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1 | INTRODUCTION

Abstract

Progression of cell cycle is regulated by sequential expression of cyclins, which asso-
ciate with distinct cyclin kinases to drive the transition between different cell cycle
phases. The complex of Cyclin A with cyclin-dependent kinase 2 (CDK?2) controls
the DNA replication activity through phosphorylation of a set of chromatin factors,
which critically influences the S phase transition. It has been shown that the direct
interaction between the Cyclin A-CDK2 complex and origin recognition complex
subunit 1 (ORC1) mediates the localization of ORCI1 to centrosomes, where ORC1
inhibits cyclin E-mediated centrosome reduplication. However, the molecular basis
underlying the specific recognition between ORC1 and cyclins remains elusive. Here
we report the crystal structure of Cyclin A-CDK2 complex bound to a peptide
derived from ORCI at 2.54 A resolution. The structure revealed that the ORC]1 pep-
tide interacts with a hydrophobic groove, termed cyclin binding groove (CBG), of
Cyclin A via a KXL motif. Distinct from other identified CBG-binding sequences,
an arginine residue flanking the KXL motif of ORCI inserts into a neighboring
acidic pocket, contributing to the strong ORC1-Cyclin A association. Furthermore,
structural and sequence analysis of cyclins reveals divergence on the ORC1-binding
sites, which may underpin their differential ORC1-binding activities. This study pro-
vides a structural basis of the specific ORC1-cyclins recognition, with implication in

development of novel inhibitors against the cyclin/CDK complexes.
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DNA pre-replication complex,'? leading to inhibition of the
DNA replication reentry and transition of S/G2 phases.'?

In eukaryotes, the regulation of cell cycle progression is
achieved by the sequential expression of cyclin proteins,
which associate with cognate cyclin-dependent kinases
(CDK) to mediate the phosphorylation of phase-specific
cellular factors.'™ For instance, cyclin E associates with
cyclin-dependent kinase 2 (CDK2) to activate its phosphory-
lation of p220 (a.k.a. NPAT) protein,” retinoblastoma pro-
tein (Rb),® and p27,”~'" which regulates gene transcription
and DNA replication initiation during the G1/S phase transi-
tion. Subsequently, newly formed Cyclin A-CDK2 complex
mediates the phosphorylation of CDC6, the component of

Given the important roles of these proteins in cell replica-
tion, dysregulations of the cyclin-CDK activities have been
linked to various human diseases.'*"

Origin recognition complex subunit 1 (ORC1), one of the
core subunits of the ORC, plays a critical role in regulating
DNA replication.'® In addition, ORC1 has been implicated
in genomic maintenance through interacting with a number
of cyclins.'”° The direct interaction of ORC1 with Cyclin
A mediates the localization of ORC1 to the centrosomes,
where it inhibits Cyclin E-dependent reduplication of centri-
oles and centrosomes.'”*! Dysregulation of the ORCI and
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cyclins activity led to serious human diseases such as Meier—
Gorlin syndrome.18 However, the molecular basis for the
ORCl1-cyclins interaction remains elusive.

To understand the structural basis of the ORCI1-cyclins
interaction, we solved the crystal structure of Cyclin A-CDK2
complex bound to an ORC1 fragment. The structure reveals
that the ORC1 peptide presents two leucine residues for inter-
action with a hydrophobic groove of Cyclin A, with another
flanking arginine inserting into a neighboring acidic cavity
of Cyclin A. This binding mode is similar to but distinct
from those of other Cyclin A-inhibitor complexes, providing
important implication to development of novel inhibitors
against Cyclin A and other cyclin proteins.

2 | RESULTS AND DISCUSSION

2.1 | Crystal structure of the Cyclin
A-CDK2-ORC1 complex

A previous study has indicated that the ORC1-Cyclin A inter-
action is mediated by the N-terminal fragment of ORC1, with
residues K235 and 1237 indispensable for the binding'®
(Figure 1a). To further identify the Cyclin A-binding region of
ORC1, we have compared the Cyclin A-binding affinities of
an ORCI1 N-terminal fragment (residues 1-250, ORC1_»50)
and a peptide derived from the region C-terminal to the
bromo-ajacent-homology (BAH) domain, comprised of res-
idues A233-G240 of ORC1 (ORCl1;33_240), by isothermal
titration calorimetry (ITC). ORC1,_559 and ORCl5,33 549

(a)

bind to Cyclin A with a dissociation constant (Ky) of 0.49 and
0.63 pM, respectively (Figure 1b), suggesting the ORC1233_540
fragment as a major Cyclin A-binding site (CBS) of ORC1. On
the other hand, the fact that the titration with ORC1,_55, gave
higher enthalpy and entropy changes (Figure 1b) than that with
the ORCl,33 540 peptide implies distinct chemical environ-
ments between the two ORCI1 fragments.

Next, we determined the crystal structure of the Cyclin
A-CDK2 complex [Figure S1(a,b)] bound to ORCl,33 549 at
2.54 A resolution (Figure 1c, Table 1). The ORCl1533 540 pep-
tide is primarily docked into a hydrophobic groove of
Cyclin A, located next to the Cyclin A-CDK2 interface, but
not directly involved in any interaction with CDK2 (Figures 1c
and 2a—d). Structural alignment of the Cyclin A-CDK2-ORC1
complex with CDK2 alone (PDB ID: 4KD1) [Figure S1(c)]
or the Cyclin A-CDK2 binary complex (PDB ID: 1FIN)
[Figure S1(d)] indicated that the ORC1 binding does not appre-
ciably affect the conformation of CDK2, including the activa-
tion loop around its active site. Consistent with the structural
analysis, our ITC binding assays indicated that monomeric
Cyclin A and Cyclin A-CDK2 show similar binding affinity
for ORC1,_,5q [Figures 1b and S1(e)].

The association of the ORC15,33 549 peptide with Cyclin A
is dominated by nonpolar contacts, with the side chains of
L237 and L239 inserting into the CBG to interact with the
side chains of M210, 1213, L214, W217, R250, and 1253
of Cyclin A (Figure 2a,c). Outside the CBG, the side chain
of ORC1 R234 packs against the aromatic ring of Cyclin A
Y280 with two alternative conformations in similar occupancy,

CDK2
1 298
Cyclin A Cyclin
1 173 432
OrRC1 ——|EAE CBS AAA+ —WGH-
1 46 169 233 240 530 739 857
(b)
0.0
-2.04
T -4.0-
% 6.0 FIGURE 1 Crystal structure of the
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TABLE 1 Data collection and refinement statistics (PDB 6P3W)

Data collection
Space group
Cell dimensions

a, b, c (/3;)

o B,y (°)
Wavelength
Resolution (A)
Rgym OF Rinerge
1/cl
Completeness (%)
Redundancy
CCip
Refinement
Resolution (,&)
No. reflections
RyordRiree (%)
No. atoms

Macromolecules

Solvent

Ligands
B factors (/0\2)

Macromolecules

Solvent

Ligands
R.M.S. deviations

Bond lengths (1&)

Bond angles (°)

P6,22

186.396, 186.396, 214.707
90, 90, 120

0.9774

20.07-2.54 (2.63-2.54)
0.1438 (2.349)

9.84 (0.82)

99.51 (98.77)

8.1(8.7)

0.997 (0.46)

20.07-2.54 (2.63-2.54)
72513 (7055)
20.5/23.9 (35.3/39.2)

8857
50
60

86.03
68.67
197.46

0.003
0.78

*Values in parentheses are for highest resolution shell.

with one of which also forming salt bridges with D283 and
D284 of Cyclin A; ORC1 K235 interacts with Cyclin A E220
via electrostatic attraction; ORC1 R236 extends toward an
opposite direction, involving van der Waals contacts with the
side chains of residues D283 and T285 of Cyclin A [Figures
2a,c and S1(f)]. At the N-terminus of the peptide, ORCI1
A233 is anchored to an acidic groove cavity, formed by
W217, E220, E224, and 1281 of Cyclin A. In addition, the
backbone of ORC1 forms a number of hydrogen bonds with
Cyclin A: the backbone amide groups of K235 and L237 are
hydrogen bonded to the backbone and side-chain carbonyl
groups of 1281 and Q254 of Cyclin A, respectively; while the
backbone carbonyl group of K235 receives a hydrogen bond
from the side-chain amino group of Cyclin A Q254. ORC1
E238 is fully exposed to the solvent and does not engage any
interaction with Cyclin A (Figure. 2a,c).

o WILEY-L™

Guided by the structural observations, we have selected a
number of key interacting residues, including R234, K235,
and L237 of ORC1 and W217, E220, and E224 of Cyclin A,
for mutagenesis and performed ITC experiments. Introduc-
tion of ORC1 L237A and Cyclin W217A mutations both led
to completely abolished ORCI1-Cyclin A interaction
(Figure 2e.f). In addition, introduction of the ORC1 R234A
and K235A and Cyclin A E220A and E224A mutations all
led to 3-30-fold reduction in the ORCI1-Cyclin A binding,
supporting that these residues play important roles in the
ORCI1-Cyclin A association. Together, these data lend a
strong support for the structural observation of the Cyclin A-
CDK2-ORC1533_249 complex.

The ORCl-interacting groove, termed cyclin binding
groove (CBG), has previously been shown to mediate the
interaction of Cyclin A with a wide spectrum of substrates
and inhibitors, such as p53.22_26 However, these Cyclin A-
binding proteins do not share significant sequence homol-
ogy, except for an Arg/Lys-X-Leu (“RXL” or “KXL”)
sequence motif [Figure S2(a)]. Indeed, sequence and struc-
tural comparison of the ORCl1,33_549 fragment with other
Cyclin A-binding proteins reveals a highly conserved Leu
at P, site and another Arg or Lys at the P_; site (following
a previously developed nomenclature®®) (Figure S2). The
Po-Leu is invariably anchored into the hydrophobic groove
and the P_,-Arg/Lys points the side chain toward E220
[Figure SZ(b—e)].zz*28 However, the P_5 site is not con-
served and structurally divergent among these proteins
[Figure S2(b—e)]. In this study, we showed that the P_3-Arg
(R234) of ORCI plays an important role in the Cyclin A
binding, which opens up a possibility of designing a more
robust inhibitor against Cyclin A.

In addition to Cyclin A, the crystal structures of other
cyclins, including Cyclin B,%° Cyclin D,*® and Cyclin E*' have
been reported. Sequence and structural comparison of these
cyclins indicates that the ORC1-binding residues of Cyclin A
are relatively conserved across the cyclin family (Figure 3a).
Nevertheless, structural divergence of the corresponding
regions was observed. Most notably, residue E224 of
Cyclin A, which interacts with residue A233 of ORCl1, is rep-
laced by a valine in Cyclin E; residue T285 of Cyclin A,
which makes contact with ORC1 R236, is replaced by an ala-
nine in Cyclin E (Figure 3b). In addition, residue D284 of
Cyclin A, which forms a salt bridge with residue R234 of
ORGQ, is replaced by a glycine in Cyclin E (Figure 3b). These
structural differences support a previous observation that
ORCI interacts with Cyclin E through its BAH domain,
instead of the KXL motif.'® Indeed, unlike Cyclin A that
interacts with ORCl,33_54¢ strongly (Figure 1b), our ITC
binding assays indicated that the ORC1,33_549 does not inter-
act with Cyclin E-CDK?2 appreciably (Figure 3c). In contrast,
a strong binding was observed when Cyclin E-CDK2 was
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FIGURE 2 Structural and
biochemical analysis of the ORC1-Cyclin
A interaction. (a) Close-up view of the
ORCl1533 249—Cyclin A interactions. The
hydrogen bonds are shown as dashed lines.
(b) Electrostatic surface view of the
ORC1533_240—Cyclin association.

(¢) Schematic view of the ORCl1533 549
(magenta)—-Cyclin A (black) interactions.
Hydrogen bonding and electrostatic
interactions are shown as dashed lines.
Hydrophobic interactions are indicated as
gears. (d) The Fo-Fc omit map (blue mesh)
of the ORC1,33_54¢ peptide bound to
Cyclin A-CDK, generated after initial
refinement using the molecular replacement
solution, contoured at 1.7 o level. (e, f) ITC
binding analysis of the WT and mutant
proteins of ORC1; »5¢ (e) and Cyclin A (f).
CDK, cyclin-dependent kinase; ITC,
isothermal titration calorimetry; N.D.B., no
detectable binding, ORCI1, origin
recognition complex subunit 1
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titrated with ORC1; 50, which gave a K3 of 0.48 pM
(Figure 3d). Likewise, although the CBG of Cyclin B con-
tains the majority of the ORC1-binding residues, the ORC1
A233-interacting sites are not conserved: residues E220 and
E224 of Cyclin A are replaced by a lysine (K51) and a gluta-
mine (Q47) in Cyclin B, respectively (Figure 3e). On the
other hand, the CBG of Cyclin D shares closer sequence and
structural homology with that of Cyclin A (Figure 3f). The
major difference between the CBGs of Cyclins A and D lies
in the region that interacts with residue R234 of ORCI: the
residues corresponding to Y280 and D284 of Cyclin A are
1126 and N130 in Cyclin D, respectively (Figure 3f).

Together, the structural and sequence variations in the CBG
region of cyclins may underpin their differential binding
activities for ORC1.

2.2 | Summary

Cyclin A and other cyclin proteins are essential for cell cycle
regulation, hence providing better targets than CDK2 for drug
design in cancer therapy.>*** This study determined the struc-
tural basis for the interaction between ORC1 and Cyclin A,
thereby providing a framework for functional understanding of
how ORCI1 regulates the cell cycle progress in the Cyclin-CDK
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FIGURE 3  Sequence and structural analysis the ORC1-cyclin interaction. (a) Sequence alignment of cyclins using the ENDscript server,*>
with the ORC1-binding sites of Cyclin A marked by asterisks. (b) Structural overlay of Cyclin E (PDB 1W98) with ORC1,33_»40-bound Cyclin A,
with the side chains of the interacting residues shown in stick representation. (c, d) ITC binding curves of Cyclin E with ORC1533 54 (c) and
ORC1_550 (d). (e) Structural overlay of Cyclin B (PDB 2B9R) with ORC1,33_»49-bound Cyclin A. (f) Structural overlay of Cyclin D (PDB 2W96)
with ORCl1,33 249-bound Cyclin A. ORC1, origin recognition complex subunit 1

axis. More importantly, a comprehensive understanding of the
molecular basis of cyclin-inhibitor interaction might ultimately
benefit the development of more potent cyclin-targeting drugs.

3 | EXPERIMENTAL PROCEDURES

3.1 | Protein expression and production

The DNA fragments encoding human Cyclin A (residues
173-432), Cyclin E (residues 96-378), and ORC1_,5 were

inserted into a modified pRSFDuet-1 vector (Novagen),
preceded by an N-terminal Hisg-SUMO tag and a ULPI
(ubiquitin-like protease) cleavage site, and the cDNA
encoding CDK2 was inserted into a pGEX6P-1 vector. The
resulting plasmids were then transformed into BL21 (DE3)
RIL cell strain (Agilent Technologies) for protein expression.
The cells were initially grown at 37°C. After the cell density
reached an optical density at 600 nm (Aggo) of 0.6, the tem-
perature was shifted to 16°C, followed by addition of 0.4 mM
isopropyl p-p-galactoside for protein expression induction.
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Cyclin A (173-432), Cyclin E (96-378), and ORC1;_;5, were
purified subsequently through a nickel column, removal of
Hisg-SUMO tag via ULPI cleavage, a Phenyl Sepharose col-
umn (GE Healthcare) (for Cyclin A) or a Q HP column
(GE Healthcare) (for ORC1), and a Superdex 75 16/600 col-
umn (GE Healthcare). The GST-CDK?2 fusion protein was
purified using a Glutathione Sepharose 4 Fast Flow column,
followed by Heparin column (GE Healthcare) and a Superdex
75 16/600 column. To prepare the CyclinA-CDK?2 complex,
purified Cyclin A was mixed with CDK2 in a 1:1 molar ratio
and subjected into size-exclusion chromatography. The pro-
tein identity and purity were confirmed by size-exclusion
chromatography and SDS-PAGE analysis [Fig. S1(a,b)]. The
protein complex was concentrated to 16.5 mg/mL in buffer
containing 25 mM Tris—HCI (pH 7.5), 200 mM NaCl, 5 mM
DTT, and 5% glycerol containing and stored at —80°C. The
Cyclin A and ORC1 mutants were constructed through site-
directed mutagenesis and produced in the same way as wild-
type proteins.

3.2 | Crystallization and structure
determination

The Cyclin A/CDK2 complex was mixed with the ORC1533 549
peptide, containing a C-terminal tyrosine, in a 1:4 molar ratio.
The crystals were generated under the condition containing
049 M NaH,PO4 and 091 M K,HPO4 by hanging-drop
vapor diffusion method at 4°C. Crystals were soaked in the
cryoprotectant solution containing mother liquor supplemented
with 25% glycerol in a single step before flash frozen in liquid
nitrogen. X-ray diffraction data was collected on the 24-ID-E
beamline at the Advanced Photon Source, Argonne National
Laboratory. The data were indexed, integrated and scaled uti-
lizing the HKL2000 program.*® The structure was solved by
molecular replacement using the PHASER program,*® with
the structure of the Cyclin A/CDK2 complex (PDB ID: 1FIN)
as the search model. Iterative cycles of model rebuilding and
refinement were carried out using COOT>” and PHENIX,*®
respectively. The same R-free test set was used throughout the
refinement. Data collection and structure refinement statistics
were summarized in Table 1.

3.3 | ITC measurements

The protein samples were dialyzed against buffer containing
25mM TrissHCl (pH 7.5), 150 mM NaCl, 1 mM
2-Mercaptoethanol and 5% glycerol at 4°C overnight. For
the sake of protein solubility, the salt concentration was
increased to 200 mM for the binding between ORC1;_55
and Cyclin A-CDK?2 [Fig. S1(e)], for comparison of WT and
mutant ORC1/Cyclin A proteins (Figure 2d,e) and for titra-
tion of ORCl;,33_549 against Cyclin E (Figure 3c), and

increased to 300 mM for titration of ORCI1, 550 against
Cyclin E (Figure 3d). A MicroCal iTC200
(GE Healthcare) was used to perform the ITC measure-
ments, with 500 pM ORCI1 proteins titrated against 50 pM
Cyclin A. A total of 17 injections with a spacing of 180 s
and a reference power of 5 pcal s~ were carried out at
25°C. The ITC curves were processed with software ORI-
GEN (MicroCal) using a one-site fitting model.

system
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