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Despite being the subject of intense effort and scrutiny, kinases
have proven to be consistently challenging targets in inhibitor
drug design. A key obstacle has been promiscuity and consequent
adverse effects of drugs targeting the ATP binding site. Here we
introduce an approach to controlling kinase activity by using
monobodies that bind to the highly specific regulatory allosteric
pocket of the oncoprotein Aurora A (AurA) kinase, thereby offer-
ing the potential for more specific kinase modulators. Strikingly,
we identify a series of highly specific monobodies acting either as
strong kinase inhibitors or activators via differential recognition of
structural motifs in the allosteric pocket. X-ray crystal structures
comparing AurA bound to activating vs inhibiting monobodies re-
veal the atomistic mechanism underlying allosteric modulation.
The results reveal 3 major advantages of targeting allosteric vs
orthosteric sites: extreme selectivity, ability to inhibit as well as
activate, and avoidance of competing with ATP that is present at
high concentrations in the cells. We envision that exploiting allo-
steric networks for inhibition or activation will provide a general,
powerful pathway toward rational drug design.
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Aurora A (AurA) has garnered much interest in the last 2 de-
cades as a major oncotarget, as its overexpression is linked to a

multitude of cancers (1). AurA coordinates mitotic division not only
through regulating centrosome maturation and duplication but also
through directly affecting spindle microtubule formation in later
stages of mitosis (2, 3). To localize to the spindle microtubules and
coordinate proper progression of mitosis, AurA must bind to, and
be allosterically activated by, the microtubule-associated protein
TPX2 (Targeting Protein for Xklp2) (4, 5). Therefore, disrupting
this protein–protein interaction has a double inhibitory effect: loss
of kinase activation and disruption of AurA localization to the
spindles, which leads to defective mitosis (6) and could trigger at-
tenuated cell viability (7).
Because the interaction surface between AurA and TPX2 is

extensive and lacks the classic, small, confined binding pocket
that is preferred when designing small molecule inhibitors, it
has been challenging to identify potent disruptors of this in-
teraction despite significant efforts from various groups (8–12).
Initial efforts focused around fragment screening identified
compounds with micromolar affinities to AurA [Kd = 3.6–12 μM
range (10–12)]. Later on, screening a library of Wobbegong shark
antibodies led to the identification of vNAR-D01 (Kd = 2 μM) (9).
This antibody inhibited AurA; however, the authors stress the
need for better allosteric molecules because no interaction between
AurA and vNAR-D01 in Xenopus egg extracts could be observed,
likely as a result of too weak binding or low specificity (9). The
authors further reason that the disulfide-containing antibodies
may not be used for intracellular targeting (9).
Here we describe an approach using monobodies that ad-

dresses both the affinity and disulfide bond problems. Mono-
bodies are synthetic binding proteins developed from highly
tailored combinatorial libraries constructed on a fibronectin type
III domain scaffold that is small and Cys-free (13). Monobodies

as binders with high specificity and affinity to diverse targets have
been developed, some of which employ quite small interaction
epitopes (14, 15). We select a series of monobodies that bind
tightly to the naturally occurring allosteric activation pocket of
AurA, and importantly, elicit a range of kinase activity from
strong inhibition to strong activation. Quantitative character-
ization of the monobody–AurA interactions and enzyme activity
changes, together with high-resolution structures of inhibiting
and activating complexes, reveal the detailed molecular mecha-
nism of allosteric modulation of AurA. Furthermore, the
monobodies are extremely specific for AurA, with no detectable
binding, even to the closest homolog AurB.

Significance

Despite being a major drug target of this century, kinases are
challenging modalities to inhibit because of promiscuity and
the consequent adverse effects of compounds targeting their
conserved active site. Here we deliver a proof-of-principle ap-
proach to overcome these obstacles using allosteric modula-
tion. Taking advantage of the naturally built allosteric network
that evolved to be different among kinases, we develop sev-
eral extremely selective and affine allosteric binders using
monobodies (small proteins), causing both strong inhibition
and activation. These monobodies allow “dialing-in” of any
desired activity, revealing 3 major advantages of targeting al-
losteric sites: extreme selectivity, ability to activate and inhibit,
and avoidance of competing with high cellular ATP. This ap-
proach provides a general, powerful path toward rational
drug design.
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Results and Discussion
Selection of Monobodies That Bind to the Allosteric Hydrophobic
Pocket of AurA. AurA is allosterically activated through TPX2
anchoring to a hydrophobic pocket in the N-terminal lobe of

AurA catalytic domain (5) that is widely used in the protein ki-
nase superfamily for allosteric modulation (5, 16). We wanted to
explore the concept of developing monobodies in an unbiased
way that modulates AurA activity by binding to this pocket,
thereby shifting the equilibrium between active and inactive
states of the kinase. Obtaining a range of allosteric activators and
inhibitors would reveal how AurA is allosterically controlled, and
that basic understanding could open opportunities to find a
novel kind of very specific kinase drugs.
To generate monobodies that specifically bind to this hydro-

phobic pocket, a scheme that involves both positive and negative
selection is designed. Monobodies are selected for binding to wild-
type (WT) AurA and against binding to AurA fused to a TPX2-
derived peptide, AurA-TPX2 chimera (Fig. 1 A and B and SI
Appendix, Fig. S1A). The linker between AurA and TPX2 in
AurA-TPX2 chimera fully mimics the linker connecting the C-
lobe with the C-terminal activation segment of PKA. We reason
that in the AurA-TPX2 chimera, the TPX2-binding site will be
occupied by the intramolecular interaction between the kinase
and the fused TPX2 peptide. This strategy is used to enrich for
monobodies that specifically bind to the hydrophobic pocket and
not to other regions of the kinase. Examining binding profiles of
the resulting monobody pools for AurA versus AurA-TPX2 chimera
prompts us to add an additional negative selection step by designing
AurA mutants in the hydrophobic pocket (Y199H or Y199K) with
impaired TPX2 binding (SI Appendix, Fig. S1B) but unaltered AurA
activity (Fig. 1C). Indeed, this strategy delivers a pool of monobodies
that bind much more strongly to WT than to AurA mutants (Fig.
1B), suggesting successful enrichment for monobodies binding to the
intended interface (Fig. 1 D and E).
A total of 84 clones are tested for binding to the WT, and

Y199H and Y199K AurA and 6 monobodies are chosen for
further characterization based on high specificity to WT AurA
over the mutants (Fig. 1 D and E). Binding measurements using
purified proteins show that these monobodies have a large af-
finity range, with Kd values ranging from low nanomolar to
low micromolar (Fig. 2). Tight binding is shown to be specific
for AurA, as no binding could be detected for monobodies
Mb1 and Mb2 to the closely related AurB kinase even at
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Fig. 1. Generation of monobodies that bind to the allosteric hydrophobic pocket of AurA. (A) Schematic of monobody selection design. Monobodies were
chosen for their ability to bind to AurA but not Y199H or Y199K AurA mutants or AurA-TPX2 chimeric protein. (B) Representative monobody populations
after negative selection with AurA-TPX2 chimera or Y199K AurA mutants, as tested using yeast display. (C) Mutation of AurA Y199 to either H or K does not
change the activity of the mutant AurA proteins. Activities were measured by the ADP/NADH coupled assay at 25 °C with 1 μM AurA, 1 mM Lats2 peptide and
saturating concentrations of ATP and MgCl2. AurA-TPX2 chimera closely mimics the activity of WT protein in the presence of 5 μM TPX2, ideally suiting this
decoy protein to be used in monobody counter selection screens. (D) Amino acid sequences of monobody clones. Residues at diversified positions in the
combinatorial libraries are shown in bold. Amino acid numbering is shown for Mb1. Although subsequent monobody sequences are shown with gaps for
purposes of visual alignment among each other, we do not count gaps in sequence numbering of these monobodies. (E) Mapping of diversified positions
(cyan) onto the structure of a prototypical monobody (PDB ID code 1FNF). Errors in C are SD from triplicates.

Table 1. X-ray structures data collection and refinement
statistics

Data/statistics AurA-Mb1-AMPPCP AurA-Mb2-AMPPCP

Data collection
Space group I222 P21 21 21
Cell dimensions
a, b, c (Å) 75.34, 91.36, 143.72 63.05, 69.92, 173.72
α, β, γ (°) 90.00 90.00 90.00 90.00 90.00 90.00
Resolution (Å) 2.06 2.55
Rmerge 0.126 (1.214)* 0.053 (0.528)*
I/σI 10.3 (1.8) 13.09 (1.03)
Completeness (%) 100.0 (99.5) 98.2 (83.8)
Redundancy 7.2 (7.2) 4.9 (2.3)

Refinement
Resolution (Å) 77.10–2.06 (2.12–2.06) 46.82–2.55 (2.64–2.55)
No. reflections 29755 25450 (2507)
Rwork/Rfree 0.23/0.27 (0.43/0.41) 0.26/0.32 (0.36/0.39)
No. atoms

Protein 2890 4875
Ligand/Ion 52 62
Water 145 N/A

B-factors
Protein 38.16 73.50
Ligand/Ion 46.11 93.26
Water 33.30 N/A

R.m.s. deviations
Bond length (Å) 0.016 0.003
Bond angles (°) 1.916 0.90

PDB ID 5G15 6C83

*Values in parenthesis correspond to the highest-resolution shell.
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kinase:monobodies ratios aimed at measuring high micromolar
binding affinities (SI Appendix, Fig. S2).

Monobodies Differentially Activate or Inhibit AurA. How do the
different monobodies affect AurA’s kinase activity? AurA phos-
phorylation of a peptide fragment of Lats2, a physiological substrate
of AurA (17), is followed under saturating concentrations of ATP
(SI Appendix, Fig. S3A) and MgCl2, using the ADP/NADH coupled
assay (Fig. 3A). High-performance liquid chromatography–based
assays are run, detecting phosphorylated Lats2 as control, ensuring
that the ADP/NADH-coupled assay indeed reflects AurA kinase
kinetics (SI Appendix, Fig. S3 B and C). Assays are run at timescales
(up to 900 s) and AurA concentrations (1 μM) at which the kinase
remains fully dephosphorylated (SI Appendix, Fig. S3D and ref. 5),
as the goal is to target the correct AurA state, the dephosphorylated
state found at the cell spindles (18). Strikingly, these monobodies
are capable of either inhibiting or activating AurA kinase activity
(Fig. 3). In fact, they span a large range of allosteric modulation,
starting with strong activators (Mb1) to strong inhibitors (Mb2,
Mb3, Mb4, Mb5; Fig. 3 A and B). Inhibitory monobodies prevent
AurA’s activation by TPX2 in vitro in a manner that is proportional
to their relative AurA’s binding affinities, with, for instance, the
tighter binder Mb5 inhibiting AurA more effectively than the
weaker binder Mb2 (Fig. 3C). Interestingly, Mb6, the tightest binder
of the series, does not affect AurA’s activity. This range of mono-
body function is in harmony with the original idea of selecting al-
losteric modulators, as it directly reflects differential binding to
active or inactive conformations of the kinase, thereby shifting the
allosteric equilibrium. According to this model, activators should
have a higher affinity to the active relative to the inactive confor-
mation, and inhibitors the opposite behavior, whereas for Mb6, high
affinity to both states is predicted, leading to no significant change
in the inactive/active equilibrium relative to apo AurA.

Crystal Structures of AurA-Mb1 and AurA-Mb2. The discovery of
both activating and inhibiting monobodies offers a unique op-
portunity to shed light into the molecular mechanism of allosteric
modulation of the kinase. X-ray crystal structures of AurA-Mb1
and AurA-Mb2 as representative activating and inhibitory AurA-
monobody complexes, respectively, were obtained (Table 1).
A sequence alignment of all monobodies in comparison with

TPX2 shows the presence of a motif containing 2 Tyr separated
by a small amino acid in both the allosteric activator TPX2 and
the activating monobody Mb1, whereas this YxY motif is absent
in the inhibiting monobodies, including Mb2 (Figs. 1D and 4A).
Both Mb1 and Mb2 monobodies indeed bind to the hydrophobic
pocket, as designed (Fig. 4B), but with different molecular fea-
tures, detailed here. Primary interface contacts of Mb1 to AurA
are the BC and DE loops of the monobody, whereas Mb2 uses an

entirely different region, the FG loop, in addition to the BC loop
(Fig. 1D). The AurA-Mb2 complex is seen as an AurA2-Mb22
dimer in the crystal, in contrast to a monomeric AurA-Mb1
complex (Fig. 4B and SI Appendix, Fig. S4 A–E). Analytical ul-
tracentrifugation experiments show that the AurA-Mb2 complex
is indeed a predominant dimer in solution and persists even at
low AurA concentrations (SI Appendix, Fig. S4 F and G). All
other monobodies show only a small population of AurA2-Mb2
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Fig. 3. Monobodies as activators and inhibitors of AurA activity. (A) The
ADP/NADH coupled assay was used to monitor Lats2 peptide phosphoryla-
tion by AurA in the absence (black) or presence of TPX2 or monobodies Mb1
to Mb6. Fits to Michaelis Menten kinetics, normalized by the enzyme con-
centration (kobs), show that the monobodies affect both the kcat and KM of
AurA for Lats2. Assays were carried out at 25 °C in the presence of 1 or
0.25 μMAurA and saturating concentrations of monobody or TPX2, ATP, and
MgCl2. (B) Comparison of kobs values of AurA at 1 mM Lats2 showing that
Mb1 activates AurA 15-fold, a value comparable to allosteric activation by
TPX2, whereas monobodies Mb2-Mb5 inhibit AurA between 2-fold and 20-
fold, with Mb6 not significantly affecting AurA kinetics. (C) Monobodies can
outcompete TPX2 from AurA in a manner consistent with their relative AurA
affinities and reflective of their inhibitory/neutral (Mb2-Mb6) or activating
(Mb1) propensity. Experiments were conducted in the presence of 1 μM
AurA, 5 μM TPX2, 3 mM Lats2, using the same coupled assay as described
earlier. Errors in B were determined from jackknifing of data in A.
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dimer (SI Appendix, Fig. S4H), and together with the concentration
dependence of inhibition by Mb2, can rule out dimerization as
the primary source of inhibition by the monobodies (SI Appendix,
Fig. S4 F–H).

Molecular Mechanism of Activation and Inhibition by Mb1 and Mb2.
Four major structural features that differ between the inacti-
vating and activating monobody–AurA structures are identified.
These attributes characterize the molecular determinants re-
sponsible for monobodies’ opposing modulation of AurA’s ac-
tivity (Fig. 5). First, Mb1 anchors above the αC-helix, at the
hydrophobic AurA pocket, stabilizing it in an active conforma-
tion reminiscent of TPX2. Contrarily, Mb2 slides differently into
this pocket, sandwiching the catalytically crucial αC-helix in a
restrictive inactive conformation (Fig. 5A).
Second, whereas AurA’s interface residues are abundant and

nearly identical among the AurA-TPX2 and AurA-activating
monobody Mb1 structures, they are scarcer in the AurA-
inhibitory monobody Mb2 complex (Fig. 5B and SI Appendix,
Figs. S5 and S6).
Third, the conformation of the DFG motif is different between

the inactivating and activating monobody–AurA complexes (Fig.
5C). DFG-in refers to the positioning of the regulatory F275 and
the crucial D274 active site residue to coordinate Mg2+, which in
turn coordinates to the γ-phosphate of ATP (19), thus precisely
positioning the kinase for catalysis. The DFG-out orientation dis-
favors these interactions and is therefore thought to report on the
inactive state of the kinase. The active DFG-in state is indeed seen
both in the structure of AurA bound to TPX2 or Mb1.
Fourth, to complete the assessment of the state (active/

inactive) of AurA, we examined the R-spine, an additional marker
of an active kinase (Fig. 5D) (20). As expected, AurA-Mb1 dis-
plays a completed R-spine identical to the one in AurA-TPX2. In
contrast, the R-spine is interrupted in the AurA-Mb2 structure,
leaving a gap between the N- and C-lobes (Fig. 5D).
Remarkably, Mb1 and TPX2 use the precise superposition of

the YxY motif, a well-characterized hot-spot (21, 22) of the
AurA-TPX2 interaction, for contacting AurA (Fig. 5E). This
suggests that Mb1 and TPX2 share a common mode of allosteric
activation despite their vast differences in sequence and struc-
ture. In contrast, Mb2 uses a different mode of action: it inserts
aromatic residue Trp81 into the hydrophobic pocket and posi-
tions Tyr80 on the other side of the αC-helix, thereby shifting it
in an inactive conformation. We noticed that the spatial orien-
tation of Trp81 was similar to that of W91 in vNAR-D01 or that
of AurkinA (8, 9, 12). This suggests that the space occupied by
monobody molecules could be a central hotspot in rationally
designing hydrophobic-pocket based allosteric inhibitors of
AurA.
In summary, Mb1 and Mb2 exert their opposing effects on AurA

activity by differentially interacting with the hydrophobic pocket and
its surrounding region. This leads to the modulation of an allosteric
network spanning the N-terminal hydrophobic pocket via the active

site to the C-terminal lobe, resulting in shifting the equilibrium
toward the active (as in the case with Mb1) or the inactive (as is the
case with Mb2) state of AurA, as we had hypothesized on the basis
of the activity modulation by a classic allosteric model.

Conclusions
With the presence of drug promiscuity, ensuing adverse effects of
active site inhibitors, and particularly with the prevalence of drug-
resistant mutations, there is an immediate, unfulfilled need to search
for more effective, more creative approaches to inhibitor design.
Guided by nature’s extensive use of allosteric modulation, an obvious
first choice would be to target allosteric sites (8–12, 16, 23–27),
thereby taking full advantage of the naturally evolved allosteric
networks. Such a strategy offers several advantages. First, inhibition
as well as activation can be designed, with the latter being a par-
ticularly new and powerful therapeutic avenue that cannot be
achieved by active-site binders. Second, targeting of allosteric hot-
spots promises greater specificity because of the fact that active sites
are highly conserved whereas modulatory sites have evolved for
differential regulation. Third, scaffolding function would be dis-
rupted in many systems.
Our results using monobodies provide the proof of principle for

these concepts, using synthetic protein-based strong allosteric
modulators (15-fold activation to 20-fold inhibition) with very high
specificity and affinity, thereby opening opportunities for rational
drug design. The monobody selection method is very efficient be-
cause it is based on highly refined library designs and molecular
display technologies enabling the construction of large libraries and
efficient directed evolution. The resulting monobodies themselves
could be used directly as treatment, if in vivo delivery methods
progress to a level suitable for pharmaceutical delivery (28–30). Our
structures of AurA bound to monobodies provide the mechanistic
atomic-level view for allosteric modulation that can then be directly
used in rational small molecule design for mimicking these inter-
actions, including using the partially unoccupied space of the pocket
in the Mb2/AurA complex (Fig. 5B and SI Appendix, Fig. S6).
Recent reports on targeting the TPX2 pocket by small molecules

and proteomimetics or antibody-based scaffolds (8–12) underscore
the emerging high interest in allosteric inhibition. Our results differ
in that the monobodies are extremely specific for AurA, whereas
such specificity was not measured for the other reported inhibitors
(8–12). Second, the affinities of several monobodies described here
are much tighter than the reported inhibitors. Third, the series of
monobodies delivers allosteric modulation ranging from strong in-
hibition to strong activation. Fourth, the monobodies described
here have the advantage over the reported antibodies that they do
not contain disulfide bonds, a feature that prohibits the antibodies
to be used for intracellular targets such as AurA kinase.
Targeting this regulatory pocket for allosteric modulation has

been reported for other kinases (Pdk1 and PKCζ) by small mole-
cules having micromolar binding capacities (24–26, 31). Although
some molecules are activators (24–26), inhibitors have also been
identified (24, 31). The unique potential of allosteric inhibitors in
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cancer treatment has been elegantly demonstrated by the devel-
opment of the allosteric inhibitor GNF-5 for the kinase Bcr-Abl and
SHP099 for the phosphatase SHP2 (27, 32). In addition to allosteric
inhibitors, there have been a number of reports of inhibitors that
disrupt protein–protein interfaces (23, 33–35).
Our demonstration of allosteric activators and inhibitors of AurA

kinase activity goes beyond just disrupting the AurA/TPX2 interface.
The immediate advantage of monobody selection for allosteric
modulation is apparent and provides a complementary approach to
small molecule synthesis. Monobodies as modulators of kinases are
not a commonly explored path in drug discovery. In fact, there are
currently only 3 reported cases of monobodies binding to Abl kinase,
and in all cases, they bind to the SH2 domain rather than the cat-
alytic domains (15, 36). Another synthetic binding protein system,
DARPins, has been used to develop inhibitors of ERK, but they
bind to the activation loop (37). The present work establishes the
feasibility of allosterically activating and inactivating kinases by
directing monobodies to the kinase domain itself, specifically the
naturally built-in allosteric site away from the ATP binding site.
The concept of exploiting allosteric networks for tuning catalytic

activities up or down bears the potential to elevate rational drug
design to a new level. For this goal, an atomistic understanding of
the allosteric networks and how to manipulate them with man-made
drugs is essential. As conceptualized via different monobodies for
AurA, monobody selection, together with the corresponding struc-
tures when complexed with its targets, provides an exciting experi-
mental approach for intelligent allosteric drug design. This approach
of controlling activity of a target protein by monobodies is imme-
diately transferrable to many other targets, and not just targets from
the kinome (5, 38, 39). Both the technology and the concept are
general, and therefore open opportunities to apply them in other
systems to study cellular signaling pathways, and for designing in-
hibitors or activators in drug design.

Materials and Methods
Expanded methods are available within SI Appendix. In brief, for monobody
selection, affinity measurement, expression, and purification we used
methods previously described in refs. 13 and 15 with minor modifica-
tions. The AurA-TPX2 chimera is composed of AurA122-403+PKA linker
(FIPKFKGPGDTSNFDDYEEEEIRVSINEKCGKE) +TPX21-45. For Aurora A and
TPX2 expression and purification, as well as biochemical (in vitro kinase as-
says) and biophysical and structural studies (ITC, X-ray crystallography, an-
alytical ultracentrifugation), we adapted methods previously described
in ref. 5. In vitro kinase assays were measured using Lats2 peptide
(ATLARRDSLQKPGLE) (17) as substrate via a coupled enzymatic assay that
detects ADP production through coupling it with pyruvate kinase and lac-
tate dehydrogenase monitoring oxydation of NADH to NAD+. Kinase assays
were performed at 25 °C in assay buffer (20 mM Tri·sHCl, 200 mM NaCl,
20 mM MgCl2, 5 mM TCEP, 10% glycerol at pH 7.5).
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