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The critical role of Aurora kinase in cell cycle progression and its deregulation in cancer has garnered sig-
nificant interest. As such, numerous Aurora targeted inhibitors have been developed to date, almost all of
which target the ATP cleft at the active site. These current inhibitors display polypharmacology; that is,
they target multiple kinases, and some are being actively pursued as therapeutics. Currently, there are no
general approaches for targeting Aurora at sites remote from the active site, which in the long term may
provide new insights regarding the inhibition of Aurora as well as other protein kinases, and provide
pharmacological tools for dissecting Aurora kinase biology. Toward this long term goal, we have recently
developed a bivalent selection strategy that allows for the identification of cyclic peptides that target the
surface of PKA, while the active site is blocked by an ATP-competitive compound. Herein, we extend this
approach to Aurora kinase (Aurora A), which required significant optimization of selection conditions to
eliminate background peptides that target the streptavidin matrix upon which the kinases are immobi-
lized. Using our optimized selection conditions, we have successfully selected several cyclic peptide
ligands against Aurora A. Two of these inhibitors demonstrated IC50 values of 10 lM and were further
interrogated. The CTRPWWLC peptide was shown to display a noncompetitive mode of inhibition sug-
gesting that alternate sites on Aurora beyond the ATP and peptide substrate binding site may be poten-
tially targeted.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The Aurora family of serine/threonine kinases, which consist of
Aurora A, B, and C, play a central role in coordinating cytoskeletal
and chromosomal events during mitosis.1 Specifically, Aurora A
localizes to the spindle poles and is involved in centrosome matu-
ration and separation, initiation of mitosis, spindle assembly, and
cytokinesis.2,3 On the other hand, Aurora B, an important element
of the chromosomal passenger complex,4 functions at the kineto-
chore to regulate proper alignment of the chromosomes on the
mitotic spindle.5,6 Aurora C, although not as extensively studied,
is believed to be complementary in function to Aurora B.7 Both
Aurora A and Aurora B are regarded as oncogenes, showing trans-
formative potential when overexpressed in vitro and have been
shown to be aberrantly expressed and amplified in several can-
cers.8–11 As such, both kinases have been extensively targeted for
potential cancer therapeutics.8

In general, the development of truly selective protein kinase
inhibitors has proven to be extremely challenging, as the structure
of the kinase catalytic domain and particularly the ATP-binding
region are highly conserved among the greater than 500 members
ll rights reserved.

).
of the human kinome,12 while numerous enzymes also utilize ATP
as a substrate. The favored methods of generating kinase inhibi-
tors, namely screening small molecule libraries against the cata-
lytic domain of a chosen kinase, generally result in compounds
that bind in the ATP-binding site (so-called Type I inhibitors) and
are usually poorly selective across the kinome.13 More recently, a
few compounds have been discovered that exploit non-conserved
regions of the ATP-binding site, such as a hydrophobic pocket
blocked in many kinases by a bulky ‘gatekeeper’ residue or a pock-
et present in the inactive, or ‘DFG out’ conformation of several ki-
nases.14,15 This has lead to heightened interest in developing
strategies to identify kinase inhibitors that not only do not occupy
the ATP-binding site but perhaps target kinases outside the core
catalytic domain (true allosteric inhibitors).16

Unexplored regions of the kinase, namely anywhere but the ATP
cleft, hold the potential to reveal novel sites for inhibitor develop-
ment. Owing to the intricate regulation of protein kinases and their
conformational flexibility, such allosteric sites may possibly exist.
Recently several allosteric kinase inhibitors have been identified
through novel screening methods. For example, the inclusion of
regulatory domains and the use of differential screening with vary-
ing ATP concentration have identified several allosteric ligands of
AKT isoforms.17,18 However, methods for identifying allosteric
ligands that target the kinase domain directly have been more
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elusive. A recent approach combining HTS using MS and NMR has
identified MAPK inhibitors (biaryl-tetrazole class) with 11–16 lM
Kd values for the unactive kinase and prevent activation.19 In
another example, differential cytotoxicity screening against
BCR-ABL positive cells was utilized and after discarding hits
resembling known ATP-competitive compounds, a new class of
inhibitors containing a 4,6-pyrimidine core were discovered. These
new inhibitors were shown to operate in an allosteric fashion by
targeting a distal myristoyl binding pocket of c-ABL.20,21 Betzi
and co-workers in another example of allosteric inhibitor screen-
ing combined fluorescent probes and protein crystallography
where the probe, 8-anilino-1-naphthalene sulfonate (ANS), bound
an allosteric pocket near the ATP site in CDK2 with an apparent
Kd of 37 lM.22 Due to the lower affinity of most initial allosteric
hits, which are typically greater than 10 lM, many allosteric
ligands may be potentially missed during traditional HTS
campaigns. However, the potential for selectivity for these new
classes of allosteric ligands provides the impetus for redesigning
current methodologies to discover such inhibitors.

Unlike most small molecule inhibitors, peptides are potentially
amenable to targeting the peptide binding site or kinase surface as
opposed to binding the ATP-cleft, and hence have the potential
advantage of probing less conserved regions. An exciting applica-
tion of these surface-targeting ligands has been in the generation
of selective bivalent inhibitors, which covalently combine surface
binding peptide moieties with small molecules that are known to
target the ATP-binding site. This combined targeting has been suc-
cessfully employed against protein kinases to produce inhibitors of
enhanced potency and selectivity compared to their starting frag-
ments.23–26

Recently, we have developed an approach to generate bivalent
inhibitors utilizing phage displayed peptide libraries, and success-
fully demonstrated its feasibility in creating a new class of potent
and selective inhibitors of a model kinase, cAMP-dependent pro-
tein kinase A (PKA).27,28 In our approach, the ATP-binding site is
occupied with a pan-inhibitor, staurosporine, and a phage dis-
played peptide library is directed to the kinase surface via the
non-covalent assembly of two coiled-coils conjugated to each moi-
ety, allowing for their simultaneous binding (Fig. 1). After several
rounds of in vitro selection, the two ligands (staurosporine and a
selected peptide) are covalently linked to generate a potential
Figure 1. The bivalent selection strategy applied to Aurora A (AUR2). (Left) The selection
jun-staurosporine, incubated with ‘blank’ streptavidin beads and then unbound phage
Unbound phage are washed away after a 30-minute incubation period and the bound
selected peptides are identified by DNA sequencing and subsequently synthesized and
library and ATP-competitive compound are bound simultaneously via the non-covalent a
can be conjugated to the ATP-competitive compound, staurosporine, to generate a bival
bivalent inhibitor with greater binding affinity and perhaps an en-
hanced selectivity profile, due to the targeting of the kinase sur-
face. The initial application of this approach to PKA produced
bivalent ligands that are >90-fold more potent than the starting
staurosporine derivative alone.27 Importantly, kinetic analysis of
the cyclic peptide demonstrated it to be a noncompetitive inhibi-
tor.28 In our efforts to test the generality of this approach and
potentially discover noncompetitive inhibitors against therapeuti-
cally relevant kinases, we chose to target the most extensively
studied kinase of the Aurora family,1 Aurora kinase A (Aurora A).

Our bivalent phage display approach shown in Figure 1 was ap-
plied to Aurora A as described previously for PKA;27,28 however,
challenges arose concerning high background binding phage
(streptavidin binding) and low potencies of selected sequences
for Aurora A. These problems were overcome by appropriate
changes in selection conditions. The final selection protocol re-
sulted in the discovery of two peptides with low micromolar IC50

values for Aurora A, which to our knowledge are among the most
potent peptides identified to date for Aurora A. One of these pep-
tides was further interrogated by kinetic analysis and showed a
noncompetitive mode of inhibition.

2. Results and discussion

Phage display, essentially as described previously,27 was carried
out against biotinylated Aurora A immobilized on streptavidin
modified magnetic beads. After six rounds of selection, convergent
sequences were found and the four most prevalent peptides were
synthesized via solid phase peptide synthesis and characterized
through kinase inhibition assays (Fig. 2). Of the selected peptides,
a motif consisting of the tri-amino acid HPQ was found in several
clones, which has been previously shown to target streptavidin.29

However, since several sequences did not contain known streptavi-
din binding motifs, all four peptides were synthesized to character-
ize their Aurora A inhibitory potential. Each of the selected
peptides was found to inhibit Aurora A at relatively high micromo-
lar concentrations (91–243 lM), alluding to a potential lack of ki-
nase specificity (Fig. 2b). The presence of the previously known
HPQ motif suggested that the isolated peptides may preferentially
target the streptavidin beads over the immobilized kinase, even
after a pre-incubation step using fresh streptavidin beads without
process is shown where the initial phage library (fos-cyclic peptides) is mixed with
/jun-staurosporine assemblies are transferred to AUR2 kinase streptavidin beads.
phage are eluted with low pH and amplified in E. coli. After this iterative process,
tested by kinase assays. (Right) The general approach is outlined where the phage
ssociation of the leucine zipper pair, fos and jun. After an in vitro selection, peptides
ent ligand.



Figure 2. Selection results and analysis by kinase assays of aurora a selected cyclic peptides. (A) Initial selection results yielded clear consensus peptides. (B) The four most
prevalent selected cyclic peptides were assayed against 0.5 nM Aurora A and displayed very high micromolar IC50 values: 242 lM for (CDGVPWHC)G, 91 lM for
(CDGTPRRC)G, 137 lM for (CHPQGDTC)G and 234 lM for (CGHPQVPC)G. (C) Structures of the selected peptides.
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immobilized kinase. Since the selected peptides inhibited weakly
or were potentially background sequences that bind either the
beads or streptavidin (Supplementary data), we decided to further
optimize selection conditions to favor more potent peptides. Fur-
thermore, we also performed a background selection on the strep-
tavidin beads alone (without the addition of jun-staurosporine) to
understand the full breadth of streptavidin and magnetic bead
binding sequences, HPQ-containing or otherwise, that are gener-
ated from our library

The results of the streptavidin magnetic beads background
selection (four rounds) are shown in Figure 3. The two most preva-
lent peptides (from 24 sequences) are (CHPQGDTC)G and
(CGHPQVPC)G, which were amongst the most prominent HPQ-
containing sequences during the first Aurora A selection. To a first
approximation, this confirmed our hypothesis that the phage dis-
play conditions needed to be further optimized to eliminate strep-
tavidin binding peptides. In order to adequately optimize the
negative selection process for complete removal of the streptavidin
binding HPQ sequences, we also determined the affinity of
(CHPQGDTC)G and (CGHPQVPC)G for streptavidin. It has been
established through X-ray crystallography that HPQ-containing
peptides bind in the biotin binding pocket of the streptavidin
monomer,30,31 and thus our background peptides would be amena-
ble to the HABA dye competitive displacement assay.32,33 Through
our HABA assays, we were able to obtain IC50 values of 25.6 and
24 lM for (CHPQGDTC)G and (CGHPQVPC)G (Fig. 3), respectively,
while the determination of the streptavidin–HABA dissociation
constant (Supplementary data) allowed the calculation of the
respective dissociation constants (Kd = 20.7 and 19.4 lM).

As the background peptides clearly have significant affinity for
streptavidin compared to Aurora A, we sought to increase strin-
gency in order to favor Aurora A binding peptides. Therefore, our
objectives were 2-fold: (1) prevent enrichment of streptavidin
binding sequences through a more rigorous negative selection
protocol and (2) test harsher conditions to potentially increase
the potency of our target binders against Aurora A. The harsher
wash conditions involved increasing the amount of detergent,
Tween 20, and BSA to further diminish nonspecific background
binding. We evaluated the effects of these modifications (0.1%
Tween 20, 0.2% BSA) through a selection against Aurora A and a



Table 1
Results from selections under new selection conditions

AURORA A kinase round 3 Streptavidin beads round 3

CFNTSSQC CQLPYRQC
CQELTQRC CEVRQRWC
CFTKVCSC CTSSLQQC
CGNRHYQC CPIQQFRC
CEKRPRRC CQLLGRVC
CVDNRKGC CQWFHSIC

Figure 3. Characterization of selected cyclic peptides from the streptavidin coated magnetic beads biopanning. (A) The background selection against streptavidin coated
magnetic beads reached consensus by the fourth round, with the HPQ motif was clearly present in the majority of selected peptides. (B) Two selected peptides were evaluated
in a HABA-competition binding assay for streptavidin and the IC50’s were found to be 25.6 lM ((CHPQGDTC)G) and 24 lM ((CGHPQVPC)G).
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control selection against streptavidin. After several rounds of selec-
tion against the both Aurora A and streptavidin alone, no clear
motifs emerged in either case (Table 1). This suggested that these
conditions are too stringent as even the streptavidin binding HPQ
motif was not observed. We next increased the number of washes
and include free streptavidin (10 lM) so that the HPQ peptide
should readily be removed during washes with free streptavidin
while not effecting Aurora A binding peptides. Under these new
set of conditions, an Aurora A selection was performed resulting
in convergent sequences that may potentially target Aurora A with
no appearance of the HPQ motif indicative of streptavidin binding
(Fig. 4A).

From the selection results, an apparent preference for proline
containing peptides was found, often with a tryptophan residue
adjacent to it in a PW motif. Interestingly, the selection results
did not correlate with the initial Aurora A selection, as neither
(CDGVPWHC)G or (CDGTPRRC)G appeared under the newer strin-
gent wash conditions. Two of the most prevalent peptides,
(CTRPWWLC)G and (CPRFLPWC)G, were synthesized, purified,
and assayed against Aurora A. The two peptides were found to be
the most potent peptide inhibitors of Aurora A evaluated thus far
with our selection strategy, having IC50 values of 7 and 6 lM,
respectively (0.5 nM Aurora A).

Since the selected peptides themselves are low micromolar
inhibitors of similar potency despite the significantly different
sequences, we next sought to probe the mode of inhibition and
selectivity. The selected peptide, (CTRPWWLC)G, was tested at three
different concentrations of Kemptide and showed no appreciable
change in the IC50 (Supplementary data), which potentially
suggested a noncompetitive mode of inhibition as we have previ-
ously observed when targeting PKA.28 Further evaluations of the
mode of inhibition of the selected peptide by kinetic analysis,
(CTRPWWLC)G also suggests noncompetitive inhibition with re-
spect to peptide substrate (Kemptide, LRRASLG) as shown in Figure
5 (see Supplementary data for fits to competitive, noncompetitive,
mixed, and uncompetitive).

With the peptides in hand and the observation that the peptides
are significantly hydrophobic with a single Arg in one case and a
Thr and Arg is the other case, we asked whether the observed inhi-
bition was selective for Aurora A or whether these peptides were
potentially non-specific protein kinase binders. In order to test this,
both peptides were assayed against the AGC kinase family (PKA),
the CMGC family (CLK2) and the target (Aurora A, Other family)
at 10 lM. Gratifyingly, as Figure 6 shows, the Aurora A selected
peptides inhibit their intended kinase at 10 lM peptide concentra-
tion with negligible inhibition of either PKA or CLK2. Thus these
studies demonstrate that phage display methods can be applied
to discover cyclic peptide inhibitors of therapeutically relevant
kinases.

In summary, the application of our bivalent selection strategy to
other kinases beyond PKA such as Aurora A has necessitated signif-
icant adaptation and optimization to isolate kinase selective pep-
tides while avoiding background peptides. The improved protocol
eliminates HPQ containing streptavidin binding sequences, which
were fully characterized, while yielding more potent peptide inhib-
itors of Aurora A. The peptides identified in the course of this study
are more potent than that discovered by a recent helix–loop–helix
displayed phage display approach against Aurora A,34 where the
best peptide appended to the helices, GRRVVVSFAWD, showed
35% inhibition at a concentration of 100 lM.34 The present work
also suggests that the Aurora A inhibiting peptides discovered by
this approach may have the potential to exhibit a noncompetitive
mode of inhibition with respect to the peptide substrate, which
was also the case in our previous study with PKA. We can speculate
that the bivalent phage display approach prevents peptide binding
at the substrate site perhaps by steric occlusion. Alternatively,
pre-existing protein binding sites on the protein kinases are more
amenable for binding peptides selected during phage-display. The
selected peptides may possibly bind inactive conformations of the
kinases and thereby inhibit kinase activity. Future studies will test
whether appropriate bivalent analogs provide higher affinity and
selectivity as well as aim to identify the binding site on Aurora A
for the newly discovered peptides. The peptides identified by our
phage display approach in the long term may provide a means
for identifying new sites on protein kinases that are amenable for
targeting with small molecules with new mechanisms of inhibition
and aid in providing selective pharmacological tools for studying
Aurora A biology.



Figure 4. Aurora A assays of selected peptides show low micromolar inhibition constants. (A) The optimized selection conditions yielded several convergent sequences with
no dominating sequence. (B) Two peptides from the selection have potent IC50’s of 10.5 lM for (CTRPWWLC)G and 6.2 lM for (CPRFLPWC)G at 0.5 nM AUR2. (C) Two selected
peptides that were synthesized and evaluated in AUR2 kinase assays.

Figure 5. Aurora A kinetic assays of selected peptide, (CTRPWWLC)G, Best Fit to
noncompetitive inhibition. Kinetic experiments varying Kemptide concentration
and inhibitor ((CTRPWWLC)G) concentrations are shown in a double reciprocal plot
fit to noncompetitive inhibition. The determined Km for Kemptide of 78 lM is in
agreement with literature values. The Ki of 31 lM is in agreement with the
determined IC50 for Aurora A kinase.

C. D. Shomin et al. / Bioorg. Med. Chem. 19 (2011) 6743–6749 6747
3. Methods

3.1. Phage display panning

Biotinylation of 5 lg Aurora A (Millipore) was performed using
20 equiv Sulfo-NHS-LC-LC-biotin (Pierce) with 100 lM ATP in
300 ll final reaction volume in a dialysis cassette (Pierce) at 4 �C
for 90 min. After dialysis, the biotinylated kinase was diluted
(1.6 ml final volume), aliquoted and stored at �80 �C until use.
The extent of biotinylation was monitored by kinase assay after
immobilization of one aliquot on 5 ll of M-280 Streptavidin Beads
(Invitrogen) according to manufacturer’s protocol. For the first
round of selection, 1.1 � 109 phage were mixed with jun-stauro-
sporine (2 lM final concentration) and incubated on ice with 5 ll
of M-280 Streptavidin Beads for 30 min. This solution was trans-
ferred to another 5 ll of M-280 Streptavidin Beads and incubated
at room temperature for 30 min. After washing with PBS-T
(0.05% Tween 20), the bound phage were eluted with 0.2 M glycine
(pH 2) and 11 lM staurosporine for 12 min and neutralized with
20 ll Tris buffer (pH 11). After amplification of sequences in Esch-
erichia coli, samples were analyzed by DNA sequencing.

3.2. Peptide synthesis

All peptides were synthesized as described previously.27,28

Using standard Fmoc protection strategies in solid phase peptide
synthesis, all peptides were synthesized on Rink Amide resin
(substitution level = 0.4 mmol/g). Coupling conditions consisted
of 3 equiv of the appropriate Fmoc protected amino acid, 3 equiv
PyBOP, and 6 equiv DIEA in DMF for an hour. Cleavage from the
resin (94% TFA, 2.5% EDT, 2.5% water, and 1% TIPS) was carried
out for 2 h, then the peptides were precipitated in chilled ether
and isolated by centrifugation. Peptide oxidation was accom-
plished by dissolving the peptides in 20% DMSO in PBS, pH 7.4,
and incubating at 37 �C for 36 h and was monitored with Ellman’s
Reagent. Compounds were purified by HPLC and fractions contain-
ing the peptides (confirmed by mass spectrometry) were pooled
and lyophilized.



Figure 6. Assessment of kinase selectivity of Aurora A selected peptides. The two selected peptides, (CCTRPWWLC)G and (CPRFLPWC)G, were separately assayed against the
AGC family kinase PKA and the CMGC family kinase CLK2 at a fixed peptide concentration of 10 lM. Both peptides inhibit Aurora A while not inhibiting CLK2 and PKA. Shown
to the right are surface representations of Aurora A with light blue residues representing regions that are homologous to PKA (top) and CLK2 (bottom). The red regions
represent differences between each respective kinase, and are therefore possible regions for peptide binding sites on Aurora A. (PDB code: 2DWB).
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3.3. Kinase assays

Aurora A kinase assays were performed in triplicate. In a 25 ll
final volume, [c-32P]ATP (100 lM) initiated the reaction with
0.5 nM Aurora A (Millipore) and Kemptide (LRRASLG, 200 lM) in
Aurora A Assay Buffer (20 mM MOPS, 10 mM MgCl, 1 mM EDTA,
pH 7) with 0.01% BSA and 2.5% DMSO. After 1 h, 20 ll of the reac-
tion mixture was spotted on P81 phosphocellulose paper. The sam-
ples were washed three times in 500 ml (0.85% phosphoric acid)
and once in 500 ml (acetone) for 3 min each. The amount of 32P
labeling of the peptide substrate was quantified using a Beckman
LS 6000IC liquid scintillation counter and data were normalized
to reactions containing no inhibitors, which were run in triplicate.
The selectivity assays were run in duplicate, and were performed
as similarly described for Aurora A except the length of time each
kinase incubated with ATP was 40 min instead of 1 h. Kinase con-
centrations and substrate identities/concentrations for the selec-
tivity assay are as follows: 0.5 nM Aurora A and Kemptide
(LRRASLG, 200 lM), 2 nM CLK2 (Invitrogen) and 2.5 lg substrate
(AKRRRLSSLRA), and 0.52 nM PKA (Promega) and 30 lM Kemptide.

3.4. Kinetic assays

Aurora A kinetic assays were performed in duplicate with no
inhibitor, 10 and 50 lM inhibitor ((CTRPWWLC)G). In a 75 ll final
volume, [c-32P]ATP (100 lM) initiated the reaction with 0.5 nM
Aurora A and Kemptide (LRRASLG at 25, 50 and 200 lM) in Aurora
A Assay Buffer (20 mM MOPS, 10 mM MgCl, pH 7) with 0.01% BSA
and 2.5% DMSO. At 10 min intervals, 10 ll of the reaction mixture
was spotted on P81 phosphocellulose paper. The samples were
washed three times in 500 ml (0.85% phosphoric acid) and once
in 500 ml (acetone) for 3 min each. The amount of 32P labeling of
the peptide substrate was quantified using a Beckman LS 6000IC
liquid scintillation counter.

3.5. HABA-competition assays

Characterization of the streptavidin background peptides were
performed essentially as previously described33 and were run
either in duplicate or triplicate. Briefly, in a final reaction volume
of 120 ll, an equimolar complex of streptavidin and HABA in PBS
buffer (final concentration = 25 lM) was allowed to incubate with
a variable concentration of (CHPQGDTC)G or (CGHPQVPC)G for 1 h.
After this time, the absorbance at k = 500 nm was monitored with a
Beckman DU 520 UV/Vis spectrophotometer. The absorbance of
25 lM HABA at k = 500 nm was subtracted from the raw absor-
bance values, and all points were subsequently normalized to the
HABA/streptavidin complex without peptide and fit to the Hill
equation (Eq. 1).

LR ¼ ½L�B þ
½L�F � ½L�B
1þ IC50

½L�

� � ð1Þ

where LR is the fraction of ligand bound, LB is the concentration of
bound ligand, LF is the concentration of unbound ligand, L is the to-
tal concentration of ligand and nH is the Hill coefficient.

Kd ¼ KL2 ¼
IC50

1þ ½L1 �
KL1

ð2Þ

From the Hill equation the IC50 is determined which can then be
used to calculate the dissociation constant Kd according to Eq. 2.
Where KL2 is the dissociation constant of the selected peptide
and streptavidin complex, KL1 is the dissociation constant of the
HABA–streptavidin complex and L1 is the HABA concentration.
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