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Abstract—The 2.25 A crystal structure of a complex of Aurora A kinase (AIKA) with cyclopropanecarboxylic acid-(3-(4-(3-trifluo-
romethyl-phenylamino)-pyrimidin-2-ylamino)-phenyl)-amide 1 is described here. The inhibitor binding mode is novel, with the
cyclopropanecarboxylic acid moiety directed towards the solvent exposed region of the ATP-binding pocket, and several induced
structural changes in the active-site compared with other published AIK structures. This structure provides context for the available
SAR data on this compound class, and could be exploited for the design of analogs with increased affinity and selectivity for AIK.

© 2006 Elsevier Ltd. All rights reserved.

The Aurora family of serine/threonine kinases are essen-
tial for mitotic progression. Mammals express three par-
alogs; Aurora A, Aurora B, and Aurora C. The three
enzymes share highly similar catalytic domains, but
show different subcellular localization.! Aurora A is
essential for mitotic spindle formation and accurate
chromosome segregation, while Aurora B is a chromo-
some passenger protein kinase that regulates centrosome
separation, chromosome segregation, and cytokinesis.?
Overexpression of Aurora kinases results in chromo-
somal instability, suggesting that Aurora kinase may
be of potential importance in cancer. Indeed, a causal
link has been established between the overexpression
of Aurora A and B kinases, and tumor progression.>™
Specific, potent inhibitors of Aurora A and B kinases,
such as VX-680, have been shown to be so effective at
suppressing tumor growth in vivo that they have pro-
gressed into clinical trials.® The validation of Aurora ki-
nases as drug targets has spawned a flurry of activity
over the last several years, directed towards the discov-
ery of novel Aurora kinase inhibitors with potential val-
ue as anti-cancer drugs.” In this report, we describe the
crystal structure of AIKA complexed with cyclopropan-
ecarboxylic acid-(3-(4-(3-trifluoromethyl-phenylamino)-
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pyrimidin-2-ylamino)-phenyl)-amide 1, and discuss the
implications of this structure in the context of the avail-
able SAR data for analogs of compound 1.

Disubstituted pyrimidines, particularly with aniline sub-
stituents at the 2 and 4 positions, have been explored
fairly extensively as potential inhibitors of kinases from
the receptor and non-receptor tyrosine kinase and
serine/threonine kinase families.!'"!* Crystallographic
studies have revealed a common binding mode for 2,4-
dianilinopyrimidines in the nucleotide-binding pocket:
The inhibitors typically interact with the kinase via a
pair of hydrogen bonds with backbone atoms in the
kinase hinge region, utilizing an aniline proton and a
pyrimidine nitrogen.'* Despite the generic nature of
the core interaction, it is possible to achieve a consider-
able range of selectivity profiles of 2,4-dianilinopyrimi-
dines by altering the substitution pattern on the
pendant aniline rings.

Compounds 1-3 were synthesized from a combinatorial
library in an effort to discover potent, specific inhibitors
of EGFR.!® While compound 3, a 4,6-disubstituted
pyrimidine, potently inhibited EGFR (ICsy 21 nM) in a
selective manner, the 2.4-regioisomers (compounds 1
and 2), only weakly inhibited EGFR (IC5, > 10,000 nM),
while strongly inhibiting AIKA (Table 1). To address
these selectivity issues, and to understand the basis for
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Table 1. In vitro SAR of disubstituted pyrimidine analogs®
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1 C N N 42
2 N C N 931
3 N N C >10,000

% Data extracted from reference 10.

high affinity binding of the 2,4-regioisomers to AIKA, we
determined the crystal structure of AIKA complexed
with 1.

Crystals diffracting to 2.25 A (Table 2) were obtained
from recombinantly expressed AIKA complexed with
1.15 The structure of the title complex was determined
using the structure of the catalytic domain of AIKA
with ATPyS!® as a molecular replacement model.!”

The title complex'® possesses a prototypical bilobal ki-
nase catalytic domain structure, with a long, deep nucle-
otide binding cleft that is occupied by the inhibitor
(Fig. 1). Electron density is visible for residues 127-
388, with the exception of a portion of the activation
loop comprising residues 286-291, which is dynamically
disordered. In terms of its gross features and the relative
orientations of the N- and C-terminal domains, the
structure of the title complex is similar to the other
published structures resembling the activated form of
Aurora A kinase.'®!%2° However, the N-and C-terminal
domains are rotated towards one another by approxi-
mately 10° when compared to their counterparts in the
structure of the inactivated form of Aurora A kinase.®

Compound 1 adopts an s-cis conformation upon bind-
ing to AIK (Fig. 2a), exposing most of the available
hydrogen-bonding groups on the inhibitor to the
interior of the active-site. The dipyrimidine and aniline

Table 2. Crystallographic data and refinement statistics
AIKA-compound 1

Space group P6,22

Unit cell parameters 81.54, 81.54, 172.04 A, 90°, 90°, 120°
Total reflections 66,089

Unique reflections 16,671

Rsym® 7.6% (48.2%)

Resolution 54.58-2.25 (2.33-2.25)A

Ila(I) 8.6 (1.8)

Completeness 99.4% (99.9%)

Reworkys Ritree)’ 24%, 28%
Rmsd bonds 0.008 A
Rmsd angles 1.1°

4 Numbers in parentheses refer to data in the highest resolution shell.
® 50, of the data were excluded from the refinement for the calculation
of R(fmc).

moieties bind in a classical adenine mimetic fashion,
forming two hydrogen bonds with main chain atoms
from A213 in the hinge region. The cyclopropylamide

Figure 1. Solvent accessible surface of the AIKA-compound 1
complex, colored by electrostatic surface potential (blue-positive,
red-negative). The N-domain is at the top. The nucleotide binding cleft
is expansive, spanning the entire width of the protein. The hinge region
is located in the deepest recesses at the back of the binding pocket.
Favorable electrostatic interactions are observed between active-site
residues and the trifluoromethyl group, as well as the
cyclopropylamide.

G142

R137

Figure 2. Detailed views of the conformation of compound 1 and its
binding mode to AIK. (a) refined omit Fo-Fc (2.50) difference electron
density map showing the conformation of the inhibitor. The electron
density is discontinuous across the trifluoromethyl-phenyl group and
the group’s thermal factors are larger than those for the rest of the
inhibitor, indicating a high degree of thermal motion in the phenyl
group. The trifluromethyl group occupies a large, open pocket in the
active-site, and binds intrinsically mobile residues in the p-loop; (b)
detailed schematic showing the hydrogen-bonding network between
compound 1 and the active-site. The inhibitor is shown with green
bonds, and potential hydrogen bonds are depicted as green dotted
lines. The cyclopropyl group is exposed to solvent.
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is oriented away from the catalytic machinery of AIK
and partially solvent exposed, engaging the main chain
carbonyl of P214 and the R137 side chain in hydro-
gen-bonding interactions (Fig. 2b). The trifluoromethyl
group interacts with the G142 main chain as well as
K143 in the p-loop.

The binding of 1 to AIKA induces a number of confor-
mational changes in the protein (compared with other
published structures), illustrating the inherent plasticity
of the AIKA active-site. The most dramatic changes
are observed in the p-loop (residues 140-145) and the
DFG motif in the activation loop (residues 274-276,
Fig. 3). The relative orientations of the p-loops in the ti-
tle structure and the structure of activated nucleotide
bound AIK are distinctly different; the typically ob-
served B-hairpin conformation of the p-loop is distorted
and the main chain in the AIKA-compound 1 complex
rotates towards the active-site cleft by 1.7 A and Ne of
K143 swings by 9 A towards the hinge region, where it
is positioned to interact with the trifluoromethyl moiety
of the inhibitor. Also, the DFG motif adopts a confor-
mation that is structurally distinct from its counterparts
in the other published structures of Aurora A kinase. In
the overlaid structures, the root-mean-squared-differ-
ences between the atomic positions of the atoms in res-
idues A273-S278 are 3.2 and 5.6 A, respectively, when
comparing the title structure to the structures of phos-
phorylated, activated (DFG-in) AIK!? and inactive
(DFG-out) inhibitor bound AIK.® On the basis of this
analysis, the AIKA-compound 1 complex structure
more closely resembles the activated form of AIK.

The relative positioning of the cyclopropylamide from 1
in the kinase active-site is unique, when compared to
other published kinase-inhibitor complex structures
describing inhibitors utilizing terminal hydrophobic
amide substituents. In the structures of Abl complexed
with VX-680 (which also contains a terminal cyclopro-
pylamide substituent),?! and the structure of AIK
complexed with a 5-aminopyrimidinyl quinazoline con-
taining a terminal benzamide,® the hydrophobic amide
substituents are bound deep in the kinase active-site,
where they interact with residues from the DFG-motif.

P-loop

(/) DFG-motif

Figure 3. Overlay of the complex of AIK with 1 (grey carbons) with
the structure of activated, nucleotide bound AIK (blue carbons).'” In
the title structure, K143 of the p-loop occupies the same position as the
B-phosphate of ADP. W277, adjacent to the DFG-motif, twists away
from the active-site cleft.

In the case of the 5-aminopyrimidinyl quinazoline com-
pound, the benzamide stabilizes an inactive form of AIK
by locking the DFG motif in a non-productive confor-
mation.® In the title structure, the thermodynamically
favored binding mode positions the CF; group close
to the DFG motif, with the cyclopropylamide binding
productively to a kinase hinge residue and a surface
arginine (Fig. 2b). The relative positioning of the cyclo-
propylamide near the protein surface in this structure
provides a likely explanation for the lack of selectivity
of compound 1 for AIK (ICsos of <900 nM were ob-
served for 9 kinases out of a panel of 55 with compound
1, including BmX, LcK, IGF-1R, and Syk,!°) when
compared to the selectivity profiles of VX-680?> and
the benzamide substituted 5-aminopyrimidinyl quinazo-
lines described above.® It is reasonable to hypothesize
that a compound’s selectivity for AIK is correlated with
its tendency to induce an inactive DFG-out kinase con-
formation. Thus, the selectivity profiles and affinities of
analogs of compound 1 for AIK may be increased
through elongation of compound 1 at the CFj site
(extending it into the DFG region), while retaining a
functional group at the CF; position that exploits the
favorable electrostatic interactions with the active-site.

The structural analysis of the title complex provides
insights into the in vitro SAR data for analogs of com-
pound 1 (Table 1). The loss of affinity observed in com-
pound 2 is likely due to the loss of the hydrogen bond
observed between compound 1, and the amide nitrogen
of A213 (Fig. 2b). No potential hydrogen bond donors
are within range of a pyrimidyl nitrogen ortho to the tri-
fluoromethylphenyl substituent. The dramatic loss in
affinity observed for compound 3, a 4,6 disubstituted
pyrimidine, can likely be ascribed to the greater energet-
ic penalty such a compound would incur to adopt the
s-cis conformation required for interaction with the
AIK hinge region.

In summary, we have characterized a novel binding
mode for a newly discovered 2,4-disubstituted
pyrimidine inhibitor of AIK. The structure provides
context for the SAR data on analogs of compound 1,
and insights into the active-site plasticity of AIK. This
complex structure also provides an excellent basis for
the design of more specific and potent analogs of 1
with potential therapeutic value in the treatment of
cancer.
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