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Protein kinases undergo large-scale structural changes that tightly
regulate function and control recognition by small-molecule in-
hibitors. Methods for quantifying the conformational effects of
inhibitors and linking them to an understanding of selectivity
patterns have long been elusive. We have developed an ultrafast
time-resolved fluorescence methodology that tracks structural
movements of the kinase activation loop in solution with
angstrom-level precision, and can resolve multiple structural states
and quantify conformational shifts between states. Profiling a panel
of dinically relevant Aurora kinase inhibitors against the mitotic
kinase Aurora A revealed a wide range of conformational prefer-
ences, with all inhibitors promoting either the active DFG-in state or
the inactive DFG-out state, but to widely differing extents. Re-
markably, these conformational preferences explain broad patterns
of inhibitor selectivity across different activation states of Aurora A,
with DFG-out inhibitors preferentially binding Aurora A activated
by phosphorylation on the activation loop, which dynamically
samples the DFG-out state, and DFG-in inhibitors binding preferen-
tially to Aurora A constrained in the DFG-in state by its allosteric
activator Tpx2. The results suggest that many inhibitors currently in
clinical development may be capable of differentiating between
Aurora A signaling pathways implicated in normal mitotic control
and in melanoma, neuroblastoma, and prostate cancer. The tech-
nology is applicable to a wide range of clinically important kinases
and could provide a wealth of valuable structure-activity informa-
tion for the development of inhibitors that exploit differences in
conformational dynamics to achieve enhanced selectivity.
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Protein kinases play central roles in signal transduction path-
ways controlling the growth and proliferation of eukaryotic
cells, and mutated protein kinases are a major cause of human
cancer. The advent of targeted kinase inhibitors like imatinib,
which blocks the BCR-ADI kinase that causes chronic myeloid
leukemia (1), and erlotinib, which targets mutated epidermal
growth factor receptor in lung cancer (2, 3), has substantially
changed the landscape of modern cancer therapy. As of 2018,
37 kinase inhibitors have received regulatory approval for the
treatment of cancer and autoimmune disease, and hundreds are
in clinical and preclinical development.

A substantial challenge encountered in the development of
ATP-competitive kinase inhibitors is obtaining sufficient speci-
ficity for the target kinase, a consequence of the high degree of
conservation in the active site among the >500 members of the
kinase superfamily (4). Early crystallographic studies (5-7)
clarified that the conformational plasticity of the kinase domain
plays a role in determining inhibitor selectivity, and led to the
classification of inhibitors into two general types. Type I inhibi-
tors are thought to either recognize the active state or bind
without regard to the conformation of the kinase, whereas type II
inhibitors specifically recognize inactive states in which a cata-
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lytically important Asp—Phe-Gly (DFG) motif, located on the
flexible activation loop of the kinase, is flipped relative to its
orientation in the active state (referred to as “DFG-out,” in
contrast to the active “DFG-in” state). The observation that the
inactive DFG-out states of kinases are more divergent than the
catalytically competent DFG-in state has led to a focus on type II
inhibitors as a potential answer to the selectivity problem (8, 9).
However, kinome-wide profiling of kinase inhibitors has revealed
that selectivity patterns are complex, and while type II compounds
do seem to be more selective on average, there are numerous ex-
amples of highly selective type I inhibitors and relatively non-
selective type II inhibitors (10, 11). A quantitative understanding of
the mechanistic connections between binding mode, conforma-
tional change, and selectivity is an important missing piece of the
puzzle for the rational design of selective kinase inhibitors. Here,
we develop an experimental approach to address this challenge and
apply it to understanding the conformational effects of inhibitors of
Aurora kinase A.

Aurora A (AurA) is a member of the Aurora family of serine/
threonine kinases that play central roles in mitosis (12). AurA
exists in multiple functionally and spatially distinct pools in
mitotic cells, with a pool localized to centrosomes controlling
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centrosome maturation and mitotic entry (13-15), and a pool localized
to spindle microtubules promoting nucleation of microtubules by
chromatin and construction of the bipolar mitotic spindle (16, 17).
AurA also performs other important cellular functions through the
formation of complexes with regulatory proteins, including
the oncogenic transcription factors c-Myc and N-Myc (18, 19).
The discovery that both AurA and its closely related family
member Aurora B (AurB) are amplified in a variety of solid tu-
mors (20, 21) motivated the development of a large number of
Aurora kinase inhibitors, many of which are in clinical trials, but as
yet no Aurora inhibitors have received regulatory approval.

Each cellular pool of AurA is regulated by different protein—
protein interactions and posttranslational modifications. Activa-
tion of AurA at centrosomes occurs through autophosphorylation
of a threonine residue (T288) in the activation loop (22, 23),
whereas activation of AurA on spindle microtubules is driven by
complex formation with the spindle assembly factor Tpx2 (24, 25).
The conformational dynamics of AurA are tuned in different ways
upon activation by phosphorylation or Tpx2 binding (26-29),
suggesting that each functional pool in cells possesses distinct
conformational properties that will modulate the interactions with
inhibitors, impacting efficacy in a tumor context-specific fashion.
Recent studies have reported connections between AurA dy-
namics and inhibitor recognition in individual cases (27, 30), but a
broad mechanistic understanding is lacking. Here, we present a
comprehensive study of the conformational effects of Aurora ki-
nase inhibitors across different activation states of AurA and show
that all inhibitors, including type I and type II compounds, cause
substantial structural changes upon binding, and that these effects
interact with the conformational ensemble of the kinase to de-
termine binding selectivity. The results have implications for the
therapeutic application of Aurora inhibitors in different patient
populations and suggest that a broad utilization of this approach
could substantially aid the development of kinase inhibitors with
improved selectivity.

Results

AurA Activation States Provide Multiple Baselines for Tracking
Inhibitor-Driven Structural Changes. To monitor the conforma-
tional state of AurA in a high-throughput format, we built a

Forster resonance energy transfer (FRET) sensor that tracks the
position of the activation loop of the kinase (Fig. 1 A and B) and
coupled it with a state-of-the-art fluorescence lifetime plate reader
based on direct waveform recording technology (31), which per-
mits rapid nanosecond fluorescence lifetime measurements in
multiwell plates with signal-to-noise ratios up to 1,000 (Fig. 1C).
The FRET sensor uses donor and acceptor dyes incorporated by
site-specific labeling onto the mobile activation loop of AurA and
a static reference point on a distal surface of the kinase, with the
DFG-out state yielding high FRET (shorter donor—acceptor dis-
tance, shorter lifetime) and the DFG-in state yielding low FRET
(longer donor—acceptor distance, longer lifetime) (Fig. 1 4 and B).
Lifetime data were analyzed by fitting to a structural model in
which the decrease in the donor lifetime in the presence of ac-
ceptor is accounted for by a Gaussian distribution of interfluor-
ophore distances, representing the conformational ensemble in
solution (Fig. 1D and SI Appendix). In this model, a change in
distance can arise either from a shift in the equilibrium between
two structural states or from the adoption of a new structural state.

Since Tpx2 binding and phosphorylation on T288 have been
shown to differentially affect the conformational dynamics of
AurA (26-28), we reasoned that patterns of inhibitor-induced
conformational changes may differ across the different activa-
tion states of the enzyme. We therefore used our time-resolved
(TR)-FRET assay to probe the conformational dynamics of
AurA in four biochemical states possessing different levels of
catalytic activity and representing different cellular pools of the
kinase: (i) unphosphorylated AurA (“Unphos”; inactive), (i)
phosphorylated AurA (“Phos”; active, centrosomal pool), (iii)
unphosphorylated AurA bound to Tpx2 (“Unphos+Tpx2”; active,
spindle pool), and (iv) phosphorylated AurA bound to Tpx2
[“Phos+Tpx2”; highly active, spindle pool in melanoma cells
(32)]. The TR-FRET analysis resolved all four biochemical
states with high confidence (SI Appendix, Fig. S1F) and consis-
tency (Fig. 1 D and E). The data confirm previous reports (26)
that the DFG-out state is favored in the isolated kinase
regardless of phosphorylation, observed as broad distance
distributions centered at 35.8 + 0.2 and 39.8 + 0.2 A for the
Unphos and Phos states, respectively, and that the binding of
Tpx2 triggers a conformational change to the DFG-in state,
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Fig. 1.
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Activation states of AurA define four conformational baselines for assessing effects of inhibitor binding. (A) Schematics of the TR-FRET labeling

scheme showing the positions of the two fluorescent dyes on the activation loop and aD-helix in the active (Right) and inactive (Left) states. (B) The con-
formation of the activation loop is shown for active AurA bound to Tpx2 (blue; PDB ID code 10L5) and AurA bound to a DFG-out inhibitor (magenta; PDB ID
code 3H10), with the dye labeling sites shown as spheres. The Upper Inset shows the full structure of the kinase domain bound to Tpx2 with the
T288 phosphorylation site indicated. (C) Layout of the nanosecond time-resolved fluorescence plate reader used for TR-FRET experiments. The Lower Inset
shows example waveforms for donor-plus-acceptor (D+A) and donor-only (D-O) labeled protein. (D) Average Gaussian distance distributions obtained for the
four activation states of AurA, inactive unphosphorylated AurA (black), phosphorylated AurA (red), unphosphorylated AurA bound to Tpx2 (yellow), and
phosphorylated AurA bound to Tpx2 (blue). The approximate distance ranges corresponding to DFG-in and DFG-out states are indicated for reference. (E) TR-
FRET distances measured for the four activation states of AurA across 96 replicate experiments in 384-well plates.
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observed as a shift of the distribution to a longer distance (46.8 +
0.3 A) and a narrower width in the Unphos+Tpx2 state. The
phosphorylation-driven conformational switch in the activation
loop, in which the loop transitions from an autoinhibited DFG-in
substate to an active DFG-in substate (28), is also apparent in
the data as an additional increase in the FRET distance going
from the Unphos+Tpx2 to the Phos+Tpx2 state (51.7 = 0.3 A;
Fig. 1E) and a further decrease in the width of the distribution.

The TR-FRET data highlight that the distinct effects of phos-
phorylation and Tpx2 binding lead to unique conformational
properties for each activation state of the kinase, with a progressive
shift toward the DFG-in state and reduction in conformational
plasticity going from the Unphos state to the Phos+Tpx2 state.
These results establish four different conformational baselines
from which to analyze the effects of inhibitor binding.

Aurora Inhibitors Exhibit Three Classes of Conformational Behavior.
We used the TR-FRET assay to define the conformational effects
of a set of 24 commercially available Aurora kinase inhibitors on
each of the four biochemical states of AurA (Fig. 24). This diverse
inhibitor set encompasses a variety of chemical scaffolds (S Ap-
pendix, Fig. S2) and a broad range of molecular weights (SI Ap-
pendix, Table S1), and includes examples of DFG-in and DFG-out
inhibitors as classified by X-ray structures. While some of the in-
hibitors were developed to target other kinases, all of them exhibit
nanomolar or lower binding affinity for AurA. The majority of the
compounds have been tested in clinical trials, and several are still in
clinical development (Fig. 24), with more than a dozen ongoing
trials of alisertib in a variety of cancers.

Fluorescence lifetime waveforms were recorded for titrations
of each compound from 1 nM to 5 pM in 384-well assay plates.
Inhibitor-induced conformational changes were readily appar-
ent in the fluorescence emission waveforms, with the donor-
plus-acceptor samples showing substantial binding-induced
changes in lifetime (SI Appendix, Fig. S3 A and B). Fitting of
the lifetime data revealed a rich diversity of inhibitor-induced
conformational changes. Conformational shifts occurred in both
directions (toward DFG-in and toward DFG-out), varied in mag-
nitude from relatively small to as large as those observed with
Tpx2, and changed in consistent ways across the biochemical states
of the kinase. The most dramatic changes were observed with
SNS-314, which triggered a nearly complete switch to the DFG-in
conformation in the Unphos and Phos states, and AMG-900,
which caused the largest shift to the DFG-out state in the Phos+
Tpx2 state.

Three qualitatively distinct classes of conformational behavior
were observed in the TR-FRET dataset: (i) partial increases in
FRET distance, consistent with equilibrium shifts toward the
DFG-in state; (ii) partial decreases in distance in all biochemical
states, consistent with equilibrium shifts toward the DFG-out
state; and (iii) complete switches to new FRET distances that
were characteristic for a given inhibitor, consistent with in-
duction of unique structural states (Fig. 2B and SI Appendix,
Fig. S4). These three classes correspond, with one informative
exception, to (i) type I inhibitors that promote the DFG-in
state, (ii) type I inhibitors that promote the DFG-out state,
and (iii) type II inhibitors.
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Fig. 2. TR-FRET analysis identifies three classes of conformational effects among existing AurA inhibitors. (A) The table shows collated data for the 24 AurA
inhibitors analyzed in this study. Trial data were taken from ClinicalTrials.gov, selectivity data from commercial inhibitor vendors, and structural data from the
Protein Data Bank. The table is broken into sections corresponding to the three classes of conformational effects described in this study. (B) Representative TR-
FRET binding curves for the three inhibitor classes that induce DFG-in shifts (Top), partial DFG-out shifts (Middle), and complete DFG-out shifts (Bottom),
measured for all activation states of AurA. Background shading represents the approximate DFG-in (pale orange) and DFG-out (pale blue) regions. Similar

curves are shown for all inhibitors in S/ Appendix, Fig. S4.
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Fig. 3. Type | inhibitors stabilize the DFG-in state by promoting closure of the active site cleft. (A) Histograms of the TR-FRET distance changes (AD, illustrated in
Bottom Right Inset) observed for the 14 DFG-in inducers binding to the Unphos and Phos biochemical states of AurA. Data represent values and 95% confidence
intervals derived from fitting individual TR-FRET binding curves (the curves are shown in SI Appendix, Fig. S4A). The Inset shows the correlation of the AD values
for the Unphos and Phos states, highlighting ENMD-2076 as an exception. (B) The DFG-in mole fractions derived from a two-Gaussian distance fit (S/ Appendix) are
plotted against the inferred free energy difference between DFG-in and DFG-out states for the phosphorylated kinase. Inclusion of the DFG-out inhibitor
danusertib in the fitting analysis was necessary to establish the baseline mole fraction of apo AurA, which is in equilibrium between DFG-in and DFG-out states.
The dashed vertical lines indicate changes in the DFG equilibrium of integer values of kT. (C) Crystal structures of AurA bound to ADP in the DFG-in (red; PDB ID
code 10L5) and DFG-out (blue; PDB ID code 5L8K) states aligned on the C-terminal lobe, highlighting the opening of the active-site cleft in the DFG-out state. (D)
Chemical structures of a representative medium-strength DFG-in inducer (CCT-137690) and the weakest DFG-in inducer (JNJ-7706621), with the hinge-binding
motif colored black, and the P-loop binding substituents red. The p-strands of the P-loop are shown in red, and the pocket bounded by V147 is shown in faint pink.
Structures of all DFG-in inducers colored in the same fashion are shown in S/ Appendix, Fig. S5. (E) Crystal structures of AurA in the DFG-out state (blue; PDB ID
code 5L8K) and in the DFG-in state bound to the DFG-in inducer CCT-137690 (red; PDB ID code 2X6E), highlighting the positioning of the 5-methyl-isoxazole group
in the pocket beyond V147, and the ratcheting of the P-loop into a closed conformation. X-ray structures or docking poses for the other DFG-in inducers are
shown in S/ Appendiix, Fig. S5.

The Majority of Type I Inhibitors Stabilize the DFG-In State by Cocrystal structures are available for 10 of the DFG-in inducers
Promoting Active Site Closure. Fourteen of the compounds in  (SI Appendix, Fig. S54). Among these, only SNS-314 reaches into
our dataset promoted the DFG-in conformation across bio-  the back of the ATP-binding site, where it makes extensive contacts
chemical states of AurA, albeit to widely varying extents (SI ~ with the DFG-motif and forms a hydrogen bond network with
Appendix, Fig. S44). Across inhibitors, the conformational shifts ~ residue E181 of the aC-helix (SI Appendix, Fig. S5B), explaining its
were largest for the Unphos and Phos states (Fig. 34), and more  strong preference for the DFG-in state (33). The structural data for
modest for the Unphos+Tpx2 and Phos+Tpx2 states, where the  the other inhibitors reveal little or no interaction between the in-
DFG-in state already predominates. The magnitudes of the shifts hibitors and the DFG rnptlf. For the four inhibitors for which no
for the Phos and Unphos states were strongly correlated, with the ~ X-Tay structures are available (ENMD-2076, KW2449, TAK-901,
notable exception of ENMD-2076, which caused a larger shift in ~2nd CCT-129202), we performed molecular docking to model their
the Phos state than the Unphos state (Fig. 34, Upper Right Inset), interactions with the active site (SI Appendix) and found that these

. . . ? . 5 inhibitors also appear not to directly contact the DFG motif (S/
:zlg)%te;:éngr;ﬁé tétd %;e;elfg?;ﬁlélryylﬁic:f?gg)s the active DFG-in Appendix, Fig. S5C). These structural observations raised the

These overall trends are consistent with a simple shift of the question of why effects on the DFG equilibrium were so pervasive

. o : ; . among these type I inhibitors.
preexisting DFG equlhbr!ul.n present n the apo kinase. This X-r%ly strucgllges show that the N- and C-terminal lobes of AurA
hypgt{l.esm }‘:falsl tiSt%jFlg fitting (;ligliléetlme data to a two—statg are more separated, and the active site more open, in the DFG-
model in which the J-out and DFG-In states are represente out state than the DFG-in state (24, 34). This can be attributed to
by separate Gaussian distance dlstflbutlons, which are globally 10 phenylalanine sidechain of the DFG motif (F275), which flips
shared across all 14 compounds, while the mole fractions of each up against the N-terminal lobe in the DFG-out state, prying the
state are allowed to vary by compound (SI Appendix). For both  jobes apart (Fig. 3C). Structures of the kinase bound to nucleo-
the Unphos and Phos states, the mole fractions were consistent  tides show that, when the active site opens, nucleotide remains
with shifts derived from the single-distance fits, but probing the  bound to the N-terminal lobe and dissociates from the base of the
populations allows the conformational effects to be expressed  active site formed by the C-terminal lobe, weakening the in-
on an energetic scale (Fig. 3B). This analysis showed that the  teraction between the nucleotide and the active site. This explains
strongest DFG-in inducer, SNS-314, alters the DFG equilibrium previous reports that nucleotide binding to AurA leads to a
by ~2 kcal/mol, and that most of the other inhibitors shift the  population shift toward the DFG-in state (26, 28) and suggests a
equilibrium by 0.5 to 1.5 kcal/mol. possible mechanism by which inhibitors might also promote the
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Fig. 4. Tpx2 overrides the conformational effects of most type | DFG-out inhibitors. (A, Left) Representative TR-FRET titration curves for danusertib, and (Right)
histograms of the FRET distances reached upon saturation with each inhibitor, highlighting the variation across AurA activation states. The background shading
represents the DFG-in (pale orange) and DFG-out (pale blue) regions of the TR-FRET analysis. Data represent the saturation points and 95% confidence intervals from
fitting individual TR-FRET binding curves (the binding curves are shown in S/ Appendix, Fig. S4B). (B) Inhibitor-induced changes in distance (AD) for phosphorylated
AurA bound to Tpx2, highlighting the different degrees to which the inhibitors promote the DFG-out state in the presence of Tpx2. (C) Chemical structures of MLN-
8054 and alisertib and X-ray structure of MLN-8054 bound to AurA (PDB ID code 2WTV). The Inset shows a model of alisertib bound to AurA, highlighting the likely
positioning of the methoxy group of alisertib against the phenylalanine of the DFG motif. (D) Chemical structure of VX-680 and X-ray structures of VX-680 bound to
AurA in the DFG-out state (blue; PDB ID code 4JBQ) and DFG-in state (gray; PDB ID code 3E5A). (E) Chemical structure of danusertib and X-ray structures of danusertib

bound to AurA in the DFG-out state (blue; PDB ID code 2J50) and bound to Abl in the DFG-in state (gray; PDB ID code 2V7A).

DFG-in state. Inspection of the X-ray structures and docking
poses reveals that a common feature of the DFG-in inhibitors is
the positioning of substituents into a pocket under the phosphate-
binding loop (P-loop) of the kinase (Fig. 3D and SI Appendix, Fig.
S5 A and C) formed by the side chain of the P-loop residue V147,
the backbone of the P-loop, and the aliphatic portion of the cat-
alytic lysine residue K162 (Fig. 3E). Of note, the inhibitor with
the smallest conformational shift, JNJ-7706621, contacts the
V147 side chain but does not reach into the pocket beyond it
(Fig. 3D) (35). These observations are consistent with a model in
which inhibitors can promote the DFG-in state indirectly by
ratcheting the active site closed through interactions with the P-loop
and other features of the active site distal to the DFG motif.

Tpx2 Can Override the Conformational Effects of Type | DFG-Out
Inhibitors. Four of the inhibitors in our dataset caused partial
shifts toward the DFG-out state, resulting in each biochemical
state of AurA yielding different observed FRET distances upon
saturation with a given inhibitor (Fig. 44 and SI Appendix, Fig.
S4B). These inhibitors triggered nearly complete DFG-out shifts
when binding to the more flexible biochemical states (Unphos,
Phos), but in the presence of Tpx2 the shifts were less complete
and varied in magnitude among the different compounds (Fig.
4B), reflecting the opposing effects of Tpx2 and the inhibitors on
the DFG equilibrium. The relative magnitudes of the shifts ob-
served in the Phos+Tpx2 state indicate that VX-680 and danusertib
are the weakest DFG-out inducers, MLN-8054 is stronger, and its
analog alisertib is the strongest (Fig. 4B).

The chemical structures of these inhibitors resemble those of
type I inhibitors like the DFG-in inducers described above. MLN-
8054 and alisertib are nonetheless known to have DFG-out binding
modes based on the X-ray structure of MLN-8054 bound to AurA
(Fig. 4C) (36). However, VX-680 and danusertib, which are dual
Aurora/Abl kinase inhibitors that have been in clinical trials for
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imatinib-resistant chronic myeloid leukemia (37, 38), have been
crystallized bound to a variety of kinases in both the DFG-in and
DFG-out states (39-42) (Fig. 4 D and E). The TR-FRET data
clarify that all four of these inhibitors promote DFG-out states in
AurA, but to a limited extent that is largely overridden when the
kinase is restrained in the DFG-in state by Tpx2 and phosphory-
lation. The X-ray data also suggest that the degree of stabilization
of the DFG-out state is related to the extent of direct contacts
between the inhibitor and the DFG motif, as VX-680 and dan-
usertib make only superficial contacts with the DFG motif (Fig. 4
D and E) whereas MLN-8054 forms more extensive interactions
(Fig. 4C). In alisertib, the substitution of a 2-methoxy group on the
DFG-contacting aromatic ring for the 2-fluorine group of MLN-
8054 would be expected to further increase the interface with the
DFG phenylalanine (Fig. 4C, Lower Right Inset), presumably
explaining why this inhibitor causes the largest DFG-out shift.

Interestingly, the chemical structure of danusertib is very similar
to that of PHA-680632, which our data show promotes the DFG-
in state. Comparison of the X-ray structures of danusertib and
PHA-680632 bound to AurA revealed that despite very similar
binding modes the diethylphenyl ring of PHA-680632 projects into
the P-loop pocket, whereas the corresponding aromatic group of
danusertib instead projects down into the C-terminal lobe, con-
sistent with our model that engagement of the P-loop pocket is a
key driver of DFG-in selectivity (SI Appendix, Fig. S6A).

Type Il Inhibitors and a Special Class of Type | Inhibitor Trigger
Complete DFG-Out Shifts Across AurA Activation States. Six of the
inhibitors in our dataset induced characteristic FRET distances
regardless of which biochemical form of AurA they bound to (Fig.
5A). This pattern contrasts with the partial shifts caused by the
type I DFG-out inhibitors discussed above and suggests induction
of unique structural states that differ from the DFG-in and DFG-
out states of apo AurA (Fig. 54 and SI Appendix, Fig. S4C).
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Fig. 5. Type Il and a special class of type | inhibitors induce a complete switch to the DFG-out state. (A, Left) Representative TR-FRET titration curves for AMG-
900, and (Right) histograms of the FRET distances reached upon saturation with each inhibitor, with background coloring as in Fig. 4. The y axes of the
histograms are aligned with the y axis of the AMG-900 titration plot on the Left, and the data represent the saturation points and 95% confidence intervals
from fitting individual TR-FRET binding curves (binding curves are shown in full in S/ Appendix, Fig. S4C). (B) Chemical structures of the type Il DFG-out
compounds (Left) and X-ray structure of an analog of AMG-900 bound to AurA (Top Right) showing a classical type Il binding mode (PDB ID code 3051). The
head groups of the inhibitors that engage the hinge region of the kinase are colored black; the linkers, gray; hydrogen bonding groups, red; and the hy-
drophobic tail groups that occupy the back pocket of the kinase, dark purple. Solubilizing groups are colored light gray. (C) X-ray structure of BI-
847325 bound to AurB in the DFG-in state, with the occupied back pocket of AurB, usually occluded in the DFG-in state, highlighted (PDB ID code 5EYK).
The Inset shows the AurB:BI-847325 structure aligned on the AurA:AMG-900 analog structure, highlighting the similar positioning of the hydrophobic tail
groups of the two compounds in the back pocket of the DFG-out state. (D) Background-corrected DEER spectra of phosphorylated AurA bound to each of the
four putative type Il inhibitors, MK-5108 or SNS-314. The Left Inset shows an expanded view of the echo decays at short evolution time, which reflect the
average spin-spin distances. The population-weighted average DEER distances are plotted against the corresponding TR-FRET distances in the Right Inset. A
comparison of Tikhonhov-derived distance distributions and TR-FRET distance distributions is shown in S/ Appendix, Fig. S7.

Inspection of the chemical structures of these compounds were previously reported to be DFG-in binders based on cocrystal
showed that four of them possess the hallmarks of classical type  structures with AurB (BI-847325 and ZM-447439; Fig. 5C) (44,
IT DFG-out inhibitors (9) exemplified by the Abl inhibitor ima-  45) or molecular modeling (GSK-1070916) (46). However, these
tinib (5), with a “head” group that engages the hinge region of  studies utilized AurB trapped in the DFG-in state by its activator
the kinase linking the N- and C-terminal lobes, a “linker” that  protein INCENP (47). Aligning the AurB:BI-847325 structure
reaches around the DFG motif, a polar group that hydrogen (DFG-in) (44) with the structure of AurA bound to the AMG-
bonds to the DFG motif and/or catalytic glutamate, and a hy- 900 analog (DFG-out) (43) shows that the tail groups of the two
drophobic “tail” group that occupies the hydrophobic back  compounds superimpose, suggesting that BI-847325 and AMG-
pocket left by the displaced DFG motif (Fig. 5B). The type II 900 could bind to similar DFG-out states in AurA (Fig. 5C, Inset).
binding mode has been observed in a relatively small subset To independently confirm the binding modes of these inhibi-
of protein kinases, and AurA is not generally considered one of  tors, the fluorescent dyes of the FRET sensor were replaced with
them. However, inspection of an X-ray structure of an analog of  the paramagnetic spin probe MTSL and the inhibitor-induced
AMG-900 from early stages of lead optimization (43) reveals the  conformational changes analyzed using double electron—electron
classical type II binding mode and suggests that the hydrophobic  resonance spectroscopy (DEER) (Fig. 5D). The DEER results
tail group of AMG-900 indeed binds in the hydrophobic back  showed that AMG-900 induces a pronounced structural change
pocket of AurA (Fig. 5B). The other putative type II inhibitors upon binding to AurA that yields a short spin—spin distance of
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Fig. 6. Inhibitor conformational preferences translate into selectivity for AurA activation states. (A) Fluorescence binding data for the DFG-out inducer

VX-680 (Top) and the DFG-in inducer ENMD-2076 (Bottom). The fluorescence signals represent the ratios of the acceptor and donor intensities quantified
from emission spectra. Binding data for all compounds are shown in S/ Appendix, Fig. S8. (Bottom Right) The two-site cooperative binding model is shown for
Tpx2 (T) and drug (D) binding to AurA (A), consisting of four coupled equilibria described by the indicated equilibrium dissociation constants (Kp values). The
cooperativity factor o represents the fold change in the affinity of one ligand in the presence of saturating concentrations of the other. The fluorescence
signal Fa/Fp was modeled as a linear function of the concentrations of the four biochemical species, as shown in the indicated equation (S/ Appendix).
(B) Cooperativity factors a for the DFG-out (dark blue) and DFG-in (dark red) inhibitors derived from global fitting of the fluorescence binding data, ranked in
order of increasing «. Data represent the mean + SEM; n = 6 for the DFG-in inhibitors, n = 7 for the partial DFG-out inhibitors, and n = 4 for the complete
DFG-out inhibitors (S/ Appendix). The Inset shows the a-values as a function of the relative distance shifts toward the DFG-in or DFG-out states derived from
the TR-FRET analysis. The faint bars in the main panel represent the fold change in the inhibition constants (K;) observed in the presence of Tpx2 for each
inhibitor. Data represent the mean + SEM; n = 3. (C) The chemical structures of ENMD-2076, VX-680, and MK-5108 are shown, with the similar hinge-binding
motifs highlighted in black. The cooperativity values are shown for each inhibitor. (D) The aligned crystal structures of AurA bound to VX-680 and
MK-5108 are shown together with the docked structure of ENMD-2076. The phenylalanine residue of the DFG motif is shown as sticks, and the side chain
of W277 in the MK-5108 X-ray structure is shown as dots, highlighting the interactions with the inhibitor.

20 A, and that the other putative type II inhibitors induce distinct
DFG-out states with longer distances ranging from 39 to 43 A (SI
Appendix, Fig. S7). In contrast, binding of the DFG-in inducer
SNS-314 results in a much longer spin—spin distance of 52 A,
representing a switch to the DFG-in state. These DEER data are
in excellent agreement with the FRET measurements (Fig. 5D,
Right Inset, and SI Appendix, Fig. S7) and confirm that the pu-
tative type II inhibitors indeed bind to AurA in the DFG-out
state, not the DFG-in state as reported for AurB. The fact that
AMG-900 induces a qualitatively different structural state than
the other type II compounds, as reflected in much shorter probe—
probe distances (Fig. 5D), is likely due to the bulky hydrophobic
tail group of AMG-900 causing a larger displacement of the DFG
motif than the much smaller tail groups of the other type II in-
hibitors, resulting in a more dramatic movement of the activation
loop across the active site cleft relative to the DFG-in state.

The other two inhibitors that induce unique structural states
upon binding to AurA, MK-5108 and MK-8745 (an analog of
MK-5108), lack the type II chemical structure, and the X-ray struc-
ture of MK-5108 bound to AurA shows that the inhibitor binds to
the DFG-out state but interacts only with the edge of the DFG motif
without enveloping it (48). Nonetheless, these inhibitors appear to
be as efficient at inducing the DFG-out state as the type II com-
pounds, as reflected in the uniformity of the TR-FRET distances
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observed across all four biochemical states of AurA (Fig. 54 and
SI Appendix, Fig. S4C). These results indicate that even type I
inhibitors can have strong preferences for the DFG-out state.

Inhibitor Conformational Effects Determine Binding Selectivity for
Specific Activation States of AurA. Considering that Tpx2 promotes
the DFG-in state and that many of the inhibitors also exhibit
pronounced conformational effects, we reasoned that the inhibi-
tors might display either positive or negative binding cooperativity
with Tpx2, depending on the direction in which they modulate the
DFG equilibrium. To test whether Tpx2 affects the binding af-
finities of the inhibitors in our panel, binding curves for all
24 compounds were measured using the phosphorylated FRET
sensor in the presence of different Tpx2 concentrations. We took
two steps to ensure the accurate measurement of cooperativity
effects. First, binding was tracked by ratiometric steady-state
FRET measurements, in which the ratios of the acceptor-to-
donor emission intensities are determined (S Appendix, Fig. S3 C
and D), using a recently developed high-throughput spectral plate
reader with sufficient signal/noise to yield excellent emission
spectra with 5 nM kinase (49) (Fig. 64 and SI Appendix, Fig. S8).
Second, rather than fitting individual binding curves, the binding
cooperativity between inhibitor and Tpx2 was determined directly
by globally fitting all fluorescence data for a given inhibitor to the
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two-site cooperative binding model shown in Fig. 64 using
numerical simulation (SI Appendix). In this model, the binding
cooperativity is described by the cooperativity factor «, which
represents the fold change in the inhibitor affinity in the presence
of saturating Tpx2. Because of the closed thermodynamic cycle, a
is also equal to the fold change in Tpx2 affinity in the presence of
saturating inhibitor. Values of a smaller than 1 represent positive
cooperativity, and values greater than 1 represent negative coop-
erativity. Because the binding cooperativity is encoded in the
fluorescence data by both the inhibitor dose-responses and the
Tpx2 dose-responses, this global fitting approach provides far
more accurate determinations of the cooperativity factors than
fitting individual inhibitor binding curves.

Remarkably, ranking the inhibitors from lowest to highest
a-values segregates them into two groups that, with one exception,
correspond to the DFG-in inducers, with small values of a, and
the DFG-out inhibitors, with large values of o (Fig. 6B and SI
Appendix, Fig. S94, and Table S2). Ten of the DFG-in inducers
have a-values lower than 1, representing positive cooperativity
with Tpx2. Within the DFG-out inhibitors, there was a further
correspondence between the strength of conformational prefer-
ence and the magnitude of the cooperativity (Fig. 6B, Inset), with
the partial DFG-out shifters possessing values of o between
5 and 20, and the complete DFG-out shifters (the type II in-
hibitors and MK-5108/8745) having values of o between 35 and
300. These results indicate that the preference for the DFG-in or
DFG-out states is the key driver of inhibitor selectivity for the
Phos or Phos+Tpx2 forms of AurA. The one exception is the
DFG-in inhibitor SNS-314, which exhibits substantial negative
cooperativity with Tpx2. This is explained by the X-ray structure
of SNS-314 bound to AurA (33), in which the aC-helix is
displaced outwards by the inhibitor, occluding the Tpx2 binding
site (SI Appendix, Fig. S5B).

To independently confirm the cooperativity results, we measured
the inhibition constants (K values) of all 24 inhibitors using kinase
activity assays in the presence and absence of Tpx2. The fold
changes in the K; values in the presence of Tpx2 closely mirrored
the a-values (Fig. 6B, faded bars, and SI Appendix, Fig. S11),
providing independent confirmation of the selectivity rankings.
These rankings are also consistent with previously published results
on a subset of the inhibitors (36, 48, 50, 51). Together, the coop-
erativity and inhibition data provide a clear picture of the crucial
importance of the DFG equilibrium for inhibitor selectivity.

There are several examples in our dataset of molecules that
share the same chemical scaffold but differ markedly in confor-
mational selectivity (Fig. 6C and SI Appendix, Fig. S6 A and B). A
striking example is provided by the four type I inhibitors, ENMD-
2076 (DFG-in), VX-680 (partial DFG-out), and MK-5108/
MK-8745 (complete DFG-out), all of which share very similar
hinge-binding motifs (Fig. 6C). Although there is no X-ray struc-
ture of ENMD-2076, the binding pose generated by molecular
docking superimposes the hinge-binding motif of ENMD-2076
with the corresponding portions of VX-680 and MK-5108 ob-
served in X-ray structures (Fig. 6D). Despite the similar structures
and binding modes of these inhibitors, their cooperativity factors
span three orders of magnitude, demonstrating that conformational
preferences can be tuned over a wide range by chemical modifi-
cations at a single position on an inhibitor scaffold.

Our results confirm that the type II binding mode is intrinsically
specific for the DFG-out state, with all four putative type II inhibi-
tors displaying strong negative cooperativity with Tpx2. In contrast,
most type I inhibitors can bind to both the DFG-in or DFG-out
states, usually with affinities that differ by less than a factor of 20.
Why then are the type I inhibitors MK-5108 and MK-8745 so
strongly selective for the DFG-out state? A unique feature of MK-
5108 and MK-8745 is that they have very high binding affinity, with
Kp values in the low- and mid-picomolar range, respectively. This
potency is likely responsible for their unusually strong selectivity for
the DFG-out state. The binding data for MK-5108 show that, while
this inhibitor binds to AurA more than 100-fold better in the absence
of Tpx2, it still binds the AurA:Tpx2 complex with ~3 nM affinity,
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more tightly than many of the positively cooperative type I inhibitors.
Thus, selectivity for the DFG-out state can arise from a chemical
structure that is largely incompatible with the DFG-in state (type II)
or simply by binding the DFG-out state with unusually high affinity.

Discussion

An abundance of X-ray structural data have established that some
kinase inhibitors, particularly type II compounds, cause substantial
structural changes upon binding (5-7). Unfortunately, our un-
derstanding of the prevalence of inhibitor-driven structural
changes, and how they are linked to binding selectivity, has been
limited by the difficulties of quantifying ligand conformational
effects in solution. We have filled this gap with a method that
tracks kinase structural changes with angstrom-level precision,
resolves different conformational states and conformational shifts
between states, and is sufficiently scalable to allow large datasets
of ligand-induced conformational changes to be rapidly obtained.

Our results provide an unusual glimpse of the ubiquitous
nature of inhibitor-driven conformational changes in kinases.
Rather than being limited to the type II binding mode, they are
a nearly universal feature of ATP-competitive AurA inhibitors.
Apparently, AurA is so primed for allostery that essentially any
interaction with the active site will alter the conformational en-
semble. Importantly, inhibitors with a type I binding mode may
promote either the DFG-out or the DFG-in states, and can rival
type II inhibitors in their specificity for the DFG-out state.

A second major conclusion is that patterns of inhibitor-induced
conformational changes depend strongly on the intrinsic confor-
mational balance of the kinase, resulting in inhibitors with strin-
gent conformational preferences being selective for particular
AurA activation states, in some cases to a striking degree. This
discovery provides a unifying molecular mechanism for previous
reports of Tpx2 affecting the interactions of AurA with inhibitors
in vitro (36, 50, 51), and of differential inhibition of functional
pools of AurA in cells (48). In particular, MK-5108 and MK-
8745 inhibit AurA T288 phosphorylation at the centrosome at low
nanomolar concentrations, whereas micromolar concentrations are
required to block phosphorylation of some AurA substrates such as
Lats2 (48). We have shown that AurA activated only by phos-
phorylation on T288 is highly dynamic and is maximally sensitive to
DFG-out inhibitors like MK-5108/8745, whereas activation of
AurA by Tpx2 restrains the kinase in the DFG-in state, rendering
it relatively resistant to DFG-out inhibitors. Thus, any cellular
readout that depends in part on the Tpx2-bound pool of AurA will
be comparatively less sensitive to strong DFG-out inhibitors like
MK-5108/8745. Conversely, Tpx2 tends to promote the binding of
DFG-in inhibitors. Interestingly, MK-8745 and MK-5108 also show
the greatest selectivity for AurA over AurB out of a large panel of
inhibitors (48). Since the active sites of AurA and AurB are nearly
identical, and AurB function in the cell is dependent on the binding
of the Tpx2-like activator INCENP (47), it is likely that the se-
lectivity of inhibitors between AurA and AurB is driven by similar
conformational effects.

The ability of inhibitors to differentiate between AurA activa-
tion states has potentially important implications for the thera-
peutic use of these molecules. Differences in the degree to which
inhibitors target the various cellular pools of AurA can be
expected to translate into distinct therapeutic efficacy and toxicity
profiles, depending on the tumor type and genetic background.
For instance, roughly 10% of melanoma tumors carry inactivating
mutations in the AurA-directed phosphatase PP6C (52, 53). The
spindle pool of AurA in these tumor cells is activated by both
phosphorylation and Tpx2 (32), and this hyperactivation drives
chromosome instability and DNA damage that can be partially
reversed by AurA inhibition (54). Our data show that this path-
ological form of AurA is maximally resistant to DFG-out inhibi-
tors, but that many DFG-in inducers bind preferentially to this
form of the kinase and could in principle represent a strategy for
treating these melanoma patients. However, our inhibition data
show that the fivefold binding preference of ENMD-2076 for the
AurA:Tpx2 complex is roughly negated by a similarly lowered K,
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value for ATP (25), highlighting that obtaining 10-fold selectivity
for phosphorylated and Tpx2-bound AurA in cells will likely re-
quire at least 50-fold binding selectivity. The negative coopera-
tivity of the strong DFG-in inducer SNS-314 highlights that
achieving high levels of selectivity will require exquisite comple-
mentarity to the rigid active site of the AurA:Tpx2 complex.
Recent studies have shown that AurA plays an important non-
catalytic scaffolding role in the pathogenesis of MYCN-amplified
cancers, including neuroblastoma and neuroendocrine prostate
cancer (NEPC) (18, 55). AurA binds to an N-terminal segment of
N-Myc that overlaps with the recognition site of the ubiquitin ligase
SCFhxw7, preventing proteolytic degradation of this oncogenic
transcription factor. N-Myc binds across the activation loop of AurA,
trapping the kinase in the active DFG-in state (56), and N-Myc
binding can be disrupted by DFG-out AurA inhibitors in cells (57,
58), providing a rationale for using DFG-out inhibitors in MYCN-
amplified cancers. Alisertib has entered phase 2 clinical trials for
both neuroblastoma and NEPC, but early results suggest efficacy is
limited (59, 60). Our data reveal that, while alisertib does promote
the DFG-out state, this can be negated by a regulatory factor that
favors the DFG-in state, suggesting that the ability of alisertib to
dissociate the AurA:N-Myc complex in cells will depend on the level
of N-Myc overexpression, which differs widely in neuroblastoma
patients and correlates with disease progression (61). The type II
inhibitor AMG-900, which is a strong DFG-out inducer that triggers
an unusually large structural rearrangement upon binding, might be
more effective at displacing N-Myc. AMG-900 is currently in early-
stage clinical trials for leukemias and solid tumors (62), but to our
knowledge has not been tested in a MYCN-overexpressing context.
Protein kinases remain a highly active drug discovery area. In
addition to the several dozen kinases for which inhibitors have al-
ready received regulatory approval, there is an even larger body of
kinase targets with inhibitors in clinical or preclinical development
(63). Because the activation loop is the central regulatory structure
of all protein kinases, tracking this loop is readily applicable to
profiling inhibitor-driven conformational changes in numerous other
disease-relevant kinases. Our TR-FRET method provides more
detailed structural information than can be obtained using a single
environmentally sensitive dye (64), and we anticipate that confor-
mational structure—activity data obtained in this manner could be
valuable for guiding the optimization of potency and selectivity
during the development of inhibitors for a wide range of targets.

Materials and Methods
Detailed protocols for the following procedures can be found in S/ Appendix.

Preparation of the FRET Sensor. Protein samples were prepared using a
cysteine-light construct of human AurA expressed in BL21-DE3-RIL cells
(Agilent) and purified as described (28, 65). Cysteine residues were incor-
porated at L225 on the D-helix and 5284 on the activation loop for labeling
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with Alexa 488 maleimide (Thermo Fisher) as the donor, and Alexa 568 mal-
eimide as the acceptor. Labeling of donor-only (D-O) and donor-plus-
acceptor samples (D+A) was verified by mass spectrometry (SI Appendlix,
Fig. S1 B and (). A synthetic construct of human Tpx2 (residues 1-43; Sell-
eckchem or Genscript) or a recombinant construct of GST-tagged Tpx2
(residues 1-43) was used for experiments requiring Tpx2.

TR-FRET Fluorescence Assay in 384-Well Plate Format. Plates containing 50-nM
FRET sensor +/— inhibitors were read on the fluorescence lifetime plate
reader (FLPR). The FLPR is a custom-built instrument designed and built by
Fluorescence Innovations. The architecture of the FLPR is shown in Fig. 1C.
The instrument uses pulsed laser excitation coupled with a high-speed dig-
itizer to measure nanosecond fluorescence decays (31). Instrument response
function (IRF) and lifetime measurements were recorded as described in
Gruber et al. (66) and Muretta et al. (67).

TR-FRET Data Fitting. Fluorescence waveforms were fit using custom software
designed for analysis of time-resolved fluorescence (68) as described by Muretta
et al. (69). Briefly, the IRF and the model of fluorescence decay are convolved to
describe the measured waveforms. The D+A waveforms were modeled as-
suming a Gaussian distribution of interfluorophore distances describes the de-
crease in lifetime compared with the matched D-O sample. The mean distances
measured for each inhibitor concentration were fit to the quadratic binding
equation in GraphPad Prism to obtain values and confidence intervals for the
distances at saturating inhibitor. TR-FRET experiments and fits show excellent
consistency across experiments (S/ Appendix, Fig. S12). Data presented in the
main text are from a representative experimental dataset.

Analysis of Binding Cooperativity. The cooperativity analysis was based on
ratiometric steady-state fluorescence data collected with the spectral
unmixing plate reader (SUPR), a custom-built instrument designed by Fluo-
rescence Innovations. The contributions of the donor and the acceptor to the
fluorescence emission were derived by fitting reference spectra for the two
dyes and the Raman water band to obtain the spectrally unmixed acceptor/
donor ratio (49). Binding data for each inhibitor were globally fit to the
thermodynamic model shown in Fig. 6A using the numerical simulation
program KinTek Explorer (KintekCorp). Data for all inhibitors are shown in S/
Appendix, Fig. S8.

EPR Experiments. DEER experiments were performed at 65 K using an Elexsys
E580 Q-Band spectrometer (Bruker Biospin) as described in S/ Appendix (68).
Data were analyzed using custom software written in Mathematica, which
was based on DeerAnalysis 2017 (70).
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