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SAR and inhibitor complex structure determination of a novel
class of potent and specific Aurora kinase inhibitors
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Abstract—A novel series of 5-aminopyrimidinyl quinazolines has been developed from anilino-quinazoline 1, which was identified in
a high throughput screen for Aurora A. Introduction of the pyrimidine ring and optimisation of the substituents both on this ring
and at the C7 position of the quinazoline led to the discovery of compounds that are highly specific Aurora kinase inhibitors. Co-
crystallisation of one of these inhibitors with a fragment of Aurora A shows the importance of the benzamido group in achieving
selectivity.
� 2005 Elsevier Ltd. All rights reserved.
The Aurora family of serine/threonine protein kinases is
critical for the proper regulation of mitosis. Mammals
express three Aurora kinase paralogues, and at least
two Aurora kinases (Aurora A and B) are commonly
overexpressed in human tumours.1 The Aurora A gene
is amplified in many tumours, indicating that overex-
pression of Aurora A may confer a selective advantage
for the growth of these tumours.1 Recent clinical experi-
ence and subsequent approvals of small-molecule kinase
inhibitors such as Imatinib,2 Gefitinib3 and Erlotinib3

illustrate the tractable nature of this class of enzymes
for pharmaceutical intervention, in particular for anti-
cancer drug development. Aurora A itself has been iden-
tified as a particularly attractive drug target through
observations that it can act as an oncogene and trans-
form cells when ectopically expressed.1 Encouragingly,
VX-680, a potent and specific inhibitor of Aurora A
and B kinases, has been shown to suppress tumour
growth in vivo and this agent has now progressed into
clinical trials.4 These findings underline the desirability
of identifying small-molecule Aurora kinase inhibitors
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and evaluating their potential value for the treatment
of human cancers.5 In this paper, we report the develop-
ment of a highly potent series of specific Aurora kinase
inhibitors and describe the X-ray structure of such an
inhibitor bound to a fragment of Aurora A kinase.

In an effort to discover novel Aurora kinase inhibitors,
we screened the AstraZeneca compound collection
against Aurora A kinase. Anilino-quinazoline 16 was
identified as an interesting starting point for further opti-
misation. This compound showed excellent levels of
Aurora A enzyme inhibition6 and was also effective in
an MCF7 cellular anti-proliferative assay6 (see Table 1).

Clear SAR was evident from the primary screening data
and suggested that compounds, which contained a large
para-substituent on the aniline, showed good specificity
towards the Aurora kinases.

Our initial exploration of SAR around the quinazoline
moiety resulted in the discovery of compound 2,6 where
the methoxy group at the C7 position of the quinazoline
has been replaced by a 3-(1-morpholino)propoxy side
chain. This compound exhibited much improved cellular
potency when compared to our initial hit.7 Evaluation
of compound 2 in a panel of in vitro kinase inhibition
assays demonstrated that it possessed good activity
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Table 1. In vitro SAR of quinazoline leadsa
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Compound X Y Aur A IC50
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LogDb

1 393 1250 3.7

2 C C 110 198 3.5

3 C N 3 210 2.7

4 N C 629 —

aWith the exception of compound 4, all IC50 values represent

averages of at least two experimental results.
bMeasured at pH 7.4.
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Table 2. In vitro SAR around benzamide substitutiona
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Compound X Aur A IC50 (nM)

5 3-Chlorophenyl <0.1

6 3-Chloro-4-fluorophenyl 0.15

7 3-Bromo-4-methylphenyl 70

8 4-Ethylphenyl 85

9 (4-Dipropylaminosulfonyl)phenyl 3900

10 4-Pyridyl 690

11 n-Butyl 17

a All IC50 values represent averages of at least three experimental

results.
against the Aurora kinases (Aurora A IC50 = 0.11 lM,
Aurora B IC50 = 0.13 lM). In contrast, the compound
showed only modest activity against other kinases
(MEK1 IC50 = 1.79 lM, Src IC50 = 1.03 lM, Lck
IC50 = 0.88 lM) and no activity was seen (>10 lM)
against CDK1, CDK2, CDK4, PLK1, CHK1, IKK1,
IKK2 and FAK.7

Although both potent and specific, compound 2 suffered
from high lipophilicity, resulting in poor physiochemical
properties (aqueous solubility: 2.5 lM, rat plasma pro-
tein binding: 0.3% free). In an effort to improve these
physical properties, we investigated strategies to lower
the logD by replacing the central aniline with amino het-
erocycles, such as pyrimidine. It was observed that the 5-
pyrimidyl analogue (compound 3, Table 1) did indeed
have lower lipophilicity (logD = 2.7, compared with
compound 2 with logD = 3.5) resulting in much im-
proved levels of free drug (rat plasma protein binding:
4.5% free), although the compound�s aqueous solubility
remained poor. As well as the beneficial effect on free
drug levels, the compound showed an unexpected
improvement in enzyme potency that was found to be
highly sensitive to which isomer of the pyrimidine was
employed. Thus, the 5-pyrimidinyl isomer (compound
3) is approximately 200 times more potent against Auro-
ra A than the 2-pyrimidyl isomer (compound 4).8

Using the 5-aminopyrimidinyl analogue (compound 3)
as our new lead, we next investigated the effect of sub-
stitution on the phenyl ring of the benzamido group.
Aurora A enzyme potency data suggested a strong
preference for small, lipophilic substituents. Thus,
the 3-chloro and the 3-chloro, 4-fluoro analogues
(compounds 5 and 6) gave excellent levels of enzyme
potency which also resulted in a significant improve-
ment in cell activity (80 and 20 nM, respectively).
The introduction of larger groups (compounds 7 and
8) had a detrimental effect on potency, whilst
introduction of a very large sulfonamido group (com-
pound 9) resulted in a 1000-fold drop in activity when
compared with compound 3. Replacement of the
phenyl ring with either a heterocyclic group (e.g., 4-
pyridyl, compound 10) or an alkyl substituent (e.g.,
n-butyl, compound 11) gave compounds with much
improved aqueous solubility but the drop in potency
against both enzyme and cell assays was unacceptable
(Table 2).

Although beneficial for potency, the introduction of the
halogens on the pendant phenyl ring resulted in increas-
ingly lipophilic molecules displaying disappointing levels
of aqueous solubility and plasma protein binding (e.g.,
compound 6 showed 1.4 lM solubility and only 0.4%
free drug in rat plasma). Early modelling studies, later
supported by the X-ray structure of the enzyme: inhibi-
tor complex, indicated that the C7 substituent on the
quinazoline lay in a channel that placed the morpholine
in a solvent-accessible region. Further refinement of the
C7 substituent demonstrated that whilst substitution
was not tolerated on the methylene unit nearest to the
quinazoline, there was considerable scope for introduc-
ing solubilising groups at the far end of the chain. Com-
pound 12 (Fig. 1), where the morpholine group had been
replaced with the more basic piperidine moiety, has a
dramatically improved level of aqueous solubility
(3600 lM). Furthermore, it was clear that neither the
Aurora A enzyme potency (0.8 nM) nor the activity of
these compounds in the MCF7 anti-proliferative assay
(24 nM) was affected by these modifications. The intro-
duction of more polar hydroxyl groups also gave very
soluble compounds (compound 13, aqueous solubility:
1500 lM). With highly soluble and specific Aurora ki-
nase inhibitors in hand, we were able to attempt to ob-
tain a crystal structure of such a compound bound to
Aurora A.

Different crystal forms (Table 3) were obtained for
Aurora A in complex with a non-hydrolysable ATP ana-
logue (ADPNP)9 and with compound 13.10 A T287D
mutant intended to mimic the phosphorylated (activat-
ed) kinase and to limit heterogeneity in phosphorylation
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Figure 1. Soluble Aurora inhibitors.

Table 3. Crystallographic data and refinement statistics

Aurora-ADPNP Aurora-compd 13

Space group P3221 P21
Unit cell 86.5, 86.5, 78.3 Å 52.6, 88.4, 67.8 Å

Parameters 90, 90, 120� 90, 90.01, 90�
Total reflections 62,278 36,664

Unique reflections 17,003 26,294

Rsym
a 3.6% (32.6%) 6.6% (30.5%)

Resolution 38–2.2 (2.25–2.2) Å 53–2.1 (2.25–2.2) Å

I/sigI 19.3 (3.0) 7 (2.1)

Completeness 97.1% (83.2%) 72.5% (25.5%)

R(free), R(work) 23%, 28% 22%, 27%

rmsd bonds 0.006 Å 0.019 Å

rmsd angles 1.2� 1.8�
a Numbers in parentheses refer to data in the highest resolution shell.
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state was used. Limited proteolysis defined a suitable
construct of the kinase domain for crystallisation.11

Cyclic-AMP kinase (PKA)12 was used as a trial model
to solve the structures by molecular replacement,13 since
currently available Aurora crystal structures14–17 had
not yet been reported. The ADPNP complex and the
two unique molecules in the compound 13 complex dis-
play many small structural differences, illustrating the
inherent flexibility of the kinase. Being able to apply
parts of the model from one structure to the other
during concurrent rebuilding allowed clarification of
a

Figure 2. Crystal structure of Aurora A with compound 13. (a) Surface diagra

and the fit of the elongated inhibitor molecule; (b) the inhibitor in final 2F

Lys161. The conserved DFG motif in the activation loop adopts a �DFG-ou
regions of electron density that would otherwise have
been difficult to interpret, and the ADPNP structure
contributed significantly to the solution of the com-
pound 13 complex.

The structures18 show the bilobal shape characteristic of
protein kinases with the ATP- and inhibitor-binding
sites situated between the two lobes (Fig. 2a). The acti-
vation loop, residues 279–290 containing the T287D
mutation, is disordered in both structures suggesting
mobility, as is the case in many other kinase structures.
The structures adopt a conformation typical of catalyt-
ically inactive kinases, despite the introduction of the
activating mutation. We considered whether the acidic
pH of crystallisation of the ADPNP complex might re-
sult in protonation of the introduced aspartic acid such
that it no longer mimics the phosphorylated threonine in
the wild-type activated protein. Indeed, kinase activity
for the mutant falls as the pH is lowered (data not
shown). This effect seems unlikely to be the only contri-
bution, since recent reports indicate a binding partner
helps achieve fully active kinase for both Aurora A16

and B.17 The inactive conformation is clearly capable
of binding compound 13 and the ATP analogue, and
is useful for structure-based design.

The ADPNP molecule is modelled in two conformations
that differ mainly in the phosphate orientations, and the
c-phosphate is disordered. One orientation corresponds
to that normally seen; we do not attach any physiologi-
cal relevance to the other which might simply be a con-
sequence of having no Mg2+ in the crystallisation buffer.
Compound 13 binds in the ATP-binding site in the cleft
between the two domains (Fig. 2a). It adopts an extend-
ed conformation, demonstrating the extent of the avail-
able binding pocket. The N-terminal lobe helix (residues
174–182) is further away from the ATP-binding pocket
compared with the equivalent helix in PKA, extending
the relative length of the cleft between the two lobes in
Aurora, such that Aurora may be able to accommodate
longer inhibitors. This may explain the early SAR
observed on our screening output, that a large para-
substituent on the aniline was required for potency
and specificity. A classical kinase (adenine-mimetic)
b

m indicating the extent of the cleft between the N and C-terminal lobes

o � Fc electron density, indicating hydrogen bonds with Ala212 and

t� conformation.
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inhibitor hydrogen bond interaction with the main chain
peptide is made between N (17) in the inhibitor and the
amide of Ala212 (Fig. 2b). The piperidine moiety of the
inhibitor extends into solvent. The C4-aminopyrimidine
ring is nearly co-planar with the benzoyl group but tilted
with respect to the quinazoline. The amide carboxyl
between the pyrimidine and benzoyl rings shows a
hydrogen bond to the conserved Lys161, while there
are water-mediated contacts between the protein and
the amide nitrogen. The benzoyl moiety fits into a
hydrophobic pocket, which is occupied by Phe274 in
the conserved DFG motif in the ADPNP structure.
The inhibitor stabilises a �DFG-out� conformation,
which typically prevents the activation loop from adopting
a productive conformation for activation by phosphory-
lation and may contribute to the inhibitory mechanism.
Possibly the inhibitor selects the inactive DFG-out con-
formation also in crystallisation. These structures have
aided numerous insights into Aurora inhibitor design.5

In summary, we have developed a series of novel and
potent kinase inhibitors which show excellent levels of
specificity for Aurora kinases. In addition, we have been
able to solve the X-ray structure of one of these inhibi-
tors bound to Aurora A, resulting in a clearer under-
standing of the SAR for this class of inhibitors.
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