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Abstract

Bromodomain-containing proteins are considered atypical kinases, but their potential to interact
with kinase inhibitors is unknown. Dinaciclib is a potent inhibitor of cyclin-dependent kinases
(CDKs) which recently advanced to Phase I11 clinical trials for the treatment of leukemia. We
determined the crystal structure of dinaciclib in complex with CDK2 at 1.7 A resolution, revealing
an elaborate network of binding interactions in the ATP site which explains the extraordinary
potency and selectivity of this inhibitor. Remarkably, dinaciclib also interacted with the acetyl-
lysine recognition site of the bromodomain testis-specific protein BRDT, a member of the BET
family of bromodomains. The binding mode of dinaciclib to BRDT at 2.0 A resolution suggests
that general kinase inhibitors (“hinge binders™) possess a previously unrecognized potential to act
as protein-protein inhibitors of bromodomains. The findings may provide a new structural
framework for the design of next-generation bromodomain inhibitors using the vast chemical
space of kinase inhibitors.

Bromodomain (BRD)-containing proteins are essential for the recognition of acetylated
lysine (KAc) residues of histones during transcriptional activation(1). Sixty-one different
BRDs have been identified from 46 different proteins to date, grouped into eight families(2,
3). Members of the bromodomain and extra terminal (BET) protein family (BRD2, BRD3,
BRD4, and BRDT) have been implicated in a number of disease pathways, and have
therefore emerged as potential drug targets(4). The feasibility of targeting bromodomains
with small molecules has been demonstrated for a series of benzodiazepine inhibitors
against BRD2, BRD3, and BRD4(5), some of which have since progressed to clinical
trials(6). The thienodiazepine (+)-JQ1, which specifically targets BET family proteins with
ICsq values ranging from 50-90 nM(7), has recently been utilized to validate the
bromodomain testis-specific protein (BRDT) as a promising male contraceptive target(3).
Other BRD inhibitors have since been developed, including phenylisoxazole sulfonamides,
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quinoline isoxazole, and 2-thiazolidinones scaffolds(8-10). Notably, BRDs are considered
atypical kinases(11, 12), and cell-based studies provided evidence that RNA polymerase |1
(Pol 1) is subject to phosphorylation by full-length and truncated versions of BRD4(12).
However, the potential of BRDs to interact with ATP or ATP site-directed small molecule
kinase inhibitors has not been validated by biochemical or biophysical methods.

Dinaciclib (Merck, SCH727965) is a new-generation inhibitor of cyclin-dependent kinases
(CDKs) which recently advanced to Phase I1I clinical trials for refractory chronic
lymphocytic leukemia(13-15). CDKs are serine/threonine kinases involved in cell cycle
progression and transcription, and deregulation of CDKs has been associated with a number
of medical conditions(16). Cell-cycle progression depends on the activity of CDK1, CDK2,
CDK4, and CDKG®6. S-phase entry is promoted by CDK4 and CDKG6 in complex with cyclin
D1, D2, or D3, together with CDK2 in complex with cyclin E, leading to phosphorylation
and inactivation of the retinoblastoma (Rb) protein(17). CDK1-cyclin A and CDK2-cyclin A
propel cells through the S-phase, while CDK1-cyclin B is responsible for mitosis(18, 19).
Therefore, CDK-specific inhibitors induce apoptosis by repressing transcription, perturbing
the cell cycle, or both(15). First-generation CDK inhibitors such as flavopiridol, (R)-
roscovitine, SNS-032(20), and PHA-793887(21) were discontinued in clinical trials, due in
part to their lack of potency and target specificity. In contrast, dinaciclib is a highly potent
and selective inhibitor of CDK1, CDK2, CDKS5, and CDK9 with low nanomolar anti-
proliferative activity against most cancer cells(13, 14).

During the course of a project aimed at the structure-guided development of CDK2
inhibitors (22), we realized that the structural basis for the inhibition of CDKs by dinaciclib
was unknown. We therefore determined the crystal structure of the CDK2-dinaciclib
complex at 1.7 A resolution (Figure 1, Supplementary Table S1). Dinaciclib binds to the
ATP site through an intricate network of binding interactions, explaining its high potency
and selectivity towards CDK2. The pyrazolo-pyrimidine moiety forms hydrogen bonds with
residues 81-83 of the hinge region in the ATP site. The piperidine ring adopts a chair
conformation, and the 2-hydroxyethyl group interacts with the e-amino group of the strictly
conserved Lys33 residue, which is positioned midway (2.7 A) between the inhibitor and
residue Asp145 of the so-called DFG motif of kinases (Asp-Phe-Gly) (Figure 1a). The 3-
ethyl group of the pyrazolo-pyrimidine establishes hydrophobic, van der Waals (VDW)
interactions with the gatekeeper residue Phe80. Several additional potential VDW
interactions exist between the inhibitor molecule and residues Ile10, Gly11, Val18, Ala31,
Val64, Phe82 and Leul34. The pyridine oxide ring is positioned in the front specificity
pocket and is partly exposed to solvent; the nitroxy group appears to interact with the -
amino group of Lys89. Notably, regions such as the activation loop which normally exhibit
high conformational flexibility are well-ordered in the CDK2-dinaciclib complex. It appears
that the elaborate network of hydrogen bonding and VDW interactions in the active site
rigidifies the enzyme-inhibitor complex, providing the structural basis for the high potency
and selectivity of dinaciclib against CDK2 and structurally similar CDKs.

Intrigued by a recent report that BRD4 exerts kinase activity against Pol 11(12), we decided
to study the potential of dinaciclib as a representative kinase inhibitor to interact with
bromodomains by crystallography. The first bromodomain of BRDT, BRDT(1), was chosen
because conditions suitable for co-crystallization studies with this protein were recently
established in our laboratory. The resulting 2.0 A resolution crystal structure revealed
dinaciclib bound to the KAc recognition site of BRDT, which is the target site of known
BET bromodomain inhibitors such as JQ1(23) and IBET-151(24) (Figure 1b, Supplementary
Table 1). Notably, dinaciclib was bound with full occupancy to both KAc sites of the two
BRDT(1) molecules comprising the asymmetric unit. The pyridine oxide ring appears to act
as a KAc mimic through interaction with the critical residue Asn109, the target residue of
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the triazole ring of JQ1 and the isoxazole ring of IBET-151. However, the distance of 3.5 A
between the nitroxide and Asn109, as well as the relatively weak electron density of the
nitroxide oxygen atom indicate that this interaction is suboptimal. By comparison, the
distances between Asn109 and the triazole of JQ1 or the isoxazole of IBET-151 are 3.0 A
and 3.2 A, respectively. The pyrazolo-pyrimidine moiety lies parallel to the WFP shelf,
stabilized by VDW interactions with Pro51 and Phe52. The overall interaction pattern
between dinaciclib and JQ1 is remarkably different (Figure 2). In particular, dinaciclib
establishes hydrogen bonding interactions with the backbone carbonyl oxygens of Pro55 and
Val56 through two highly coordinated bridging water molecules of the so-called ZA channel
of bromodomains(6). In BRDT, the ZA channel consists of an intricate network of
structurally conserved water molecules within the KAc binding pocket that connects the
conserved Asn109 and Tyr66 residues with the WPF shelf (Figure 2). While JQ1 does not
interact with water molecules of the ZA channel, the quinoline nitrogen of IBET-151
interacts with one water molecule in the equivalent region in BRD2(9) and BRD4(24)
(Figure 2c). The involvement of water molecules to satisfy the hydrogen bonding potential
of the dinaciclib pharmacophore, suggests that common kinase inhibitor scaffolds (“hinge
binders”) have a similar potential to interact with the ZA channel of bromodomains (Figure
3). Although IBET-151 is not known to inhibit protein kinases, compounds with a quinoline
hinge binding scaffold have been reported as inhibitors of VEGFR and c-Met(25). In both
these kinases the nitrogen of the quinoline forms a single hydrogen bond with the hinge
region.

Comparison between the structures of dinaciclib bound to CDK2 and BRDT reveals
substantial differences in the interaction potential of the ethyl, piperidine and pyridine oxide
moieties. While the ethyl and piperidine moieties establish binding interactions within the
active site of CDK2, they are largely solvent exposed in the KAc site of BRDT. Importantly,
the piperidine ring induces a conformational change of Trp50 due to steric hindrance (Figure
2). In most of the known liganded bromodomain structures, Trp50 partially shields the
inhibitor from solvent. In the BRDT-dinaciclib complex, the side chain of Trp50 swings
away from the binding pocket, leaving the inhibitor exposed to solvent. This imperfect shape
complementarity renders dinaciclib a relatively weak inhibitor of BRDT, and dose-response
analysis using a gPCR-based assay by DiscoveRx Corp. revealed a dissociation constant of
Kq =37 uM (Supplementary Figure 3), as compared to JQ1 (Ky=0.05 pM)(23) and IBET
(Kg=0.6 1M)(9). Modification of the 2-piperidine moiety to avoid steric hindrance with
Trp50 is likely to increase the binding potential of dinaciclib towards BRDT.

To our knowledge, the data presented herein provide the first evidence for the potential of
kinase inhibitors to interact with bromodomains. The binding pattern of dinaciclib with
BRDT suggests an intrinsic property of bromodomains to interact with ATP site-directed
kinase inhibitors (hinge binders, Type | and Il inhibitors) (Figure 3). A hinge-binding core
such as the pyrazolo-pyrimidine in dinaciclib, paired with a moiety capable of interacting
with the critical asparagine residue of the KAc site (e.g. triazole, isoaxole or pyridine oxide),
may be sufficient to establish basic binding potential to most bromodomains. Therefore, the
structure of the BRDT-dinaciclib complex provides a new framework for the rational design
of next-generation bromodomain inhibitors using the vast chemical space of kinase
inhibitors. Like kinase domains, bromodomains show a high degree of structural similarity
suggesting that dinaciclib also interacts with other bromodomains. As expected, profiling
against a panel of 24 bromodomains established that dinaciclib predominantly binds to
members of the BET-family (40 — 80 % inhibition at 100 M) with a preference for BRD3
(Figure 4). Notably, the only other bromodomains with binding potential for dinaciclib were
TAF1 and TAF1L. It is unlikely that dinaciclib affects bromodomains at clinically relevant
doses, as it binds to CDK2 with 30,000-fold higher affinity. However, it is conceivable that
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less potent kinase inhibitors administered at higher doses may cross-react with
bromodomain-containing proteins.

Reagents and compounds for biochemical and crystallographic experiments were purchased
from Sigma—-Aldrich and Hampton Research unless otherwise indicated. Dinaciclib was
purchased from Selleck Chemicals. The gene encoding the first bromodomain domain of
human BRDT (residues 21-137) was received in a pNIC28-Bsa4 vector from Addgene
(plasmid 38898)(2), and was expressed in E. coli BL21 (DE3) after 24 h induction with
0.1mM IPTG at 16 °C. Full length human recombinant CDK2 was expressed, purified, and
crystallized as described previously(26).

Protein purification

All purification steps were performed by FPLC at 4 °C. For BRDT, harvested bacterial cells
were resuspended in 100 mM Na/K phosphate buffer (pH 7.4) containing 300 mM NacCl, 10
mM imidazole, 0.5 mg mL~1 lysosyme, and 0.01 % Triton X-100 at 4 °C for 1 h. After
sonication and centrifugation (1 h at 29000 x g), the supernatant was purified by
immobilized Ni2*-ion affinity chromatography (GE LifeSciences). Following incubation of
peak fractions with PreScission (20:1) at 4°C, the cleaved His-tag was separated by size
exclusion chromatography using a Superdex 75 (26/60) column, and eluted with 50 mM
HEPES buffer (pH 7.4) containing 200 mM NaCl and 1 mM DTT(26). Eluted protein was
concentrated to 35 mg/ml for crystallization studies.

Protein crystallography

Crystallization was performed at 18 °C using the sitting drop vapor diffusion method.
Crystals of BRDT were grown in the presence of 3 mM dinacilib from 0.2 M KSCN, 20%
PEG 3350 and 10 % ethylene glycol. Crystals were harvested in cryoprotectant (0.2 M
KSCN, 20% PEG 3350 and 25% (v/v) ethylene glycol, 0.5 mM inhibitor) and flash frozen in
a stream of nitrogen gas. Crystals of the CDK2-dinaciclib complex were obtained by in-
diffusion of 3 mM dinaciclib into unliganded CDK2 crystals for 24 h. X-ray diffraction data
were recorded at —180°C at the beamline 22-1D, SER-CAT, Advanced Photon Source,
Argonne National Laboratories. Data were reduced with XDS(27); PHENIX(28) was
employed for phasing and refinement, and model building was performed using Coot(29).
The BRDT-dinaciclib structure was solved by molecular replacement (MolRep of the CCP4
suite(30, 31) using the monomer of PDB entry 4FLP(23) as the search model. The CDK2-
dinaciclib structure was solved by molecular replacement using PDP entry 3QXP as the
search model. Figures were prepared using PyMOL (Schrédinger, LLC).

Bromodomain binding assay

The dissociation constant of dinaciclib binding to BRDT and the profiling of dinaciclib
against a panel of 24 bromodomain proteins was determined by DiscoveRx Corp. The
amount of bromodomain captured on an immobilized ligand in the presence or absence of
dinaciclib was measured using a quantitative real-time polymerase chain reaction (qPCR)
method that detects the associated DNA label tagged to the bromodomain. Bromodomain-
tagged T7 phage strains were grown in parallel in 24-well blocks in an E. coli host derived
from the BL21 strain. E. coli were grown to log-phase and infected with T7 phage from a
frozen stock (multiplicity of infection = 0.4) and incubated with shaking at 32 °C until lysis
(90-150 minutes). The lysates were centrifuged (5,000 x g) and filtered (0.2pum) to remove
cell debris. Streptavidin-coated magnetic beads were treated with biotinylated affinity
ligands for 30 minutes at room temperature to generate affinity resins. The liganded beads
were blocked with excess biotin and washed with blocking buffer (SeaBlock (Pierce), 1 %
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BSA, 0.05 % Tween 20, 1 mM DTT) to remove unbound ligand and to reduce non-specific
phage binding. Binding reactions were assembled by combining bromodomains, liganded
affinity beads, and dinaciclib in 1x binding buffer (16 % SeaBlock, 0.32x PBS, 0.02 %
BSA, 0.04 % Tween 20, 0.004 % Sodium azide, 7.9 mM DTT). Dinaciclib was prepared as
400x stock in 100 % DMSO and subsequently diluted 1:10 into ethylene glycol to 40x
screening concentration and then diluted into the assay. All reactions were performed in
polypropylene 384- well plates in a final volume of 0.02 ml. The assay plates were
incubated at room temperature with shaking for 1 hour and the affinity beads were washed
with wash buffer (1x PBS, 0.05 % Tween 20). The beads were then re-suspended in elution
buffer (1x PBS, 0.05 % Tween 20, 2 pM non-biotinylated affinity ligand) and incubated at
room temperature with shaking for 30 minutes. The bromodomain concentration in the
eluates was measured by gPCR. For profiling, dinaciclib was screened at a single
concentration of 100 pM and results are reported as:

dinaciclib signal— positive control signal
negative control signal (DMSO)—positive control signal

% of control=

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Crystal structures of dinaciclib bound to CDK2 and BRDT

(a) Crystal structure of the CDK2-dinaciclib complex determined at 1.7 A resolution. The
exploded view details the hydrogen bonding interactions of dinaciclib (magenta) within the
ATP site. The hinge region, gatekeeper residue, and DFG motif are colored in orange, red,
and cyan, respectively. The 2Fo-Fc electron density, contoured at 1o around the inhibitor
and residues Lys33, Asp145, and Lys89, is displayed as blue mesh. (b) Crystal structure of
the BRDT-dinaciclib complex determined at 2.0 A resolution. The exploded view details the
hydrogen bonding interactions of dinaciclib (yellow) within the KAc site. The critical
residue Asn109, ZA channel residues, and the WFP shelf are indicated in slate blue, green,
and magenta, respectively. The 2Fo-Fc electron density, contoured at 1o around the inhibitor
and residues Asn109, Tyr66, and the water molecules of the ZA channel, is displayed as
blue mesh. The panel to the right shows schematic representations of the binding sites, with
VDW interactions indicated in green. The Fo-Fc electron density maps omitting the inhibitor
during refinement are shown in Supplementary Figures 1 and 2.
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Figure 2. Binding modes of dinaciclib, JQ1, and IBET-151 in bromodomains

The hinge binding scaffold of dinaciclib interacts with two water molecules of the ZA
channel (a). While JQ1 is not capable of forming hydrogen bonds with the ZA channel in
BRDT (b, PDB entry 4FLP), the quinoline ring of IBET-151 interacts with one water
molecule in BRD2 (c, PDB entry 4ALG). The seven water sites of the ZA channel are
conserved throughout the known BET bromodomain structures, connecting the conserved
Tyr66 residue with the WPF shelf through an intricate hydrogen bonding network.
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Figure 3. Binding modes of dinaciclib in CDK2 and BRDT

Similarity of hydrogen bonding interactions of dinaciclib with the hinge region of CDK2 (a)
and residues of the ZA channel of BRDT through bridging water molecules (b). The
schematic drawings in the right panel summarize the interactions of dinaciclib with subsites
or solvent in CDK2 and BRDT.
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Figure 4. Profiling of dinaciclib against a panel of 24 bromodomains

The binding potential of dinaciclib to other bromodomains was determined in duplicate at a
single compound concentration of 100 pM. Binding activity is expressed as percentage of
the positive control, with lower numbers indicating higher binding affinity. The right panel
is a representation of the human bromodomain phylogenetic tree. Bromodomains tested are
highlighted in black, and those interacting with dinaciclib are marked with red circles (cutoff
< 60% of the control), where larger circles indicate higher binding affinity. The experiment
was performed by DiscoveRx Corp. using the binding assay described under Methods
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