorylated activation segment (defined
as the sequence between the conserved D146FG and SPE173 motifs) does not adopt a
conformation capable of peptide substrate recognition. CDK1 and CDK2 share 65%
sequence identity and the CDK1-Cks1 and CDK2-Cks1 structures (31, Fig. 1b) overlay well
with an rmsd of 1.2 A over 341 equivalent Ca atoms. Sequence identity between human
CDKs 1 and 2 is relatively evenly distributed throughout the sequence, but breaks down for
three stretches each of circa 10 residues that show a number of differences (Fig. 1c). CDK1
residues S93-S103, K245-N255 and the C-terminal tail starting at L290 are all found on the
CDK1 surface. Notably the first two sequences are contiguous and encode, respectively, the
loop linking aD and aE, and an extended peptide stretch that immediately precedes the start
of aH. The first sequence encodes the only insertion between the human CDK1 and CDK2
sequences and the second lies beyond the residues that form part of the Cks1 binding site.
The high degree of sequence conservation of these two contiguous sequences in CDK1
orthologues suggests that they may encode a potential site of CDK1-protein interaction.

The major structural differences between CDK2-Cks1 and CDK1-Cks1 occur in their
respective activation segments, C-termini, and loops that precede aC (Fig. 1). Both these
and other minor differences, for example between the Cks1 termini, are probably dictated in
part by the close crystal packing (Supplementary Fig. 1). The CDK2 and CDK1 residues
that form the Cks1 binding site are highly conserved and the relative disposition of the CDK
C-terminal lobe and Cks1 subunit in each complex is highly conserved (Supplementary Fig.
1). The character of the CDK1 active site cleft beyond the ATP phosphate-binding site is
shaped by residues 40-46 that precede the start of the C-helix and adopt an unusual extended
hairpin (Fig. 1c). This structure originates in the peculiar geometries accessible to G43 and
P45 and its conformation is probably dictated by lattice contacts. The sequence is disordered
in the CDK2-CksL structure and adopts a more compact fold that contributes to the cyclin B
interface in the CDK1-cyclin B-CKks2 structure.

The activation segment in monomeric CDK2 is relatively mobile but, in most monomeric
CDK2 crystal structures, it forms a p-hairpin that contacts the glycine-rich loop and occludes
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the active site from solvent 42, Like CDK2, the CDK1 glycine-rich loop is mobile, while
residues 156-162, which form the core of the activation segment, do not have supporting
electron density in any CDK1 molecule. At the start of the activation segment, the Ca
positions of the DFG motif align closely with those of CDK2 and both kinases then adopt a
short a-helical structure (aL12, Fig. 1a,b) that displaces the C-helix from the active site. The
only difference between CDK1 and CDK2 in this region is the location of the DFG
phenylalanine sidechain: In the CDK1 structure F147 is rotated back towards the carbonyl
moiety of V64, whereas in CDK2 it points into the active site towards D185. At the other
end of the activation segment, there are no notable differences between the CDK2 and
CDK1 structures starting from CDK1 T166 when the CDK1 electron density map is once
more interpretable. Beyond the activation segment the CDK1 C-terminal lobe is well
ordered adopting an all a-helical structure to which Cks1 binds. However starting at L290,
the CDK1 sequence is disordered in all four ncs-related CDK1 molecules. This C-terminal
flexibility distinguishes the CDK1 structure from CDK2 where the equivalent residues wend
along the back of the fold towards the hinge 4243,

Structure of CDK1-cyclin B—Cks2

The structure of CDK1-cyclin B-Cks2 was determined at 2.8 A resolution from a complex
assembled from the individually purified proteins subsequent to recombinant protein
expression in either insect (CDK1) or E. coli (cyclin B and Cks2) cells (Table 1). Overall the
relative orientation of the CDK1 and cyclin B subunits is distinctive (Fig. 2a) and differs
from structures previously reported for CDK2-cyclin A (43, Fig. 2b) and CDK4—cyclin D3
(4, Fig. 2c). An opening of the interface coupled with a twist between the two proteins
relative to CDK2-cyclin A results in a re-orientation of the C-helix and fewer interactions
between the cyclin B and CDK1 C-terminal domains. Overall the CDK-cyclin interface is
nearly 30% smaller in CDK1-cyclin B (1217 A2 calculated using the CDK1—cyclin B—
Cks1-Compound 23 structure, see below) than in CDK2-cyclin A (PDB code 1FIN, 1697
A2). The structures of monomeric and CDK1-bound cyclin B superimpose well (rmsd 0.92
A over 252 equivalent Ca, 45). The only additional significant feature in the CDK1-cyclin B
structure is a helical ordering of the cyclin B C-terminal tail starting at P416.

In contrast to its disordered state in the CDK1/Cks1 structure, the CDK1 C-terminal tail
forms an amphipathic helix (Supplementary Fig. 2a) which, by virtue of the crystal packing,
binds to a symmetry-related cyclin B molecule at a site previously shown in cyclin A to bind
to the CDK inhibitor p27KiP1 (46, Supplementary Fig. 2b, d). Though a crystallographic
artifact, this lattice contact does suggest both a propensity of the C-terminal sequence of
CDK1 to unfold away from the C-terminal CDK1 fold and for the complementary site on
the cyclin B subunit to mediate diverse protein-protein interactions.

In the course of the normal cell cycle, CDK1 is found in complexes containing cyclin A and
cyclin B, while CDK2 is found in complexes that contain cyclin A and cyclin E. To
investigate the basis for this selectivity, we identified the sequence loci of cyclin B that
mediate the relatively small CDK1/cyclin B interface, and compared their amino acid
identity with that of the equivalent loci in cyclin A and cyclin E. In total, 18 residues of
cyclin B lie within 3.6 A of a residue of cyclin A (Supplementary Fig. 3). Of these, 10 are
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identical with equivalent amino acids of cyclin A, while only five are identical with the
equivalent amino acids of cyclin E. In particular, residues Y170, Y177 and Y258 of cyclin B
are conserved as aromatics in cyclin A, and present large side chains that pack against the
surface of CDKZ1, while cyclin E presents smaller amino acids at these positions (N112,
1119, and L202). These observations suggest an explanation for why CDK1 binds
preferentially to cyclins B and A rather than to cyclin E. By contrast, CDK2 forms a larger
interface with its cognate cyclins. In the context of this larger interface, the sub-optimal
interactions of the smaller cyclin E side chains may be better tolerated.

The CDK2—-cyclin A and CDK4—cyclin D3 structures revealed differing responses of the
CDK subunit to cyclin binding (Fig. 2b, c). Binding of cyclin A to CDK2 leads to melting of
the CDK2 aL12 helix that, together with the concomitant movement of the C-helix,
organizes key catalytic residues within the active site 43. Through interactions with the
cyclin A C-terminal cyclin box fold, the CDK2 activation segment adopts a conformation
that requires little rearrangement upon T160 phosphorylation to recognize a peptide
substrate. These changes also help to re-organize R50, R126 and R150 from the C-helix,
catalytic loop and activation segment respectively, so that they are poised to accept this
conserved phosphothreonine residue (compare Fig. 2e and 2g).

In contrast, binding of cyclin D3 to CDK4 is not sufficient to drive CDK4 towards an active
conformation (*4, Fig. 2c). The CDK4 C-helix remains displaced from the active site and the
activation segment, though structured, makes no contacts with the cyclin subunit and is not
compatible with substrate binding. As a result R55, R139 and R163, the potential
phosphorylated T172 ligands, are dispersed (Fig. 2f). Even when phosphorylated and cyclin
bound, the CDK4—cyclin D1 active site remains in a conformation that appears unable to
support catalysis suggesting a substrate-assisted catalytic mechanism 47.

The CDK1-cyclin B structure is different again and, though closer in overall structure to
CDK?2-cyclin A than CDK4-cyclin D, it has features that distinguish it from its closest
homologues (Fig. 2a, Supplementary Fig. 4). The activation segment of CDK1 does not
extend across to make extensive contacts with the cyclin subunit as it does in CDK2 binary
complexes (compare Fig. 2d and 2e). Instead, the sequence forms a short B-hairpin with
residues F153 and G154 at the tip. Significant interactions within this region are made by
F153, which sits within a cyclin B hydrophobic groove (Supplementary Fig. 4). As the
CDK1 sequence heads back, cyclin B residues at the end of helix a3 loop down to occlude
CDK1 1155 from solvent. The pruning back of the CDK1 activation segment creates a
solvent-filled cleft between the CDK1 and cyclin B subunits completed at the back by the
cyclin B N-terminal helix (Fig. 2a). This cleft is particularly marked in the structures of
CDKA4-cyclin D and CDK9-cyclin T 48 and is not a feature of CDK2 bound to cyclin B 4°
suggesting it is a peculiarity of the CDK1 structure.

As a result of its curtailed excursion, the CDK1 activation segment puckers up at 1157 so
that the isoleucine side chain points towards the C-helix below the R50-E51 peptide bond
(Supplementary Fig. 4). To accommodate this bulk, the C-helix and start of the activation
segment at the DFG motif are displaced away from their positions in CDK2, respectively
further out and deeper in to the active site cleft. As a consequence, the distance between the
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side chain carboxylate of E51 and the K33 episilon amino group is circa’5.0 A compared to
3.1 A in CDK2-cyclin A 43, R50 is also moved with respect to its position in CDK2-cyclin
A to form a hydrogen bond with the backbone carbonyl of cyclin B K257 (Supplementary
Fig. 4). The two other predicted ligands of phosphoT161 (residues R127 and R151 of
CDK1) are also displaced and engaged in a network of interactions centred around CDK1
Y181. CDK1 E163, the residue equivalent to CDK2 E162 that mimics phosphoT160 in the
non-phosphorylated CDK2-cyclin A structure, is in a part of the CDK1 structure between
H162 and V165 that cannot be built.

Despite ATP analogues being present in crystallisation trials, there was no electron density
to support ligand binding in the CDK1 active site. We hypothesize that this absence results
from the relative orientation of the CDK1 N- and C-terminal lobes and the disposition of the
K33-E51-D146 triad negatively impacting the binding of the ATP adenine ring and
phosphate moieties respectively. However, as we describe below, the CDK1 structure is
flexible and binding of a potent ATP-competitive inhibitor induces an active site
conformation that is more compatible with catalysis.

The activation segment forms a platform that recognizes the CDK substrate residues to
either side of the site of phospho-transfer 30, The interaction is mediated by f-sheet-style
hydrogen bonds between the substrate and activation segment backbone carbonyl and amide
groups augmented by complementary CDK pockets that recognize the side-chains of
residues at the P—3 to P+3 positions. Cyclin A binding to CDK2 remodels the CDK2
activation segment to a conformation in which the peptide substrate binding site is largely
formed and requires only minor re-arrangement to adopt its fully active structure (Compare
Fig. 3 panels a, d and b, e). However, the CDK1 activation segment makes fewer
interactions with cyclin B, includes a disordered region and requires considerable re-
arrangement to be able to recognize a peptide substrate (Fig. 3 c, f).

These conformational differences between the CDK1 and CDK2 activation segments, taken
together with the other differences between CDK1-cyclin B and CDK2-cyclin A described
above would be predicted to have significant consequences for the stability of the complexes
that the two CDKs form with a cyclin subunit, their activation by phosphorylation and their
ability to recognize a peptide substrate. These predictions are explored below. We
hypothesize that the limited response of CDK1 to cyclin B binding is a consequence of
CDKZ1 structural properties rather than the identity of the cyclin subunit: comparable studies
of CDK2 show that it adopts an identical structure bound to either cyclin A 43 or cyclin B 49.

Stability and activity of CDK1-cyclin B

The smaller interface between CDK1 and cyclin B would be expected to result in a
decreased stability in vitro. To quantify the relative stability of unphosphorylated CDK1-
cyclin B and unphosphorylated CDK2-cyclin A we undertook isothermal titration
calorimetry (ITC) experiments. A direct comparison was confounded by the different
preferred buffer conditions of the constituent proteins: whereas the binding of CDK2 to
cyclin A could be evaluated in near physiological conditions (pH=7.4, 200 mM NacCl,
T=30°C), yielding a K4 value of 21 nM (Fig. 4a), cyclin B was prone to precipitation under
these conditions, so that the thermogram accompanying its binding to CDK1 was hard to
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interpret quantitatively (Fig. 4b). Conversely, the binding of CDK1 to cyclin B could be
analysed under higher salt, higher pH conditions (pH=8.0, 500 mM NaCl, T=30°C), yielding
a Ky value of 28 nM (Fig. 4c), but these conditions were not favourable for studying the
binding of CDK2 to cyclin A (Fig. 4d). These experiments confirm that both
unphosphorylated CDK2-cyclin A and unphosphorylated CDK1-cyclin B complexes can
form with nanomolar affinity, but that this tight binding in the case of CDK1-cyclin B can
only be observed under conditions of high salt.

To determine whether this difference in stability extends to the phosphorylated CDK1-cyclin
B and CDK2-cyclin A complexes we compared their stability at a consistent salt
concentration (200mM NacCl), using differential scanning fluorimetry (DSF) (Fig. 4e). These
experiments reveal that CDK2-cyclin A is substantially more thermally stable than CDK1-
cyclin B (difference in melting temperature is circa 11 °C). This stability will depend on
both the intrinsic thermal stability of the constituent proteins, and a contribution from the
binding energy of the CDK for its cognate cyclin under the assay conditions.

To determine whether the thermal stability of CDK1-cyclin B complexes depends on the
phosphorylation of the protein, we measured the melting temperature of phosphorylated
CDK1-cyclin B after incubation with either A phosphatase or buffer (Fig. 4f). A small (circa
1.0 °C) but reproducible difference in melting temperature was observed for the
phosphatase-treated relative to the mock-treated sample, suggesting that phosphorylated
CDK1-cyclin B is measurably more stable than its dephosphorylated form.

To explore to the extent to which the structural differences between CDK1-cyclin B and
CDK2-cyclin A are reflected in their catalytic activity, both complexes were assayed against
a panel of 7 peptides (Fig. 5, Table 2, Supplementary Table 1). The peptides, derived from
the sequence of the retinoblastoma-related protein p107 1, systematically explore the
requirements for a proline and a positively charged residue at the P+1 and P+3 positions
respectively (where P is the site of phospho-transfer) and for a KRRL sequence (the RXL
motif) recognized by the cyclin recruitment site.

CDK2-cyclin A and CDK1-cyclin B share some aspects of substrate motif dependence: both
are most active against substrates that have a canonical phosphorylation site and an intact
RXL motif (peptide SPIK+RXL, Fig. 5a, b, Table 2); neither phosphorylate substrates that
are highly compromised in the phosphorylation site (peptides SAIS-RXL and SAIS+RXL,
Fig. 5a, b, Table 2); and, in the absence of an RXL motif, both phosphorylate peptides that
have canonical phosphorylation sites (peptide SPIK-RXL, Fig. 5a, b, Table 2).

The two complexes do, however, display some differences in their phosphorylation of non-
optimal substrates: where the RXL motif is retained, CDK2-cyclin A requires a proline at
position P+1 (active against peptide SPIS+RXL), whereas CDK1-cyclin B shows activity
against substrates that contain either proline at position P+1 (peptide SPIS+RXL) or lysine
at position P+3 (peptide SAIK+RXL); in the absence of an RXL motif, CDK1 retains some
activity against a substrate with an impaired phosphorylation site (peptide SPIS-RXL),
whereas CDK2-cyclin A is essentially inactive against this substrate. Overall, therefore,
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CDK1 appears to be more accommodating of sub-optimal substrate sequences around the
site of phosphotransfer.

Taken together the CDK1-cyclin B structure and the activity measurements suggest that the
CDK1 activation segment is relatively flexible and we hypothesized that this flexibility
might also be present in the T161-phosphorylated CDK1-cyclin B complex. To test this
hypothesis we incubated phosphorylated CDK2-cyclin A and phosphorylated CDK1-cyclin
B with A-phosphatase. We have previously shown that susceptibility to dephosphorylation
by \ phosphatase depends on details of the structure 44 : phosphorylated T160 of CDK2-
cyclin A is buried in a cluster of positively charged residues and is therefore relatively
refractory to dephosphorylation by A-phosphatase, whereas phosphorylated T172 of CDK4
is within a flexible part of the activation segment and so can be readily dephosphorylated.
As shown in Fig. 5c, there is a significant decrease in CDK1-cyclin B activity towards the
peptide SPIK+RXL following incubation with A—phosphatase under conditions where the
CDK2-cyclin A activity is minimally affected. This result supports a model in which the
activation segment of CDK1-cyclin B retains localized flexibility around T161 even when
T161 is phosphorylated. We hypothesize that this local flexibility explains the relaxed
substrate specificity of CDK1-cyclin B relative to CDK2-cyclin A described above.

A difference in CDK-cyclin complex stability has been previously observed in a study in
which assembly of CDK2-cyclin A but not CDK1-cyclin B could be detected in cells in
which CDK-activating kinase activity had been selectively inhibited 52. CDK1 has been
reported to also require activation segment phosphorylation to form a stable complex with
cyclin A invitro 53 and in vivo 4. From these observations it was proposed that stable
association of cyclin B and CDK1 and activation segment phosphorylation are mutually
dependent events. Our results support this model, since we find that the unphosphorylated
CDK1-cyclin B complex requires supra-physiological salt concentrations for stability. We
hypothesize that CDK2’s more extensive interaction with cyclin A and with cyclin B give it
a competitive advantage over CDK1 for binding to either cyclin. We further hypothesize
that CDK1 can redress this balance when the interaction can be re-enforced by
phosphorylation of CDK1 on its activation segment 52:55 a model that has been previously
proposed from studies of CDK1 in crude cell extracts °°.

Structure of CDK1-cyclin B-Cks2-Compound 23

To evaluate the potential of CDK1 as a therapeutic target for cancer treatment, tool
compounds that can selectively inhibit CDK1 are required. Distinguishing CDK1 and CDK2
by this means has proved to be difficult and CDKZ1 inhibitors described to date also show
considerable activity against CDK2. For example, RO-3306, which is widely used as a
selective CDK1 inhibitor (CDK1-cyclin B K; 35 nM), is only 10-fold selective for CDK1-
cyclin B over CDK2-cyclin E (K; 340 nM) 37. Structure-aided drug design has made a
significant contribution to the development of selective and potent ATP-competitive protein
kinase inhibitors, notably by revealing novel inhibitor binding modes as a result of kinase
fold remodeling in response to inhibitor binding 5657,

Therefore, we have also determined the structure of CDK1-cyclin B-Cks2 bound to
Compound 23, a potent CDK1/CDK2 ATP-competitive inhibitor (ICsg CDK1, 10 nM;
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CDK2, 3 nM) %8, This structure provides the first view of an ATP-competitive inhibitor
bound within the CDK1 active site (Fig. 6). The presence of the inhibitor also improved the
quality and resolution of the structure (Table 1). Overall a comparison of the apo- and
inhibitor-bound CDK1-cyclin B-Cks2 complexes shows that inhibitor binding induces a
slight rotation of the N-terminal B-sheet relative to the rest of the complex so that the
glycine-rich loop folds down more effectively over the active site cleft (Fig. 6), and the
anticipated salt-bridge between K33 and E51 is formed in the CDK1 active site. As
expected, the pyrazole N2 of Compound 23 mimics the adenine N1 of ATP and accepts a
hydrogen bond from the backbone amide of L83 while the pyrazole N1 and the amide
nitrogen act as hydrogen bond donors to the carbonyl moieties of E81 and L83 respectively.
The 4-fluorophenyl group is directed out of the active site cleft towards the surface of the C-
terminal lobe so that the fluorine is pointing towards solvent and the side-chain of K89, and
the aromatic ring makes a favourable m—m stacking interaction with the CDK1 backbone
between M85 and D86. At the other end of the molecule, the 1,5 difluorophenyl ring forms
an edge-face aromatic interaction with Y15 and occupies the active site behind the ribose
binding site and overlapping with the a-phosphate binding site. The residues that interact
with Compound 23 are identical or highly conserved in the CDK1 and CDK2 sequences
(Fig. 6) resulting in its almost equipotent activity towards the two CDKs.

Despite this degree of sequence identity, the observation that CDK1 remains relatively more
flexible than CDK2 when cyclin-bound suggests possibilities to develop more potent CDK1-
selective inhibitors. In particular, differences in the conformation of the activation segment
impact recognition of ATP-competitive inhibitors and substitutions that exploit the local
structural differences in this region might be anticipated to differentially affect binding to
CDK1 and CDK2. Although challenging, the approach of selectively targeting kinases by
exploiting their differing conformational plasticity is gaining acceptance >’ and the
availability of CDK1 and CDK2 structures provide a clinically relevant case to further test
the hypothesis.

CDK1-cyclin B and CDK2-cyclin A as CDK7 substrates

The CDKU1 structures presented in this paper offer possible structural explanations for the
observed differences in the activity of the CDK-activating kinase, CDK7-cyclin H towards
monomeric CDK1 and CDK2 and CDK1 and CDK2-cyclin complexes 5255, CDK7-cyclin
H has been reported to differentially recognize monomeric CDK1 and CDK2 and to
phosphorylate monomeric CDK2 more efficiently than monomeric CDK1 5. We observe
that the CDK1 activation segment appears to be more flexible along its length than is the
activation segment of CDK2, and that this flexibility renders residues near to the termini of
the activation segment of CDK1 uninterpretable in our electron density maps, where
equivalent residues of monomeric CDK2 adopt ordered conformations. We hypothesize that
these residues, when suitably ordered, contribute to the recognition of CDK1 or CDK2 by
CDKT7-cyclin H. In support of this hypothesis, we note that cyclin binding both orders the
terminal residues of the CDK1 activation segment, and increases its susceptibility to
phosphorylation by CDK7—cyclin H 9259, The increase in susceptibility to CDK7 that
accompanies binding of CDK2 to cyclin A has been measured to be about 10-fold (Kp,
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values for phosphorylation of CDK2 vs CDK2-cyclin A are circa 5.8 pM and 0.59 uM
respectively 99).

Our analysis also suggests that although the CDK1 and CDK2 activation segments are
relatively well-ordered when bound to their cognate cyclins, they must retain some
flexibility in order to access the CDK7 active site. A requirement for such flexibility is
implicit in the non-identical positions of T160 (in CDK2—-cyclin A) and T161 (in CDK1-
cyclin B-Cks2): the Ca atoms of these residues are separated by 5 A when the two
structures are superimposed, so that one or both must move to engage productively with
CDKZ7-cyclin H for phosphorylation.

Taken together, the data presented in this study are compatible with a model in which
differences in stability and preferred conformation of the activation segments of different
CDKSs can be modulated by cyclin association. These effects could affect the extent of
complex phosphorylation by changing the efficiency of the complex as a substrate of both
activating kinases and inactivating phosphatases: the enhanced susceptibility of CDK1-
cyclin B to dephosphorylation that we have demonstrated in vitro using A-phosphatase, may
contribute to the relative dependence of CDK1-cyclin B and CDK2—cyclin A on CDK7-
cyclin H. Differential dependence of CDK-cyclin complexes on levels of CDK7-cyclin H
activity has been described elsewhere, based upon cell-based studies 52:55.60,

In summary, data presented in this paper reveal a number of important aspects of CDK1
structure and function. First they confirm the conserved nature of the inactive monomeric
CDK fold and its ability to be remodeled. In the context of previously reported CDK-cyclin
structures, the structure of CDK1-cyclin B increases the observed diversity with which the
CDK responds to cyclin binding. Second, the CDK1—cyclin B structures reveal potential
novel protein interaction sites that might regulate CDKZ1 activity. In addition to a conserved
surface on the CDK1 C-terminal fold, there is a cleft between the two subunits not seen in
the structure of CDK2—-cyclin A but apparent in CDK9-cyclin T, where it is exploited by the
human immunodeficiency virus 1 Tat 81. Finally, we have shown that CDK1—cyclin B and
CDK2-cyclin A, though closely related in sequence, can demonstrate differential
dependence on sequence motifs in selecting their respective substrates. CDK1-cyclin B
demonstrates a relatively relaxed specificity for residues adjacent to the site of
phosphorylation, a phenomenon that correlates with this CDK—cyclin pair appearing to have
a less rigidly constrained activation segment.

Protein expression and purification

CDK, cyclin and Cks proteins—Full-length human CDK1 was expressed in insect cells
either untagged (from pVL1393) or as a 3C-protease cleavable GST fusion, which leaves a
short cloning artifact (GPLGS) at the N-terminus. To prepare the GST fusion, the CDK1
sequence was initially cloned into pGEX6P-1 as a Smal-EcoR1 fragment. A cassette to
express the fusion protein was extracted from recombinant pGEX6P-1 and cloned in to the
transfer vector pVVL1393 and verified by DNA sequencing. Recombinant virus was
generated using Sf9 cells co-transfected with pVL1393GST-CDK1 and FlashBacGold DNA
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(Oxford Expression Technologies) mixed with transfection reagent (GeneJuice, Novagen)
and grown in SF900 Il SFM media (LifeTechnologies). CDK1 expression was subsequently
optimized by screening different virus stock:cell ratios. To purify GST-CDK1, cell pellets
were re-suspended in mTBS buffer (50 mM Tris-HCI, 150mM NaCl, 1mM dithiothreitol
(DTT), pH7.5) supplemented with 200 uM RNAase A, 200 uM DNAasel and 200 uM
MgCl,), lysed by sonication then clarified by centrifugation (60,000x g, 1 hr). GST-CDK1
was subsequently purified by sequential affinity chromatography (glutathione-sepharose 4B,
GE Healthcare), GST-3C cleavage (1:50 w/w at +4°C overnight) and a final size-exclusion
chromatography (SEC) step (Superdex 75 26/60 column, GEHealthcare equilibrated in
mTBS). Human cyclin B1, residues 165-433 carrying the C167S/C238S/C350S mutations
was expressed in recombinant E. coli cells and purified as described exploiting the
thrombin-cleavable hexa-histidine tag encoded by the pET28-(a+) vector 4°. This strategy
leaves a GSHM artifact N-terminal to N165. Human Cks1 and Cks2 were expressed as Hisg-
or GST-tagged proteins respectively and purified by sequential affinity (Ni-NTA or
glutathione-sepharose 4B), 3C cleavage (in the case of the GST-fusion) and SEC steps. To
prepare the CDK1-Cks1 complex, purified His-tagged Cks1 was immobilized on Ni-NTA
and used to capture untagged CDK1 from insect cell lysate. The complex was eluted with
imidazole and further purified by SEC on a HR26/60 SD75 column (GE Healthcare)
equilibrated in HBS (10mM HEPES pH 7.5/ 150mM NaCl/ 0.01% monothioglycerol
(MTG)/0.01% sodium azide). To prepare the ternary CDK1-cyclin B-Cks2 complex,
components were individually purified and then mixed in a molar ratio of 1:1.5:2,
CDK1.:cyclin B:Cks2. The interaction between CDK1 and cyclin B has been reported to be
stable in vitro 53, but we observed that it is sensitive to buffer conditions. Following
optimization of the salt concentration, the final step to assemble the complex was carried out
on a Superdex 75 HR26/60 size-exclusion column equilibrated in a modified Tris-buffered
saline containing 1.0M NaCl, 50 mM Tris-HCI, pH 8.0, ImM DTT. Fractions containing the
desired complexes were pooled, and both were concentrated to circa 10-12 mg ml~1 by
ultrafiltration. Both the CDK1-Cks1 and CDK1-cyclin B-Cks2 complexes can be
successfully crystallized from frozen samples. Proteins were concentrated to circa 10-12 mg
ml~1 and then fast frozen in aliquots in liquid nitrogen prior to storage at —80 °C.

To prepare fully phosphorylated CDK1-cyclin B for kinase assays, monomeric CDK1 was
first phosphorylated by S. cerevisiae CAK1 invitro. GST-CAK1 was expressed and purified
from recombinant E. coli cells as described 62, Purified CDK1 and GST-CAK1 were mixed
in TBS buffer (50mM Tris-Cl, 200mM NaCl, 0.01% MTG, pH7.5) supplemented with 1
mM ATP and 10 mM MgClI, and incubated overnight at 4°C. The extent of CDK1
phosphorylation was determined by an HPLC assay (described below and Supplementary
Fig. 5) by which criteria the CDK1 was judged to be circa 100% phosphorylated. The GST-
CAK1 and CDK1 were separated by SEC using a Superdex 200 16/60 column, and then the
CDK1-cyclin B complex was prepared by mixing the CDK1 with excess cyclin B and
subsequent purification by SEC as described above for preparation of the CDK1-cyclin B-
Cks2 complex.

To prepare unphosphorylated CDK1 for isothermal titration calorimetry (ITC) experiments,
purified monomeric CDK1 (1 mg) was incubated with A phosphatase (400 units) in a total
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volume of 1 ml in TBS buffer with the supplements for the A phosphatase reaction (1X NEB
PMP Supplement, 1 mM MnCl,, 50mM Tris-Cl, 200mM NacCl, 0.01% MTG, pH7.5). The
reaction was carried out at 30°C for 30 min. and CDK1 was subsequently purified by SEC
using a Superdex 75 16/60 column. The extent of CDK1 dephosphorylation was determined
by an HPLC assay (described below and Supplementary Fig. 5) and judged to be circa 100%
complete.

To prepare unphosphorylated CDK1-cyclin B for differential scanning fluorimetry (DSF)
experiments, purified phosphorylated CDK1-cyclin B (69 pg) was incubated, half with A
phosphatase (64 units, phosphatase-treated sample) and half with buffer (mock-treated
sample), each in a total volume of 34 pl in TBS buffer with the supplements for the A
phosphatase reaction (1X NEB PMP Supplement, 1 mM MnCl,, 50mM Tris-Cl, 200mM
NaCl, 0.01% MTG, pH7.5). The reaction was carried out at 30°C for 30 min.

Bovine cyclin A 83, human CDK2 %4, and T160-phosphorylated CDK2-cyclin A 50 were
prepared as described. Briefly cyclin A and CDK2 were purified by sequential affinity and
SEC steps exploiting respectively Hisg and GST tags. CDK2-cyclin A was assembled by
first purifying GST-CDK?2 on a glutathione affinity column and then using the modified
column to affinity purify untagged cyclin A. The glutathione eluate was then incubated with
3C protease to release the CDK2-cyclin A from GST which was subsequently further
purified by SEC and glutathione affinity chromatography to remove any co-eluting GST.

Substrate peptides—DNA sequences were gene-synthesized (GenScript) to express a set
of 8 CDK substrate peptides that differ in sequence at the P+1 and P+3 residues (where P is
the site of phospho-transfer) and at the RXL sequence that binds to the cyclin recruitment
site. The peptides are based on a previously described set derived from the sequence of
p107 1. However they differ in that they include peptides in which the P+1 proline is
substituted by an alanine and Y648 and 1674 are each substituted by a tryptophan to permit
accurate determination of the peptide concentration by measuring the optical density at 280
nm. In addition, so that there is only one SP motif in the sequence, P651 was mutated to
alanine. The sequences were subsequently ligated into pGEX6P-1 cut with BamH1 and
EcoR1 by ligation-independent cloning and verified by sequencing. The peptides were
expressed in recombinant E. coli Rosetta(DE3)/pLysS cells at 20 °C overnight subsequent to
induction with 0.1 mM IPTG and then purified by affinity chromatography and a second
ion-exchange chromatography step using either HiTrap Q FF 5ml or HiTrap SP FF 5 ml
columns (GE Healthcare) equilibrated into 25mM MES pH 6.5. Peptides were loaded onto
the appropriate column (dependent on their pl) and then stepped into 25mM MES, 0.5M
NaCl, pH6.5 for peptide rapid release. Fractions containing the peptides were confirmed by
SDS-PAGE, pooled, concentrated to a final peptide 22 concentration between 1 and 2 mg
ml~1 and then flash frozen and stored at =80 °C in 100 ul aliquots. Peptide concentrations
were determined from calculated extinction coefficients (http://web.expasy.org/protparam/)
using a Nanodrop2000 (Thermoscientific).
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HPLC analysis of CDK1

The extent of CDK1 phosphorylation (either as purified from recombinant insect cells or
subsequent to phosphorylation in vitro by GST-CAK1) was monitored by HPLC. CDK1
(0.1 ml) was injected onto a Jupiter 5u C4 300A column (Phenomenex) equilibrated in
0.01% TFA in H,O (Buffer A) and then a 0.01% TFA/ acetonitrile (buffer B) gradient was
developed from 50% to 60% buffer B over 20 column volumes. Peaks of phosphorylated
and unphosphorylated CDK1 are well resolved (Supplementary Fig. 5). The identity of the
CDK1 species in each peak was confirmed by mass spectrometry.

CDK kinase assays

Phosphorylated CDK2-cyclin A and CDK1-cyclin B were assayed against a panel of 7
peptides using the ADP-Glo™ assay (Promega) essentially as described by the
Manufacturers. Briefly, in a final volume of 5 pl, reactions were carried out at room
temperature in 40 mM Tris-HCI pH 7.5, containing 20mM MgCl,, 0.1mg ml~1 BSA, using
4 nM CDK1-cyclinB or 1.5 nM CDK2-cyclin A. Peptide dilutions (94 to 0 uM) were added
to the CDK-cyclin solution and the reactions were initiated by the addition of 75 uM ATP.
All activity assays were performed in duplicate in white low volume 384-well plates using a
PheraStar plate reader (BMG). Ky, and Vnax Values were obtained by fitting the data to the
equation v =Vpmax / (1 + (K/[S])) using PRISM (GraphPad).

To characterize their susceptibility to dephosphorylation by A\ phosphatase, phosphorylated
CDK2-cyclin A (2.5 nM) and phosphorylated CDK1-cyclin B (4 nM) were incubated with A
phosphatase (32 units), supplemented with 400 uM MnCl, for 30 minutes at 30 °C in a total
volume of 60 pl. As the positive controls, CDK1-cyclin B and CDK2-cyclin A were mock
incubated with buffer only. All four samples were then assayed using the SPIK+RXL
peptide in the ADP Glo™ assay format as described above.

Isothermal titration calorimetry

Protein samples were exchanged into matching buffers using a HiTrap desalting column
(GE Healthcare Life Sciences). Two buffer conditions were used, 50 mM HEPES pH 8.0,
500 mM NaCl, 0.01 % MTG and 40mM HEPES, 200mM NaCl, 0.01% MTG, pH7.4.
Measurements were conducted on a MicroCal ITC 200 (Malvern Instruments Ltd). Human
cyclin B and bovine cyclin A2 were used as samples in the cell and unphosphorylated CDK1
and CDK2 were used as ligands. Because human cyclin A2 is very susceptible to
aggregation, bovine cyclin A2 is routinely used as a surrogate for studies requiring
monomeric cyclin A. The bovine cyclin A2 construct (residues 169-430) 83 corresponds to
residues 171-432 in the human cyclin A2 sequence. Proteins concentrations were measured
by Asgo nm 0n a Nanodrop2000 (Thermoscientific) using calculated extinction coefficients
(http://web.expasy.org/protparam/). Titrations were carried out at 30°C. The stability of the
individual proteins confounded a number of experiments and considerable optimization was
required. The presented thermograms were collected under the following conditions: In
lower salt and lower pH buffer (40mM HEPES, 200mM NacCl, 0.01% MTG, pH7.4)
preferred by CDK2-cyclin A: cyclin B and cyclin A were in the cell at 60 uM and 200 uM,
and CDK1 and CDK2 were added from the syringe at 18 uM and 30 uM respectively. In the
higher salt, higher pH buffer conditions (50 mM HEPES pH 8.0, 500 mM NacCl, 0.01 %
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MTG) preferred by CDK1-cyclin B: cyclin B and cyclin A were both in the cell at 140 uM,
and CDK1 and CDK2 were added at 16 uM and 18 uM respectively. Origin 7.0 (OriginLab
Corp.) was used for all data analysis, including ligand dilution subtractions and data fitting
to the one-set-of-sites model.

Differential scanning fluorimetry

Thermal melting experiments were carried out using a ViiA7 Real-Time PCR system
(Applied Biosystems). Purified phosphorylated CDK1-cyclin B (4 uM, in 50 mM Tris-HCI,
pH 8.0, 200 mM NacCl, 0.01% MTG) and phosphorylated CDK2-cyclin A (6uM, in 40 mM
HEPES, pH 7.0, 200 mM NaCl) were assayed, in triplicate, in a 384-well plate. For
experiments to assess the effect of phosphatase treatment on complex stability, samples were
prepared as described above. SyPRO Orange (x10) (Invitrogen) was used as the fluorescent
probe, and fluorescence was measured using the ROX reporter channel (excitation A=470
nm, emission A=586 nm). Complex stability was assessed by increasing the temperature
from 25 to 95°C through 1 °C increments. The resulting data were plotted and the inflection
point (T, calculated using the Boltzmann equation in PRISM (GraphPad).

Crystallization, data collection and structure determination

Initial crystallization conditions for both complexes were identified following screening
against a wide range of commercially available screens. Typically drops ata 1:1 or 2:1
protein:well solution ratios (200 or 300 nl total volume respectively, protein solution
concentration 10-12 mg ml~1) were set up using a Mosquito robot (TTP Labtech) and
incubated at 4 °C. Single crystals of CDK1-Cks1 were identified in 16-18% PEG 10 000,
0.1M imidazole pH 8.2 -8.4. CDK1-cyclin B-Cks2 crystallization conditions were
optimized from a Morpheus screen condition B4 hit (Molecular Dimensions) to 0.1M MES/
imidazole buffer (pH6.7), 6.5% MPD, 5% PEG4K, 10% PEG1K. The CDK1-Cks1 crystals
were cryo-protected in the crystallisation solution supplemented with ethylene glycol,
whereas the CDK1-cyclin B-Cks2 crystals grow from a cryo-protecting solution. Crystals of
the CDK1-cyclin B-Cks2-Compound 23 complex were grown by adding Compound 23 in
2-fold molar excess (which was also a >10-fold concentration than the inhibitor ICgp) to a
low concentration solution of CDK1-cyclin B-Cks2 and then concentrating the sample to
10-12 mg ml~1 for crystallization. Crystals were flash cooled in liquid nitrogen prior to data
collection. Data processing was carried out using XDS, MOSFLM, POINTLESS/
AIMLESS 65 and other programs of the CCP4 suite 56, run through the CCP4i2 GUI. The
structures of the different complexes were solved by molecular replacement using Phaser 67,
and search models drawn from PDB entries 1BUH (Cks2), 1HCK (monomeric CDK2),
2B9R (human cyclin B) and 1QMZ (cyclin-bound CDK?2). Structures were refined using
REFMAC 68, interspersed with manual rebuilding in Coot %, including TLS refinement.
The statistics for the datasets and for the crystallographic refinement are presented in Table
1. Representative examples of the refined 2F,-F. electron density maps associated with each
structure are shown in Supplementary Fig. 6.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structure of monomeric CDK1 bound to Cksl and comparison with CDK2-Cks1
The complexes are shown in an identical view in panels a and b, and rotated by circa 60

degrees around a vertical axis in panel c. (a) CDK1-Cks1, (b) CDK2-Cks1 (PDB code
1BUH, 31). In both panels the CDK N- and C-terminal lobes are coloured white and coral
respectively and the Cks subunit is coloured ice blue. Key regulatory elements are also
highlighted: C-helix (CDK1 and CDK2 residues 47-57, red) and activation segment (CDK1
and CDK2 residues 146-173 and 145-172 respectively, cyan). (C) Sequence conservation
between human CDK1 and CDK2 mapped onto the surface of CDK1 bound to Cks1.
Identical residues (green), conserved residues (yellow) and non-conserved (red) as defined
by CCP4MG 0. The structure of Cks1 is shown in semi-transparent ribbon representation to
indicate the location of its binding site.
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Figure 2. Structure of CDK1-cyclin B-Cks2 and a comparison with unphosphorylated CDK2-
cyclin A and unphosphorylated CDK4-cyclin D3

(a, d) CDK1-cyclin B-Cks2, (b, €) CDK2-cyclin A (PDB code 1FIN, 43), (c, f) CDK4-cyclin
D3 (PDB code 3G33, #4). Each complex in each row is shown in the same view. CDK
structural elements and N- and C-terminal lobes are colored according to the same scheme
as used in Fig. 1, the cyclin subunits are coloured lawn green. A peptide substrate from PDB
file 1QMZ is included in panel (b) to indicate the site of peptide substrate binding. The
residues that compose the charge cluster surrounding CDK2 T160 are drawn in cylinder
mode in (e). The equivalent residues of CDK1 (d) and CDKA4 (f) are also shown. The fully
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composed charge cluster surrounding phosphorylated CDK2 T160 (PDB code 1QMZ, %9) is
shown in (g).
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Figure 3. The CDK substrate binding site

(a, d) T160-phosphorylated CDK2-cyclin A (1QMZ, %9); (b, e) unphosphorylated CDK2-
cyclin A (PDB code 1FIN, %3); (c, f) unphosphorylated CDK1-cyclin B. Each complex in
each row is shown in the same view, pCDK and CDK designate the phosphorylated and
unphosphorylated proteins respectively. CDK and cyclin subunits are coloured ice-blue and
gold respectively. In all panels the peptide from 1QMZ is shown as a reference for the site
of peptide substrate binding and is drawn in cylinder mode with carbon atoms coloured
green. (a, b, ¢) Ribbon representation of the proteins. (d, e, f) Molecular surfaces of the
proteins to highlight shape complementarity and/or steric clashes.
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Figure 4. In vitro stability of the CDK1-cyclin B and CDK2-cyclin A complexes
(a-d) Isothermal titration calorimetry thermograms to assess the formation of CDK2-cyclin

A (a, d) and CDK1-cyclin B (b, ¢) complexes under conditions of lower salt, lower pH (40
mM HEPES, pH 7.4, 200 mM NacCl, 0.01% monothioglycerol) (a, b) and higher salt, higher
pH (50 mM HEPES, pH 8.0, 500 mM NaCl, 0.01% monothioglycerol) (c, d). (e)
Comparison of the thermal stability of the phosphorylated CDK1-cyclin B and CDK2-cyclin
A complexes as assessed by differential scanning fluorimetry. (f) Comparison of the thermal
stability of phosphorylated CDK1-cyclin B after either treatment with A phosphatase, or
mock-treatment under identical conditions. (e,f) Representative melting curves are shown
from two replicates.
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Figure 5. CDK1-cyclin B and CDK2-cyclin A activity
Seven peptide substrates derived from the sequence of p107 that systematically differ in the

residues occupying the P+1 and P+3 sites (where P is the site of phospho-transfer) and
whether the KRXL motif that binds to the cyclin recruitment site is present or absent were
tested as substrates of CDK1-cyclin B (a) or CDK2-cyclin A (b). Two independent
experiments were conducted with duplicate measurements for each point. Error bars on the
observed data correspond to the range of observed values. The legend for each line indicates
the local sequence around the phosphorylated serine (SPIK, SPIS, SAIS or SAIK), and
whether an RXL motif was present (sequence KRRL, denoted ‘+RXL") or absent (sequence
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AAAA, denoted ‘=RXL’). (c, d) Table of Keat/Km, peptide Values derived from Michaelis
Menton fit to the data shown in (a, b) respectively. (e) Activity towards the optimal peptide
(SPIK+RXL) was re-determined following incubation of CDK1-cyclin B and CDK2-cyclin
A with and without A-phosphatase. Error bars indicate the standard deviation of two
independent measurements.
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Figure 6. The structure of a CDK1-cyclin B-Cks2-ATP-competitive inhibitor complex
The binding modes of Compound 23 to CDK1 (a) and to CDK2 (PDB code 2VTP) (b) are

compared. The structures of the two complexes are drawn in the same orientation and
selected active site residues are included. The inhibitor is drawn in ball and stick mode with
carbon atoms colored green. Hydrogen bonds are rendered as dotted lines.
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Table 1
X ray data collection and refinement statistics

CDK1-Cksl CDK1-cyclin B-Cks2 | CDK1-cyclin B-Cks2-Compound 23
Data collection
Space group P2; P212,2; P212,2;
Cell dimensions
ab,c(A) 66.8, 147.5, 87.3 69.2, 70.2, 156.2 65.2, 68.7, 166.8
a, B, v (%) 90.0, 92.1, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0
Resolution(A) 75.10-2.80 (2.91-2.80) | 52.19-2.80 (2.95-2.80) | 53.00-2.30 (2.38-2.30)
Rmerge 0.08(0.89) 0.15 (0.57) 0.09 (0.90)
I0) 15.3(1.8) 7.2(2.0) 13.7 (2.4)
Completeness (%) | 99.7 (98.8) 99.6 (97.9) 99.9 (99.9)
Redundancy 5.9 (5.2) 3.6(3.2) 6.7 (6.4)
Refinement
Resolution(A) 75.10-2.80 78.10-2.80 53.00-2.30
No. reflections 41491 (1787) 19278 (1014) 34010 (1697)
Rwork/Rfree 0.234 (0.269) 0.209 (0.282) 0.200 (0.254)
No. atoms
Protein 23200 10377 10291
Ligand/ion 0 0 37
Water 0 33 101
B-factors
Protein 36.2 39.2 24.2
Ligand/ion n/a n/a 38.0
Water n/a 14.8 38.7
R.m.s. deviations
Bond lengths (A) 0.012 0.013 0.013
Bond angles (°) 1.679 1.696 1.687
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Table 2
Kcat/Km, peptide (s1) for CDK-cyclin complexes on model substrates

Phosphorylated CDK1/cyclin B Phosphorylated CDK2/cyclin A

SPIK | SAIK | SPIS | SAIS SPIK | SAIK | SPIS | SAIS

+RXL | 052 | 0.17 0.42 0.06 | +RXL | 0.57 0.03 0.11 0.01

-RXL | 045 | np1 | 009 | 006 | -RXL | 057 | ND | 0.01 | 001

lND, not determined
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