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A urora B kinase is a main regulator
of cell division (1). It functions in
the chromosomal passenger com-

plex, which includes at least three other pro-
teins: the inner centromere protein
(INCENP), survivin, and borealin/DASRA (2).
This complex centered around Aurora B has
multiple functions throughout mitosis and
cytokinesis. During cytokinesis, Aurora B ac-
tivity has been implicated in the formation
of the microtubule midzone and cytokinesis
completion (2). Using Binucleine 2, a small
molecule inhibitor of Aurora B kinase, we
show that kinase activity is not required dur-
ing ingression of the cleavage furrow.

Three Aurora kinases (A, B, and C) are ex-
pressed in mammals, and two (A and B) in
invertebrates (3). Aurora A is associated
with centrosomes and is responsible for
various aspects of mitotic progression (4).
Less is known about Aurora C, which ap-
pears to be mainly expressed in testes (3).
Aurora kinases are overexpressed in many
cancers, making them potential targets for
cancer chemotherapy (5), with many com-
pounds currently in clinical trials (6). Most
known Aurora inhibitors are ATP-competitive
active site inhibitors and show little selectiv-
ity between the different Aurora kinases in
vitro. Some isoform-specific Aurora inhibi-
tors have been reported (7−9), which derive
their selectivity from interactions with hydro-
phobic pockets adjacent to the hinge re-

gion of the ATP binding pocket, a key re-
gion responsible for determining activity
and specificity (10). Here, we report a
unique example of an ATP-competitive in-
hibitor that interacts mostly with hinge resi-
dues and exhibits a �300-fold isoform se-
lectivity. We find that the major determinant
of specificity is hinge residue Ile132.

We discovered Binucleine 2 (Figure 1,
panel a) in a phenotypic screen for small
molecule inhibitors of cytokinesis (11).
Drosophila Kc167 cells treated with Binucle-
ine 2 exhibited mitotic and cytokinesis de-
fects, as did cells where Aurora B kinase
was depleted by RNAi. Based on compari-
sons between these phenotypes, we had
predicted that the Aurora kinase B pathway
was the cellular target of Binucleine 2 (11).
To test this hypothesis, we purified a com-
plex of Drosophila Aurora B kinase and an
INCENP fragment (Supplementary Figure 1),
which is needed for optimal kinase activity
(12). Confirming our original prediction, we
showed that Binucleine 2 inhibits the kinase
(Figure 1, panels b and c) and demon-
strated ATP-competitive inhibition, with
Km

ATP � 130 � 34 �M and Ki
B2 � 0.36 �

0.10 �M (95% confidence interval, Supple-
mentary Figure 2). This result illustrates that
phenotypic comparisons can be a useful ap-
proach for successful target identification.

Given that most Aurora kinase inhibitors
inhibit all isoforms, we next evaluated
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ABSTRACT Aurora kinases are key regulators
of cell division and important targets for cancer
therapy. We report that Binucleine 2 is a highly
isoform-specific inhibitor of Drosophila Aurora B
kinase, and we identify a single residue within
the kinase active site that confers specificity for
Aurora B. Using Binucleine 2, we show that
Aurora B kinase activity is not required during
contractile ring ingression, providing insight into
the mechanism of cytokinesis.
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Binucleine 2’s effect on purified Drosophila
Aurora A kinase and were surprised to find
that it is highly isoform-specific (Figure 1,
panel d), with no significant inhibition of
Aurora A up to 100 �M. Similarly, Binucle-
ine 2 did not inhibit the closely related hu-
man or Xenopus laevis (13) Aurora B kinases
(Supplementary Figure 3). Kinase active
sites are usually well conserved, both within
and across species, and many ATP-
competitive kinase inhibitors are notori-
ously promiscuous. To get some clues about
possible reasons for Binucleine 2’s selectiv-

ity, we inspected sequence alignments
(Figure 2, panel a) from different Aurora ki-
nases, focusing on residues around the
“gatekeeper” residue in the hinge region of
the ATP binding pocket (14). We noticed
that Drosophila Aurora B kinase had two
changes in this highly conserved region: an
Ile at the position two residues C-terminal to
the gatekeeper, where other Aurora kinases
have an aromatic residue such as Phe or Tyr,
and a Ser four residues C-terminal to the
gatekeeper (Figure 2, panel a). We hypoth-
esized that these residues might be respon-

sible for Binucleine 2’s specificity. We “hu-
manized” the Drosophila kinase by
mutating Ile132 to Tyr and Ser134 to Pro
and found that the mutant has enzyme ki-
netic properties similar to those of the wild
type enzyme (Supplementary Figure 4), but
it is no longer inhibited by Binucleine 2
(Figure 1, panel c and Supplementary
Figure 4). Although we were unable to ex-
press the single Ile132Tyr mutant, we were
able to purify the single Ser134Pro mutant
and found that it is still inhibited by Binucle-
ine 2 (Supplementary Figure 5), suggesting
that Ile132 is the key determinant of Binu-
cleine 2 activity.

To explore how Ile132 and Binucleine 2
might interact so specifically, we turned to
docking experiments. The structure of Dros-
ophila Aurora B kinase has not been solved,
so we prepared a homology model based
on the closely related Xenopus Aurora B
structure (12). We then carried out computa-
tional docking studies using the program
Glide, to determine potential binding confor-
mations for Binucleine 2 (Figure 2, panel b).
A lowest energy model (Figure 2, panel b) re-
vealed a predicted hydrogen bond between
N2 of the pyrazole and the backbone amide
of Ala133 and hydrophobic interactions be-
tween the aromatic substituents on Binucle-
ine 2 and the side chain of Ile132, which ap-
pear to be key for Binucleine 2’s specificity.
Other Aurora kinases have a tyrosine at this
position (Figure 2, panel a), which is too
bulky to allow a similar binding
conformation.

To further test our mutational and
docking-based hypothesis that hydropho-
bic interactions between Ile132 and the aro-
matic substituents on Binucleine 2 are the
primary determinants of specificity, we syn-
thesized and tested a series of derivatives,
where we systematically varied the substitu-
tion patterns (Figure 1, panel b). The phenyl
rings of the most active compounds are ei-
ther 3- or 3,4-substituted, for example, the
3,4-di-Cl derivative has an IC50 of 2 �M,
much lower than that of 3,5-di-Cl (15 �M)

Figure 1. Initial biochemical characterization of Binucleine 2, a novel isoform-selective Aurora ki-
nase inhibitor. a) Chemical structure of Binucleine 2, with numbering of the positions in the
phenyl ring. b) IC50 values of Binucleine 2 analogues (see Supporting Information for details of
their synthesis). Data points are color-coded according to the substituent. Compounds with the
same substitution pattern are located on the same line. In vitro values correlate well with results
of cellular assays: Binucleine 2, the 3-halogen derivatives and the 3,4-di-Cl compound all have
ED50 values in the range of 5�10 �M, whereas the unsubstituted analogue, 4-halogenated, 2,4-
di-Cl, and 3,5-di-Cl compounds are inactive up to 100 �M. c) Dose�response curves for Binu-
cleine 2 at [ATP] � 100 �M. The black curve shows the enzymatic activity of full-length wild-
type Drosophila Aurora B, coexpressed with a residue 654�755 truncation of INCENP. The red
curve shows the same binary complex, with two mutated residues: Ile132Tyr and Ser134Pro, as
in the human homologue. Data points were fitted with sigmoidal dose�response curves. Error
bars represent standard errors. d) Enzymatic activity of Drosophila Aurora A in the presence of
either Binucleine 2 (black curve) or Staurosporine, a nonselective kinase inhibitor, (blue curve) at
[ATP] � 100 �M. Error bars represent standard errors.
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or 2,4-di-Cl (30 �M). Substitution at the
meta position is more important than at
the para, as illustrated by 3-Br (IC50 �

0.9 �M) compared to 4-Br (IC50 � 20 �M).
These data support the binding conforma-
tion predicted by the docking studies. It ap-
pears that the meta substituent fits nicely
into a hydrophobic pocket lined by the Ile
side chain (Figure 2, panel b).

Although Binucleine 2 is relatively small
for a highly specific kinase inhibitor, it can
form both hydrogen bonds and hydropho-
bic interactions with the hinge region of the
ATP binding pocket. Mutations in this region
(and specifically at the residue correspond-
ing to Ile132) in the human Aurora B kinase
as well as in other kinases such as the clini-
cally important Bcr-Abl have been shown to
confer resistance to small molecule inhibi-
tors (15, 16) but have not been used to gain
binding specificity. Unlike many hinge-
binding kinase inhibitors that rely mostly
on hydrogen bonds (10), Binucleine 2 selec-
tivity benefits from specific hydrophobic in-

teractions with a hinge-region residue near
the gatekeeper residue (Ile132). Although
the importance of the gatekeeper residue in
determining inhibitor specificity is widely
appreciated, the potential role of this hinge
residue appears to have been largely ig-
nored. We suggest that it might be more
broadly exploited in the design of selective
kinase inhibitors.

Our biochemical data strongly suggest
that Aurora B kinase is a major cellular tar-
get of Binucleine 2, but they do not give us
any information about other potential tar-
gets. We therefore performed rescue experi-
ments with cells expressing Binucleine
2-resistant Aurora B kinase. We created
Drosophila Kc cells lines that stably ex-
pressed enzymatically active mutant Dros-
ophila Aurora B kinase (Ile132Ser and
Tyr134Pro) fused to GFP. The mutant ki-
nase localized normally (Figure 3), suggest-
ing that it can integrate into the chromo-
somal passenger complex. The majority of
cells expressing the mutant kinase (10/12
dividing cells) were no longer affected by
Binucleine 2, i.e., cells looked normal with
no cell division defects (Figure 3). Also, the
Binucleine 2 derivatives we synthesized
(Figure 1, panel b) exhibit a strong correla-
tion between their in vitro kinase inhibition
activities and their cellular effects, providing
additional evidence that Aurora B kinase is
indeed the primary target of Binucleine 2.

The principal goal in the discovery of
small molecule probes such as Binucleine
2 is to use the compounds to study the biol-
ogy of the probe’s cellular target. Because
they can be added with high temporal con-
trol, small molecules have been used very
successfully to investigate other mitosis/cy-
tokinesis regulators, for example, Plk1 (17,
18). Studies with other Aurora kinase inhibi-

Figure 2. Ile132, unique to Drosophila Aurora B, is the main determinant of small molecule selec-
tivity. (a) Sequence alignment of Aurora kinases from different organisms. Residues in the ATP
pocket are marked in green, and the gatekeeper residue is in pink. Ile132 and Ser134 that inter-
act with Binucleine 2 are highlighted. (b) Binucleine 2 docked to the model of the Drosophila
Aurora B binding pocket.

Figure 3. Aurora B is the main target of Binucleine 2 in cells. Rescue experiments with a Binucle-
ine 2-resistant Aurora B mutant. Ectopic wild-type or mutant Aurora-GFP (red), tubulin (green),
and DNA (blue) have been visualized in fixed Drosophila Kc167 cells. Two examples of represen-
tative cells are shown for each condition.
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tors have also resulted in new insights into
the mechanisms of cytokinesis (19, 20) and
especially into the regulation of mitosis
(17), but they have been limited by the po-
tential of off-target effects due to lack of iso-
form specificity. Since we now have a highly
Aurora B specific tool in hand, we used it
to study the role of Aurora B kinase in cyto-

kinesis using live imaging in Drosophila
cells. Drosophila cells are commonly used
models to study cytokinesis because the
regulation of cytokinesis is highly conserved
across species. For example, both Aurora
and Polo kinases were originally discovered
in Drosophila (21, 22) but have since been
shown to be key regulators of cell division in

human cells. In addition to providing in-
sight into the mechanism of cytokinesis,
Binucleine 2 will also be a useful tool to
study the role of the chromosomal passen-
ger complex during development in this im-
portant model organism, which was not
possible previously because other Aurora in-
hibitors are not active in Drosophila.

To test the effects of Aurora B kinase inhi-
bition on cells at different stages of cell divi-
sion, we added Binucleine 2 to cells ex-
pressing GFP-tagged Aurora B or Anillin, a
contractile ring marker (Figure 4 and Supple-
mentary Figures 6�8). Binucleine 2 addi-
tion to cells that had not yet assembled a
contractile ring showed that Aurora B kinase
activity is absolutely required for ring assem-
bly, confirming previous data (19, 23). Binu-
cleine 2 produced an effect in metaphase
and early anaphase cells within 2 min
(Figure 4), suggesting that it can easily en-
ter mitotic cells. Binucleine 2 addition to
cells that had already assembled a ring, sur-
prisingly, had no significant effect on ring in-
gression (Supplementary Figure 6), suggest-
ing that kinase activity is not required for
this process. This result is unexpected be-
cause the kinase and its complex partners
localize to the contractile ring and interzonal
microtubules and are maintained there
throughout ingression. Since the Aurora B
kinase complex consists of several proteins,
it is likely that they have additional func-
tions such as binding to effector proteins or
serving as scaffolds in addition to support-
ing and modulating the kinase’s activity
(24). It is possible that such a role predomi-
nates during ring ingression.

In this Letter, we report a series of experi-
ments that have more general implications
for small molecule probe development. We
show that systematic comparisons between
small molecule and RNAi phenotypes can
be used to identify small molecule targets.
We also show that hydrophobic interactions
between a small molecule and a residue in
a kinase’s hinge region can lead to highly
specific binding. Finally, taking advantage

Figure 4. Aurora B kinase activity is not required for contractile ring ingression. a) Quantification
of live imaging experiments with WT Aurora B-GFP cell lines; time in minutes is plotted on the
horizontal axis. In small-molecule-treated cells, Binucleine 2 was added at the second minute of
imaging, with a final concentration of 40 �M. Groups of normally dividing cells are color-coded in
green, and abnormally dividing cells are in red. b) Representative still images from live imaging
experiments. See Supplementary Figure 6 for quantitation of the rates of ring ingression.
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of a small molecule that can be added at
specific stages of the cell cycle, our study
challenges the idea that Aurora B kinase’s
catalytic activity is its only function. Since
Binucleine 2 has no effect on ring ingres-
sion, even though the kinase is maintained
at specific cytokinetic structures, we pro-
pose that this kinase has additional func-
tions during cytokinesis. In summary, this
study demonstrates that it is possible to ob-
tain species-specific kinase inhibitors even
when the ATP binding pocket is highly con-
served, which has implications in the design
of fungicides or insecticides.

METHODS
Kinase Activity Assays and Kinetic Data

Processing. For protein expression and purifica-
tion, see Supporting Information. For the 32P incor-
poration assay 250 ng of kinase, 20 �g of myelin
basic protein (Sigma), 5 �Ci of 32P-ATP (Perkin-
Elmer), cold ATP, and a drug, if necessary, were di-
luted into kinase reaction buffer: 20 mM Tris pH
7.5, 1 mM MgCl2, 25 mM KCl, 1 mM DTT, 40 �g
mL�1 BSA. After 10 min at RT, reactions were spot-
ted onto P81 paper circles (Whatman), circles
were washed 4 times with 0.75% phosphoric acid
and once with acetone, and the amount of incor-
porated 32P was measured using a scintillation
counter.

The pyruvate kinase�lactate dehyrogenase
coupled assay was performed as follows. First, 2x
reaction buffer was prepared: 100 mM HEPES pH
7.5, 20 mM MgCl2, 2 mM DTT, 3 mg mL�1 BSA, 4%
pyruvate kinase/lactate dehydrogenase from rab-
bit muscle (Sigma) and 2 mM phosphoenolpyru-
vate. Finally, 250 ng per reaction of kinase,
600 �M substrate peptide, and 1 mM NADH were
added. Then, 50 �L of the 2x mixture was dis-
pensed into each well of a 96-well plate, followed
by 25 �L of 4x drug stocks in 100 mM HEPES pH
7.5 and, at the very last moment, 25 �L of 4x ATP
in 100 mM HEPES pH 7.5. The reaction was moni-
tored by measuring the decrease in OD340 due to
conversion of NADH into NAD�. The substrate pep-
tide is comprised of amino acids 1�20 of histone
H3, Aurora B’s natural substrate: ARTKQTARKSTG-
GKAPRKQL.

Kinetic data were interpreted in terms of the
classic competitive inhibition Michaelis�Menten
model:

where S is substrate (ATP) concentration, I is in-
hibitor concentration, Vmax is maximally attainable
reaction speed, Km is the Michaelis�Menten con-
stant, and an Ki is the inhibition constant.

Origin 8.0 (Originlab) and Excel (Microsoft)
packages were used to perform nonlinear fit and
plot the data.

Homology Modeling. All homology modeling
and ligand docking calculations were performed
at the Structural Biology Grid (SBGrid) facility at the
Harvard Medical School.

The crystal structure of Xenopus laevis Aurora
B�C-terminal INCENP binary complex (PDB ID
2BFY) was used as a starting point. Residues
Phe172 and Pro174 were mutated in silico to Ile
and Ser, respectively, using Prime homology mod-
eling software (Schrodinger Inc.). The resulting
structure has the Ile-Ala-Ser motif that is present
in the WT Drosophila Aurora B kinase and was
used as a receptor in further steps. All of other resi-
dues in the active site remain the same as in the
crystal structure.

Ligand Docking. Structures of Binucleine 2 and
analogues were docked to the receptor using the
Glide software (Schrodinger Inc.). First, 3D models
of ligands were prepared using the LigPrep tool
from the Glide package. Then, the 20 � 20 � 20
Å docking grid was generated using the OPLS2001
force field with default (1.0) scaling of van der
Waals atomic radii. The grid was centered on the
center of masses of the Ile172 and Ser174 (X.l.
numbering) of the receptor. Finally, molecules
were docked using the extra-precision (XP)
method, as implemented in the Glide package. Re-
sulting structures were ranked by Glide docking
score that measures feasibility of the found ligand
pose and the structure with the minimal score
was further analyzed. No additional constraints
(explicitly defined hydrogen bonds, fixed inter-
atomic distances, and the like) were used during
docking.

Cell Culture. Drosophila cells were grown at
25 °C in Schneider’s medium (GIBCO) supple-
mented with 10% heat-inactivated fetal bovine se-
rum (Invitrogen) and penicillin/streptomycin
(Cellgro) in T25 and T75 flasks (BD Biosciences).

Antibody Staining and Microscopy. Cells were
grown on glass coverslips, with or without Binucle-
ine 2, fixed and permeabilized in 100 mM Pipes/
KOH (pH 6.8), 10 mM EGTA, 1 mM MgCl2, 3.7%
formaldehyde, and 0.2% TritonX-100 for 15 min
and washed in PBS. DNA was stained with 5 �g
mL�1 Hoechst 33342 in TBST (TBS with 1% TritonX-
100) for 15 min. Cells were then washed twice
with AbDil (TBST with 2% BSA); incubated with
DM1� primary monoclonal mouse antitubulin anti-
body (Sigma), 1:500 dilution, 1 h at RT; washed
three times with TBST; and incubated with anti-
mouse IgG Alexa Fluor 568 conjugated secondary
antibody, 1:500 dilution, 1 h at RT. Finally, cover-
slips were washed three times with AbDil and
mounted on glass using Prolong Gold antifade re-
agent (Invitrogen). Cells were imaged using a Ni-
kon TE2000U Inverted Microscope and
PerkinElmer Ultraview Spinning Disk Confocal
(100x DIC objective) at the Nikon Imaging Center
at Harvard Medical School.

Live Imaging. We used Drosophila S2 cell lines
expressing GFP-Aurora B and mCherry-Tubulin/
GFP Anillin. Since expression of GFP constructs is
controlled by metallothionein promoter, 0.25 mM

CuSO4 was added to cells 24 h before imaging.
One hour before imaging 50�70% confluent cells
were transferred to glass coverslips. Cells were im-
aged using a Nikon TE2000U Inverted Microscope
and PerkinElmer Ultraview Spinning Disk Confocal
(100x DIC objective) at the Nikon Imaging Center at
Harvard Medical School. Images were acquired
once in 4 min, with 3�5 planes of z-stack with
1 �m steps. In drug-treated cells, 40 �M (final con-
centration) Binucleine 2 was added after the first
frame.
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