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Abstract

VX-680, also known as MK-0457, is an ATP-competitive small molecule inhibitor of the Aurora kinases
that has entered phase II clinical trials for the treatment of cancer. We have solved the cocrystal structure
of AurA/TPX2/VX-680 at 2.3 A resolution. In the crystal structure, VX-680 binds to the active confor-
mation of AurA. The glycine-rich loop in AurA adopts a unique bent conformation, forming a m—m
interaction with the phenyl group of VX-680. In contrast, in the published AurA/VX-680 structure, VX-
680 binds to AurA in the inactive conformation, interacting with a hydrophobic pocket only present in
the inactive conformation. These data suggest that TPX2, a protein cofactor, can alter the binding mode
of VX-680 with AurA. More generally, the presence of physiologically relevant cofactor proteins can
alter the kinetics, binding interactions, and inhibition of enzymes, and studies with these multiprotein
complexes may be beneficial to the discovery and optimization of enzyme inhibitors as therapeutic

agents.
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The Aurora kinases (AurA, B, and C) are Ser/Thr kinases
critical for mitosis and cytokinesis (Bischoff and Plowman
1999; Carmena and Earnshaw 2003; Andrews 2005). AurA
mainly associates with the centrosome and the spindle
microtubules during mitosis and functions in centrosome
maturation, spindle assembly, maintenance of spindle bipo-
larity, and mitotic checkpoint control. Activity and local-
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ization of AurA is regulated by multiple binding partners,
such as the target protein of XKlp2 (TPX2), an important
regulator of AurA (Kufer et al. 2002; Bayliss et al. 2003,
2004; Eyers and Maller 2004; Anderson et al. 2007).
Crystal structures of AurA and TPX2, as well as biochem-
ical analysis, suggested that TPX2 enhances the kinase
activity of AurA by stabilizing the active conformation of
the kinase, facilitating substrate binding, and preventing
dephosphorylation of Thr288 in the activation loop of AurA
(Bayliss et al. 2003; Anderson et al. 2007).

AurA, frequently amplified and overexpressed in
human tumors, is oncogenic since ectopical expression
of AurA leads to colony formation in cell culture and
tumors in nude animals (Bischoff et al. 1998). A number
of potent inhibitors of the Aurora kinases have been
reported to inhibit tumor growth in xenograft models and
have progressed into human clinical trials (Harrington
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et al. 2004; Mortlock et al. 2005; Gautschi et al. 2006;
Heron et al. 20006).

VX-680, also known as MK-0457, is an ATP-compet-
itive small molecule inhibitor of the Aurora kinases that
has entered phase II clinical trials for the treatment of
cancer (Harrington et al. 2004). The crystal structure of
VX-680 bound to AurA has been published recently. As
described by Cheetham et al. (2007), VX-680 binds to a
hydrophobic pocket within the active site that is only
present in the inactive or ‘“‘closed” conformation. The
authors have hence proposed that VX-680 would have
weak affinity for the active conformation of AurA and
probably binds to the closed conformation of its other
kinases targets (including Flt-3 and Abl).

We have reported previously that the presence of TPX2
alters the affinity of VX-680 toward AurA (Anderson
et al. 2007). Our biochemical data suggested that the
inhibition constant of VX-680 toward AurA is only 4.2-
fold lower when TPX2 is present (K; = 5.9 nM for AurA/
TPX2). To understand the molecular basis of the potent
inhibition of AurA/TPX2 by VX-680, we have solved
the cocrystal structure of AurA/TPX2/VX-680 at 2.3 A
resolution. In this crystal structure, VX-680 binds to the
ATP site of AurA, which adopts an active conformation in
the presence of TPX2. The glycine-rich loop has a unique
bent conformation compared to other AurA-inhibitor
structures and forms a m—m interaction with the phenyl
group of VX-680. Therefore, binding modes of com-
pounds like VX-680 are very different in the presence and
absence of TPX2. Because of the physiologically relevant
role of TPX2 in AurA function, we propose that it is
important to obtain crystal structures of small molecule/
AurA complexes in the presence of TPX2. Our structural
observations, as well as our biochemical analysis, also
have broad implications for enzyme catalysis and inhibi-
tion in general. Physiologically relevant cofactors need to be
considered for enzyme assays, since they can significantly
impact enzyme catalysis and alter inhibitor interactions.

Results

Crystallography was carried out to investigate the effect
of TPX2 on inhibitor binding to AurA. The final model
of the structure includes the catalytic core of the kinase
(residues 123—387AUR) and two segments of TPX2 (res-
idues 6-21""* and 26-43"), as well as VX-680. No
ordered electron density is present for the four interven-
ing residues of TPX2 (22-25T7%)and therefore that
section of TPX2 was not modeled.

The overall structure of AurA/TPX2/VX-680 (Fig. 1) is
similar to the crystal structure of AurA/TPX2/ADP (pdb:
lol5) described previously by Bayliss et al. (2003).
Briefly, the Aurora A catalytic core has the typical bilobal
kinase fold (Hanks et al. 1988; Bossemeyer 1995; Nolen
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Figure 1. A ribbon diagram of AurA kinase domain in complex with
TPX2 and VX-680, colored by secondary structure. VX-680 is shown in a
ball-and-stick presentation: yellow for carbon, orange for sulfur, red for
oxygen, and blue for nitrogen atoms. The phosphorylated Thr288 VR
residue is also shown in the ball-and-stick presentation.

et al. 2004; Liao 2007), comprised of an N-terminal lobe
(residues 123-210) and a large C-terminal lobe (residues
217-387). The N-terminal lobe predominantly consists
of B-strands, as well as two a-helices, including the oC
helix. The C lobe is mainly a-helical. The N and C lobes
are linked together by a hinge region that forms an
important part of the catalytic active site. The active site
is situated at the interface between the lobes and includes
the ATP binding site, the catalytic base (Asp256*UR), and
the kinase activation segment (residues 274-2994VR),
Due to autoactivation, the AurA used for crystallization
is phosphorylated on Thr288*"R (80% based on LC/MS
analysis after trypsin digestion), the key residue required
for AurA activation. Both Thr287*"% and Thr288 AR are
phosphorylated in AurA/TPX2/ADP structure (Bayliss
et al. 2003). Despite the lack of phosphorylation of
Thr287%"% in the AurA/TPX2/VX-680 structure, the
activation segment of Aurora A is well ordered, with
the phosphorylated Thr288"R clearly identified in the
electron density, and the activation loop adopts an active
conformation similar to that in the AurA/TPX2/ADP
structure. The activation segment conformation is similar
to other Ser/Thr kinases in their active state (Nolen et al.
2004). Structural comparison shows that all the conserved
residues at the active site have the same orientation as the
AurA/TPX2/ADP structure (Bayliss et al. 2003), includ-
ing the positively charged residue Lys162*"® (which
aligns the phosphates of ATP for catalysis), the negatively
charged residue Asp274*YR (which coordinates the mag-
nesium ion bound to the nucleotide), and the catalytic
base Asp256”"R (which is involved in transferring the -
phosphate of ATP to the hydroxyl group of a substrate
serine or threonine residue).



Crystal structure of Aurora A/TPX2/VX-680

As in the AurA/TPX2/ADP structure, TPX2 binds
AurA with two separate stretches. The upstream stretch
(residues 6-21"7%), binds to the N-terminal lobe of
Aurora A in a mostly extended conformation. The down-
stream stretch (residues 26-437F%) adopts an «-helical
conformation that interacts with both helix aC and the
activation segment of Aurora A. The two Aurora A
binding motifs of TPX2 are connected by a flexible
linker (disordered in the structure). The conserved resi-
dues, Tyr8™"%, Tyr10™%, Ala12™*, Phe16™"%, Tle1777X,
Phe19™"%, Trp34™X, Phe35™X, and Ala39™"%, interact
closely with the AurA catalytic core. However, in contrast
to the AurA/TPX2/ADP structure, where the side chain of
Ser14™X points to the solvent (Bayliss et al. 2003), the
side chain of Ser14™"* now points to the core of AurA
and forms an interaction with the main chain carbonyl
oxygen of Tyr199"® in AurA/TPX2/VX-680.

VX-680 is located in the ATP binding site of Aurora A
and is clearly identified by electron density (Fig. 2A,B).
VX-680 is a Y-shaped molecule with one arm consisting
of the aminopyrazole group, which is packed against the
hinge region. The other arm of the Y shape, consisting of
a substituted phenyl group, inserts into the back pocket of
the active site, with its cyclopropyl group surrounded by
Val1474R | Lys162°YF, Ala273"%, and Asp274°UR.
Three hydrogen bonds are formed between VX-680 and
the main chain carbonyl and amine groups of Glu2114%
and Ala213%"® in the hinge region. The methylpiperazine
group, forming the base of the Y, stretches out from the
active site into the solvent. The central pyrimidine group
is located in a hydrophobic pocket, surrounded by
Leul39YR, Tyr2124YR Gly216*Y%, Thr2174YR, and
Leu263“YR. Even though the crystal structure of AurA/
TPX2/VX-680 is very similar to the AurA/TPX2/ADP
structure, there are significant differences in the confor-
mation of the glycine-rich loop of AurA (Fig. 3). In the
AurA/TPX2/VX-680 structure, the glycine-rich loop is
bent with the Ca atoms of residues Lys143“YR and
Phe144”YR translated by >4 and 8 A, respectively, from
their extended-loop position in the AurA/TPX2/ADP
structure. The side chain of Phel44*Y® in the glycine-
rich loops forms a wm—m interaction with the phenyl group
of VX-680. With the movement of the glycine-rich loop,
residue Lys1434YR is able to interact with Glu260*VR in
the C lobe to form a charge—charge interaction. In
contrast, in the AurA/TPX2/ADP structure, the glycine-
rich loop is in an extended conformation, with the side
chain of Lys143*YR pointing toward the solvent. We also
noted the presence of two water molecules in our
structure (Fig. 2B), which may further enhance the bind-
ing of VX-680 to AurA/TPX2 by forming hydrogen
bonds from the carbonyl and amide groups in VX-680,
to the e—amino group of Lys162“YR and to the main
chain carbonyl group of Glu260""R, respectively.

Trp277

Phe275

Trp277

activation
loop

Figure 2. Binding of VX-680 in the active site of AurA/TPX2. (A) The
electron density of VX-680 contoured at 1.5¢ from the final 2fo-fc map.
The AurA carbons are shown in green, inhibitor carbons in yellow,
oxygens in red, nitrogens in blue, sulfur in orange, and water molecules
in light blue. (B) Interactions of VX-680 with the active site of AurA when
TPX2 is bound. The backbone tracing is in gray and hydrogen bonds are
shown as dotted black lines. (C) Interactions of VX-680 with the active site
of AurA without TPX2 bound (adapted from Cheetham et al. 2007 and
reprinted with permission from Elsevier ©2007).

Discussion

In order to understand how the presence of the protein
cofactor TPX2 affects the molecular interaction of inhib-
itors with AurA, we solved the crystal structure of AurA/
TPX2/VX-680 at 2.3 A resolution. Even though struc-
tures of multiple AurA-small molecular inhibitors have
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Figure 3. Superposition of the backbones of AurA/TPX2/VX-680 (gold)
and AurA/TPX2/ADP (gray, pdb: lol5) structures focusing on the different
conformations of the glycine-rich loop. The Ca of Phe144*"R in the AurA/
TPX2/VX-680 structure has moved by >8 A. The VX-680 carbons are in
yellow, the ADP carbons in green, oxygens in red, nitrogens in blue, sulfur
and phosphorus in orange. The side chain of Phe144 is shown in stick form.

been published, our structure is the first one with a small
molecule inhibitor (other than ADP) bound to AurA in the
presence of TPX2. Since the coordinates of AurA/VX-
680 structure (Cheetham et al. 2007) are not yet available,
we have been unable to directly overlay the two structures
and compare them at atomic detail. However, compared
to the AurA/VX-680 structure described by Cheetham
et al. (2007) we have observed important differences in
binding modes in the presence and absence of TPX2.

In the AurA/VX-680 crystal structure described by
Cheetham et al. (2007) the activation loop of AurA
exhibits large movement from the AurA/TPX2/ADP
structure (pdb: 10l15) (7 A shift of Asp275) and converts
the Mg?* binding pocket in the active conformation into a
hydrophobic pocket (Fig. 2C). VX-680 forms multiple
hydrogen bonds with the hinge region of AurA and hydro-
phobic interactions through the pyrimidine core. In
addition, the cyclopropyl group of VX-680 makes exten-
sive hydrophobic interactions with residues that form this
unique hydrophobic pocket only present in the inactive
conformation, and such interactions were proposed to be
important for high-affinity binding. Based on this obser-
vation, one would expect that VX-680 would bind to the
active conformation of AurA with much lower affinity.

In our previous biochemical studies, we reported that
the presence of TPX2 alters the inhibitor affinity toward
AurA (Anderson et al. 2007). We hypothesized that TPX2
binding decreases the size and accessibility of the hydro-
phobic back pocket, adjacent to the ATP site, to inhib-
itors. Since VX-680 does not reach deeply into this back
pocket, we predicted that it would still be a potent
inhibitor of AurA/TPX2. We showed that even though
VX-680 is 4.2-fold less potent against AurA in the
presence of TPX2, it is still a potent inhibitor of AurA/
TPX2 with a K; = 5.9 nM (Anderson et al. 2007),
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contradictory to the predictions by Cheetham et al.
(2007).

Our crystal structure of AurA/TPX2/VX-680 has shed
some light on this apparent paradox. Comparing our
structure with the AurA/VX-680 structure (Cheetham
et al. 2007), the interaction between VX-680 and the
hinge region of AurA appears to be the same or similar,
since both structures contain the same three hydrogen
bonds between inhibitor and protein. However, the cyclo-
propyl and the phenyl groups of VX-680 form very
different sets of interactions with AurA depending on
whether or not TPX2 is present. In the AurA/VX-680
structure, where AurA is unphosphorylated and inactive,
the activation loop adopts a closed conformation (Cheetham
et al. 2007). The orientation of the catalytic residues
Asp2742UR | Lys1622YR | and Glul81"R are largely dis-
rupted for catalysis. The Asp274°UR residue is rotated by
180° and shifted by 7 A to form part of a unique hydro-
phobic pocket that facilitates VX-680 binding. In the AurA/
TPX2/VX-680 structure, however, VX-680 binds to the
active conformation of AurA. As a result, the inhibitor is
unable to interact with the hydrophobic pocket present only
in the inactive conformation observed in the AurA/VX-680
structure. However, the glycine-rich loop exhibits signifi-
cant movement upon VX-680 binding, collapsing into the
ATP site. As a result, the side chain of Phel44“"R in the
glycine-rich loop moves by 10 A to form a m— interaction
with the phenyl group in VX-680. Presumably, this inter-
action serves as an anchor to stabilize this unique con-
formation of the glycine-rich loop and contribute to the
binding affinity of VX-680 toward AurA/TPX2. We also
noted the presence of two water molecules in our structure,
which may further enhance the binding of VX-680 to
AurA/TPX2 by forming hydrogen bonds from the carbonyl
and amide groups in VX-680, to the e—amino group of
Lys162%YR and to the main chain carbonyl group of
Glu260”"R, respectively.

Similar to other kinases such as Abl, the AurA kinase is
structurally flexible and can exist in multiple conforma-
tional states. The equilibrium between these conforma-
tional states can be altered by the binding of small
molecule inhibitors or macromolecule cofactors such as
TPX2. One such example through our current study is the
glycine-rich loop, which undergoes a dramatic conforma-
tional change due to TPX2 and VX-680 binding. The
glycine-rich loop of kinases is known to be very flexible
and can adopt different conformations that facilitate the
binding of small molecule inhibitors (Mohammadi et al.
1997; Schindler et al. 2000; Nagar et al. 2002). In fact,
the glycine-rich loop of abl kinase adopts a similarly bent
confirmation upon binding to Gleevec (Schindler et al.
2000; Nagar et al. 2002). Another example is the
conformation of the activation loop of AurA, which is
altered by both Thr288“Y® phosphorylation and TPX2



Crystal structure of Aurora A/TPX2/VX-680

binding. Without phosphorylation of Thr288, the activa-
tion loop is disordered (Cheetham et al. 2002) except
when a phosphate ion is bound (Nowakowski et al. 2002).
Even when Thr288""® is phosphorylated, Bayliss et al.
(2003) noted that the activation loop of AurA adopts an
inactive conformation in the AurA/ADP structure (pdb:
1ol7), due to conformational flexibility. On the other
hand, our biochemical analysis and previous reports
indicate that AurA does possess kinase activity in the
absence of TPX2. Taken together, these results suggest
that the activation loop of AurA is flexible and can adopt
both active (for catalysis) and inactive conformation (as
observed in crystal structures) in the absence of TPX2.
TPX2 binding to the phosphorylated AurA limits the
movement of the activation loop, stabilizes its active
conformation, and holds it in place for catalysis.

It is important to point out that while AurA is
phosphorylated on Thr288 in our AurA/TPX2/VX-680
structure, it is unphosphorylated in the AurA/VX-680
structure. Therefore, to illustrate the effect of TPX2, it
would have been best to compare our structure with the
structure of AurA/VX-680 where Thr288 is phosphory-
lated. Such a structure is not available to date. As
mentioned previously, the activation loop adopts an
inactive conformation even when Thr288 is phosphory-
lated in the AurA/ADP structure (pdb: 1ol7) (Bayliss
et al. 2003) due to conformational flexibility. We spec-
ulate that TPX2 binding is the key factor that determines
the differential binding modes for VX-680 to AurA in the
AurA/TPX2/VX-680 and AurA/VX-680 structures, rather
than Thr288 phosphorylation alone.

Cheetham et al. (2007) have proposed that binding of
VX-680 to an inactive kinase conformation explains its
potency and selectivity profile, especially toward Abl and
its Gleevec-resistant mutants like T315I and H396P.
However, in the crystal structure of VX-680 in complex
with the H396P Abl kinase mutant (Young et al. 2006),
the Abl enzyme adopts an open and active conformation,
casting doubts on the hypothesis of preferential binding to
the inactive conformation by VX-680. Our AurA/TPX2/
VX-680 structure demonstrates that, in fact, VX-680 can
interact with AurA in both the active and the inactive
conformations. It possesses different set of interactions
with active and inactive AurA depending on the phos-
phorylation state and the presence of TPX2.

Many inhibitors are reported to have affinity for both
the phosphorylated and the unphosphorylated forms of
kinases. For example, Gleevec is reported to inhibit the
phosphorylated form of Abl with >20-fold less potency
than the unphosphorylated form (Schindler et al. 2000).
When it was crystallized with Abl, the activation loop of
Abl adopted the inactive conformation. In contrast,
compounds like PD173955 (Nagar et al. 2002) and
Dasatinib (Tokarski et al. 2006) preferentially bind to

the active conformation even when Abl is unphosphory-
lated. While phosphorylation usually shifts the equilib-
rium toward the active kinase conformation, compound
binding can in fact induce the active conformation in
unphosphorylated kinases or the inactive conforma-
tion in phosphorylated kinases. It seems to be very
difficult to obtain crystal structures of a compound bind-
ing to both the active and the inactive conformation of
kinases. In the case of VX-680 binding to AurA, it is
only possible to capture compound binding to the active
versus the inactive AurA conformation using TPX2 as
the conformational switch that ‘“‘freezes” the active
conformation.

Significance

Many enzymes form multiprotein complexes in the
cellular context that are critical for their biological
activity, localization, and degradation. We report here
an example where an enzyme inhibitor against Aurora A,
an important cancer target, has different binding modes
and inhibition potency against the target in the presence
of the cofactor protein than in its absence. The purified
AurA/TPX2 protein complex may provide a more phys-
iologically relevant enzyme form for the characterization
of inhibitors. More generally, the presence of physiolog-
ically relevant cofactor proteins may alter the character-
istics of enzymes, and studies with these multiprotein
complexes may be beneficial to discovery and optimiza-
tion of enzyme inhibitors as therapeutic agents.

Materials and Methods

AurA kinase domain expression and purification

His-tagged AurA 125-391 construct with a cleavable Tev
(Tobacco Etch Virus) sequence (Hisg-Tev-AurA 125-391) was
expressed in Escherichia coli and purified using Ni-NTA resin.
Formation of the AurA/TPX2 complex was carried out by
immobilizing purified GST-Tev-TPX2 onto a glutathione
Sepharose 4B column followed by passing the purified Hise-
Tev-AurA 125-391 through the column. The complex was
treated with the Tev protease, and the cleaved complex was
eluted from the column and further purified according to Bayliss
et al. (2003). Purified complex was incubated with VX-680,
with molar ratio of compound versus protein of 5:1 for 16 h at
4°C and concentrated by spin-filter (Vivascience) to 15 mg/mL
for crystallization.

Crystallization and structure determination

Crystals of AurA in complex with TPX2 and VX-680 were
grown by sitting-drop vapor diffusion from a solution of 16%
polyethylene glycol 3350 and 0.2 M lithium sulfate buffered
with 100 mM Bis-Tris, pH 6.9. The drops were formed by
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mixing 2 pL of the above solution with 2 pL of protein
complex. The best crystals were obtained after several rounds
of seeding at 20°C. Crystals were allowed to equilibrate in a
similar crystallization solution, in the presence of 18% ethylene
glycol, prior to freezing in liquid nitrogen. X-ray diffraction
data to 2.3 A resolution were collected using the MARCCD165
detector at the Industrial Macromolecular Crystallography
Association beamline 17-ID in the Advanced Photon Source at
Argonne National Laboratory. Diffraction data were indexed
and scaled using the HKL2000 software package (see Table 1;
Otwinowski and Minor 1997). The crystal belongs to the
orthorhombic space group €222, with a single AurA/TPX2/
VX-680 complex per asymmetric unit. The structure of the
triplex was solved by molecular replacement method based on
published coordinates of AurA/TPX2/ADP (pdb: 1o0l5, crystal-
lized with ATP-vS, nucleotide assigned as ADP since only the
adenosine and two ordered phosphates were visible) (Bayliss
et al. 2003) using the program Phaser (McCoy 2007). Clear
density was observed for VX-680 in the initial difference-
Fourier maps. The structure was refined to 2.3 A resolution
with a crystallographic R-value of 0.20 and a free R-value of
0.25. The final structure includes Aurora A residues from 125 to
389, TPX2 residues from 6 to 21 and from 26 to 42, VX-680,
one sulfate, and 58 water molecules (Table 1).

Our AurA/TPX2/VX-680 structure was compared to the
crystal structure of AurA/TPX2/ADP (pdb: 10l5). The super-
position of the different AurA crystal structures was achieved by
aligning the hinge loop and two 3-strands at the bottom of the
ATP pocket (residues 209-214, 262-264, and 270-272).

Table 1. Data collection and refinement statistics

Data collection

Space group C222,
Cell dimensions
a, b, ¢ (A) 87.2, 89.1, 88.5
o, B,y (°) 90.0, 90.0, 90.0
Resolution (A) (last shell) 2.3 (2.38-2.3)
Rgym” (last shell) 0.072 (0.409)
1/ oy (last shell) 25.6 (2.7)
Completeness (%) (last shell) 97.1 (78.2)
Redundancy (last shell) 5.6 (4.6)
Refinement
Resolution (A) 25-2.3
No. reflections 12,814
Ryor’ /Riree’ 0.203/0.255
No. atoms
Protein 2440
Ligand 33
‘Water/solvent 63
B-factors
Protein 52.9
Ligand 52.2
‘Water/solvent 53.1
RSMD
Bond lengths (A) 0.016
Bond angles (°) 1.659

*Ryym = 2(|I — (D)/Z(I), where I is the intensity of an observed reflection,
and (/) is the average intensity of reflections related to / by symmetry.
bvam'k = 2HF‘nhs| - ‘Fca]H/2|F0bs‘-

“Riree = 2||Fobs] — |Fealll/Z|Fops|, Where Fgp is from a test set of
reflections (6% of the total) that are not used in structural refinement.
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Protein Data Bank deposition

The coordinates have been deposited in the Protein Data Bank
(pdb: 3e5a).
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