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Abstract
Many eukaryotic protein kinases are activated by phosphorylation on a specific conserved
residue in the regulatory activation loop, a post-translational modification thought to stabilize the

active DFG-In state of the catalytic domain. Here we use a battery of spectroscopic methods
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that track different catalytic elements of the kinase domain to show that the ~100-fold activation
of the mitotic kinase Aurora A (AurA) by phosphorylation occurs without a population shift to the
DFG-In state, and that the activation loop of the activated kinase remains highly dynamic.
Instead, molecular dynamics simulations and electron paramagnetic resonance experiments
show that phosphorylation profoundly alters the structure and dynamics of the DFG-In
subpopulation, leading to activation of the kinase. Kinetics experiments tracking structural
transitions during nucleotide binding suggest that a substantial DFG-Out subpopulation is an
important feature of activated AurA that evolved to optimize the kinetics of substrate binding and

product release.

Introduction

Protein phosphorylation is a central feature of cellular signal transduction, and stringent
regulatory control of the participating protein kinases is critical for the integrity of these
pathways. Kinase activity is typically regulated by finely-tuned allosteric mechanisms that
reversibly switch the kinase domain between active and inactive conformational states’.
Disruption of these mechanisms, leading to constitutive kinase activity, is a major cause of
cancer, and small molecules that inhibit specific disease-associated kinases constitute an
important class of modern cancer drugs®.

Phosphorylation on a specific site in the activation loop of the kinase domain is the most
widely conserved regulation mechanism in protein kinases®. X-ray structures suggest that ionic
interactions between the phosphate moiety and a pocket of basic residues lock the activation
loop into a conserved active conformation®®. In this conformation, the catalytic asp-phe-gly
(DFG) motif at the N-terminal end of the activation loop adopts an active “DFG-In” conformation,

in which the aspartate residue of the DFG motif points into the active site to coordinate Mg-ATP.
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In the absence of phosphorylation protein kinases often adopt autoinhibited states, in which
activity is blocked by conformational rearrangements of the activation loop and DFG motif. An
important mode of autoinhibition involves a flip of the aspartate residue of the DFG motif out of
the active site, preventing magnesium coordination’®. Many protein kinases have been
observed to adopt these “DFG-Out” states, and some have been targeted with small-molecule
inhibitors that preferentially bind to the DFG-Out conformation®. In addition to phosphorylation,
kinase conformation is typically also modulated by the binding of accessory proteins that further
tune the activity level of the enzyme.

The serine/threonine kinase Aurora A (AurA) is an essential mitotic protein that controls
many cellular processes including mitotic spindle assembly, centrosome maturation, and mitotic
entry’""®. These functions of AurA are driven by two distinct activation mechanisms of the
kinase operating in different spatiotemporal contexts. At the centrosome, AurA is activated by
autophosphorylation on the activation loop residue T288. In contrast, at the mitotic spindle, AurA
is activated by the spindle-associated protein Tpx2'®, and this pool of the kinase is kept in the
unphosphorylated state by the continual action of the phosphatase PP6'"2.

Extensive in vitro studies have shown that Tpx2 and phosphorylation act independently
to increase AurA kinase activity by up to several hundred-fold'*?°. Binding of Tpx2 to
unphosphorylated AurA triggers a population shift from a DFG-Out to the DFG-In state in
solution?'. Crystal structures of phosphorylated AurA bound to Tpx2 show that the T288
phosphothreonine residue forms extensive ionic interactions unique to the DFG-In state,
suggesting that both factors simply stabilize the same active conformation???*. In this paper, we
show that phosphorylation on T288 in fact activates AurA through a completely different
mechanism than Tpx2. Using three complementary spectroscopic methods we show that
phosphorylation does not trigger a switch to the DFG-In state, and that the phosphorylated
activation loop of AurA continually samples both active and inactive conformational states.

Instead, phosphorylation acts by enhancing the catalytic activity of the subpopulation of
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molecules adopting the DFG-In state. Stopped flow kinetics experiments point to the DFG-Out
state being important for nucleotide dissociation, and suggest that the transition between DFG-

Out and DFG-In states may be a central feature of the catalytic cycle of the enzyme.

Results and Discussion

The DFG motif of phosphorylated AurA is predominantly in the DFG-Out state.

We set out to explain how phosphorylation of AurA on T288 leads to a ~100-fold
increase in catalytic activity (Supplementary Figure S1)'*?°. We previously used an infrared (IR)
probe that tracks the DFG motif of AurA to show that Tpx2 binding triggers a conformational
change from the DFG-Out to the DFG-In state™. In this method, a cysteine residue is introduced
at position Q185 at the back of the active site of AurA, and chemical labeling is used to
introduce a nitrile infrared probe at this position®. To test whether phosphorylation of AurA also
causes a conformational shift of the DFG motif, we prepared samples of AurA Q185C
phosphorylated on T288. Homogeneous phosphorylation and nitrile labeling were verified by
western blotting and mass spectrometry (Supplementary Figure S2 and S3).

IR spectra of labeled phosphorylated AurA bound to ADP showed predominantly a
single absorbance band centered at 2158 cm™ (Figure 1a). We previously assigned this peak in
spectra of unphosphorylated AurA to the DFG-Out form of the kinase, in which the nitrile probe
is buried in a hydrophobic pocket (Figure 1b)*'. Addition of saturating amounts of Tpx2 peptide
(residues 1-43 of human Tpx2) to the IR samples caused a dramatic change in the spectra in
which the central peak at 2158 cm™ largely disappears, and two new peaks appear at 2149 cm”’
and 2164 cm™ (Figure 1a). These changes are indicative of a shift to the DFG-In state, in which

water molecules coordinated to the DFG motif form hydrogen bonds to the probe, causing
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104  pronounced spectral shifts (Figure 1b)?". To confirm that the peak at 2158 cm™ arises from the
105 DFG-Out state, we mutated residue W277, which is positioned directly against the IR probe in
106 the DFG-Out state, but is displaced away from it in the DFG-in state, to alanine (Figure 1b,c). IR
107  spectra of the W277A mutant showed a clear spectral shift of the 2158 cm™ peak (Figure 1c),

108 consistent with this peak arising from the DFG-Out state.

109

110 Figure 1. The DFG motif of phosphorylated AurA remains predominantly in the DFG-Out
111  state. a) IR spectra of nitrile-labeled and phosphorylated AurA bound to ADP, measured at the
112  indicated temperatures (colored curves). The spectrum for the same sample bound to Tpx2 is
113 shown for comparison (dashed black line, measured at 20°C). Arrows indicate peaks assigned
114  to the DFG-In and DFG-Out states. The inset shows the same experiments performed with
115 unphosphorylated AurA. Single representative spectra are shown, normalized to peak maxima.
116  (b) Overview of the structure of AurA in the active conformation bound to ADP (yellow) and
117  Tpx2 (black), with enlarged views of the DFG-In (right, PDB ID: 10L5) and DFG-Out (bottom,
118 PDB ID: 5L8K) states with the nitrile probe (Q185CN) modeled into the structures. (¢) Second
119  derivatives of IR spectra of apo WT and W277A AurA, showing the spectral shift of the 2158 cm’
120 " peak (arrow).

121

122 Experiments performed over a range of temperatures highlighted the presence of a
123  DFG-In subpopulation in the phosphorylated samples bound to nucleotide, apparent as small

124  shoulders on either side of the main 2158 cm™ peak that increase in amplitude at higher
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temperature (Figure 1a). A similar DFG-In subpopulation was also detected in
unphosphorylated AurA bound to ADP?', although the temperature dependence is absent in the
unphosphorylated protein (Figure 1a, inset). These surprising results show that, at physiological
temperatures, phosphorylation does not significantly change the DFG-In/Out equilibrium and the
DFG-In subpopulation remains low. Tpx2 binding appears to be required to elicit a shift to the

DFG-In state.

Tpx2 binding shifts the phosphorylated activation loop to a more active conformation.

We used intramolecular FRET to track movements of the activation loop of AurA with
and without phosphorylation on T288. Donor (D) and acceptor (A) Alexa fluorophores were
incorporated on the activation loop (S284C) and aD helix (L225C) as previously described”'.
These labeling positions were chosen to track the movement of the activation loop across the
active site as the kinase switches from the DFG-Out to the DFG-In state, with the dyes
predicted to be further apart in the DFG-In state (Figure 2a). Phosphorylation of the protein on
T288 was confirmed by tryptic mass spectrometry (Supplementary Figure S4). The labeled
phosphorylated kinase exhibits robust catalytic activity in the absence of Tpx2, and is further
activated only modestly by the addition of Tpx2 (3-4 fold), a characteristic feature of WT AurA
phosphorylated on T288 (Supplementary Figure S5)"9%.

Steady-state fluorescence emission spectra were measured for D- and D+A-labeled
samples in ligand titration experiments. The addition of either nucleotide or Tpx2 resulted in
enhanced fluorescence emission from the donor dye and reduced emission from the acceptor,
consistent with a decrease in FRET efficiency (Figure 2a). This indicates that upon binding
nucleotide and Tpx2, phosphorylated AurA undergoes a conformational change to a more active
conformation in which the activation loop is extended and the dyes are farther apart. The scale
of the conformational change was estimated by calculating ensemble-averaged inter-dye

distances from the bulk FRET efficiencies (see Methods). The maximal increase in distance is


https://doi.org/10.1101/205260
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/205260; this version posted October 18, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

151 observed when the kinase is saturated with both nucleotide and Tpx2, and is on the order of ~1
152  nanometer for both phosphorylated and unphosphorylated AurA (Figure 2b, Supplementary

153  Figure S6)*'. This suggests that the activation loop undergoes a similar structural change in

154  response to ligand binding regardless of its phosphorylation state. However, we noted several
155  differences between the unphosphorylated and phosphorylated enzymes in how they respond to
156  Tpx2 binding. Firstly, the affinity of the phosphorylated kinase for Tpx2, determined from the

157 titration data, is ~20-fold higher than for the unphosphorylated kinase (Figure 2c). Secondly,

158 phosphorylation enhances the cooperativity between nucleotide and Tpx2 binding observed in
159 the unphosphorylated enzyme (Figure 2c, black arrows). Thirdly, Tpx2 binding alone is sufficient
160 to produce a maximal conformational shift in the phosphorylated kinase, whereas, even at

161  saturating concentrations, Tpx2 is insufficient to achieve this for the unphosphorylated kinase,
162 and ADP and Tpx2 must both be present (double-headed arrow in Figure 2b, Supplementary
163  Figure S6). These results suggest that Tpx2 and phosphorylation have synergistic effects on
164  AurA and work together to fully stabilize the kinase in the active DFG-In state.

165 In contrast to the differing responses to Tpx2, AurA responds similarly to nucleotide

166 binding regardless of the phosphorylation state of the enzyme. Specifically, the magnitude of the
167 conformational change induced by nucleotide binding, as inferred from the increase in inter-dye
168 distance, is similar in both cases and approximately half the maximal change (arrows in Figure
169 2b), and the nucleotide affinity is not increased by phosphorylation in the absence of Tpx2

170  (Figure 2c, right panel). Similar results were obtained with the non-hydrolyzable ATP analog

171  AMPPNP (Supplementary Figure S6). These data suggest that the binding of nucleotide to the
172  active site of phosphorylated AurA is only weakly coupled to the conformation of the activation
173  loop, but that they become tightly coupled when Tpx2 is present.

174

175
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176
177  Figure 2. The phosphorylated activation loop remains flexible and shifts to a more active

178 conformation upon Tpx2 binding. (a) (left) Schematics showing the labeling scheme used
179  and (right) emission spectra of donor-only (D, left) and donor + acceptor (D+A, right) labeled
180 phosphorylated AurA samples in the presence of different concentrations of ADP. Single

181 representative experiments. (b) Ensemble-averaged distances between donor and acceptor
182  dyes, calculated from bulk FRET measured for unphosphorylated (left) and phosphorylated

183  (right) AurA with varying concentrations of Tpx2 in the presence and absence of saturating

184  ADP. Thin arrows highlight the intermediate distances observed with saturating ADP alone, and
185  the double-headed arrow shows the incomplete shift observed with saturating Tpx2 alone for
186 the unphosphorylated sample. Single representative experiments are shown. (¢) Binding

187  constants of Tpx2 (left) and ADP (right) for phosphorylated (blue) and unphosphorylated (red)
188  AurAin the presence and absence of the other ligand. Arrows highlight cooperativity between
189  ADP and Tpx2. Data represent mean values % s.d.; n = 3. (d) Time-resolved fluorescence

190 waveforms for D-only (dashed lines) and D+A (solid lines) phosphorylated AurA in the presence

191 and absence of 100 uM Tpx2 and 200 yM ADP. Data are for a single representative
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experiment, normalized to the fluorescence peak. (e) Comparison of single-Gaussian distance
distribution fits to fluorescence lifetime data obtained with phosphorylated (top) and

unphosphorylated AurA (bottom). Same coloring as d. (f) Structures of the DFG-Out (left) and
DFG-In (right) states of AurA, highlighting the B-sheet hydrogen bonds constraining the N- and

C-terminal segments of the activation loop. The S284C labeling site is shown as a sphere.

The phosphorylated activation loop adopts a range of conformations but becomes highly
ordered upon Tpx2 binding.

The steady-state FRET measurements provide ensemble-averaged measures of
distance. To gain insight into the distribution of conformations present in AurA and how it is
altered by ligand binding, we performed time-resolved (TR) FRET experiments to quantify
energy transfer through its effect on the fluorescence lifetime of the donor dye. TR fluorescence
decays were recorded for phosphorylated and unphosphorylated AurA samples in the presence
and absence of saturating ADP and Tpx2 using time-correlated single-photon counting
(TCSPC) (Figure 2d). These data were then fit to a structural model consisting of a Gaussian

distribution of inter-fluorophore distances for each condition®*?® (

Figures 2e). The fraction of the
D+A samples lacking acceptor dye was explicitly accounted for in the TR-FRET fitting, yielding
more reliable distances than the values estimated by steady-state FRET.

The distance distributions measured for the phosphorylated and unphosphorylated
kinase are strikingly similar (Figure 2e). In both cases, a broad distribution centered at ~30
angstroms is observed for apo AurA, indicating that the activation loop is highly flexible under
these conditions. This is consistent with adoption of the DFG-Out state, in which the C-terminal
half of the activation loop lacks contacts with the rest of the kinase domain, and is typically
disordered in x-ray structures®**' (Figure 2f). The addition of both ADP and Tpx2 together yields

the longest distances (~55 angstroms) with the narrowest distributions, indicative of a well-

defined structure consistent with the DFG-In state, in which the segment of the loop containing
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the labeling site is anchored to the C-terminal lobe of the kinase on both sides by backbone
hydrogen bonds?®? (Figure 2f). For the +Tpx2 samples, the presence of phosphorylation resulted
in additional narrowing of the distributions, suggesting that phosphorylation further restricts the
movement of the loop within the DFG-In state. In the presence of ADP alone the observed
distance distributions are intermediate in both distance and width between the other samples,
consistent with both unphosphorylated and phosphorylated AurA remaining in an equilibrium

between DFG-Out and DFG-In states (Figure 2e).

DEER experiments confirm that phosphorylated AurA requires Tpx2 to switch to the
active state

To independently confirm that the activation loop of phosphorylated AurA samples
multiple conformational states, we used double electron-electron resonance (DEER) EPR
spectroscopy®. DEER experiments probe the distance-dependent dipole-dipole interactions of
unpaired electron spins, providing information about the distribution of spin-spin distances
present in the sample. Two MTSL spin labels were incorporated into AurA at the same positions
used for FRET experiments (L225C and S284C; labeling and phosphorylation were confirmed
by mass spectrometry (Supplementary Figure S7)), and samples were flash frozen in the
presence of saturating concentrations of ADP and/or Tpx2 for DEER experiments.

Background-corrected dipolar evolution data (DEER spectra) acquired for the
unphosphorylated and phosphorylated samples lacking Tpx2 were very similar, with the DEER
signal decaying rapidly, consistent with phosphorylation failing to trigger a shift towards the
DFG-In state, and the activation loop adopting multiple conformations (Figure 3a). The addition
of Tpx2 to the phosphorylated samples resulted in striking changes (Figure 3b), with
pronounced oscillations apparent in the DEER spectra that persist beyond 5 microseconds,
indicating a high degree of structural order in the activation loop. Consistent with this, spin-spin

distance distributions determined from these data by Tikhonov regularization®® are similar and

10
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broad for the samples bound to nucleotide alone (Figure 3a), but display two sharp peaks at 44
and 52 angstroms for the phosphorylated samples containing Tpx2 (Figure 3b). The 52-
angstrom distance is considerably longer than the distances observed in the samples lacking
Tpx2, consistent with the activation loop adopting the extended conformation characteristic of
the active DFG-In state (see Figure 2f). Although the shorter 44-angstrom distance could in
principle arise from a fraction of the sample occupying the DFG-Out state, we consider this
unlikely. Firstly, the sharp nature of the 44- and 52-angstrom peaks is indicative of the high
degree of structural order expected for the DFG-In state, but not the dynamic DFG-Out state, as
discussed above (see Figure 2f). Secondly, the IR and FRET results indicate that Tpx2 shifts

the phosphorylated kinase mostly to the DFG-In state.

Figure 3. DEER spectroscopy confirms that the phosphorylated kinase requires Tpx2 to
switch fully to the active state. (a-b) Enlarged view of the background-corrected DEER
spectra are shown on the left with the full spectra shown as insets. The corresponding
population densities obtained by Tikhonov regularization are shown on the right. All figures
show data from a single representative experiment. (a) Comparison of unphosphorylated (black)
and phosphorylated (gray) AurA in the presence of ADP. (b) Comparison of phosphorylated
AurA bound to Tpx2 alone (orange), and both Tpx2 and ADP (blue). The 44- and 52-angstrom

peaks in the distance distribution are highlighted. (¢) Spin-spin distance distributions obtained

11
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by molecular dynamics simulations initiated from x-ray structures of AurA in either the DFG-Out
inactive state (purple) or the DFG-In state with both Tpx2 and phosphorylation, representing the
fully active conformation (pink). The inset shows a schematic of the labeled kinase. (d) DEER
spectra and distance distributions comparing unphosphorylated (purple) and phosphorylated

AurA (orange) bound to Tpx2.

To support the DEER experiments we performed molecular dynamics simulations of
MTSL-labeled AurA in either the DFG-Out state (PDB ID: 5L8K) or the DFG-In state (PDB ID:
10L5), totaling 75-110 microseconds of aggregate simulation data for each state. As expected,
simulated spin-spin distances were considerably longer for the DFG-In state than the DFG-Out
state (Figure 3c). In simulations of the most active state (the phosphorylated kinase in the DFG-
In state bound to Tpx2), different spin label rotamers give rise to a range of distances, with
peaks in the distribution apparent around ~44, ~48 and ~52 angstroms (Figure 3c). The 44- and
52-angstrom spin-spin distances are consistent with the DEER data, although it is not clear why
the relative contribution of the 52-angstrom distance decreases upon addition of ADP (Figure
3b). Presumably the rotamer states corresponding to the 48-angstrom distance seen in the
simulations are sparsely populated at the low temperature of the DEER experiment.

DEER spectra were also measured for AurA bound to Tpx2 but lacking phosphorylation
(Figure 3d), and the corresponding distance distributions showed a sharp peak at a longer
distance than in the corresponding sample without Tpx2 (see Figure 3a), consistent with a
switch to the DFG-In state. Interestingly, this distance was ~4 angstroms shorter than the 52-
angstrom peak measured for the phosphorylated sample in the presence of Tpx2 (Figure 3d),
suggesting that phosphorylation alters the structure of the DFG-In state.

Taken together, the IR, FRET, and EPR data conclusively show that phosphorylation on
T288 alone is not sufficient to shift AurA into the DFG-In state. Instead, the phosphorylated
activation loop samples a range of different conformations spanning the DFG-In and DFG-Out

states, and phosphorylation must drive catalytic activation of AurA by other mechanisms,

12
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perhaps by altering the structure and/or dynamics of the DFG-In subpopulation to populate

catalytically competent geometries.

Phosphorylation promotes a single functional conformation in the DFG-In state

To provide insight into how phosphorylation alters dynamics in the DFG-In state, we
performed molecular dynamics simulations of the wild-type kinase. Simulations were initiated
from the x-ray structure of active DFG-In AurA bound to ADP and Tpx2 (PDB ID: 10L5)%, and
were run in the presence and absence of Tpx2, with and without phosphorylation on T288. For
each of these four biochemical states, 250 trajectories up to 500 nanoseconds in length were
obtained on the distributed computing platform Folding@home, for a total of over 100
microseconds of aggregate simulation time for each biochemical state. Analysis of the DFG
conformation revealed that the simulations remained predominantly in the DFG-In state (Figure
S13), suggesting that the simulation time was insufficient to capture the slow conformational
change to the DFG-Out state. The simulations can thus be regarded as probing the
conformational dynamics of the DFG-In kinase.

The T288 phosphorylation site lies in the C-terminal segment of the activation loop,
which forms an integral part of the binding site for peptide substrates (Figure 4a). In the crystal
structure used to initiate the simulations, this segment of the loop appears to be stabilized by
interactions between the pT288-phosphate moiety and three arginine residues: R180 from the
aC helix, R286 from the activation loop, and the highly conserved R255 from the catalytic loop
“HRD motif’ (Figure 4a)*%. To probe the integrity of these interactions in the simulations, and to
investigate loop dynamics in their absence, we examined the distribution of distances between
the CC atoms of either R180 or R255 and the Cp or Ca atoms of T288 following equilibration
within the DFG-In state (Figure 4b). For the simulations performed in the presence of
phosphorylation, both the T288-R255 and T288-R180 distances are tightly clustered around 5-6

angstroms, confirming that the phosphate moiety is coordinated by both arginine residues
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317 throughout the majority of the trajectories (Figure 4b). In contrast, the distributions are
318 considerably broader in the absence of phosphorylation, confirming that this segment of the

319  activation loop remains dynamic.

320

321 Figure 4. Molecular dynamics simulations of AurA in the DFG-In state show

322  phosphorylation promotes a specific configuration of the activation loop. (a) Structure of
323  active phosphorylated AurA bound to Tpx2 and ADP (PDB ID: 10L5) showing the interactions
324  between pT288 and the basic arginine pocket. The S284 and L225 Ca atoms are shown as
325 spheres. (b) Distributions of the T288 Ca - R180 C¢ (left) and T288 Ca - R255 C( (right)

326 distances determined from MD simulations of AurA performed in the indicated biochemical

327  states. Note that ADP was present in all simulations. (¢) Contour plots showing the L225 Ca -
328 S284 Ca distances plotted against the T288 Ca - R255 C¢ distances for all four biochemical
329 conditions. The active and autoinhibited states observed for the unphosphorylated kinase in the
330 absence of Tpx2 (red), and the shift in the L225-S284 distance between them, are indicated. (d)
331 Simulation snapshot showing the helical turn in the activation loop and the position of the T288
332  sidechain at the C-terminal end of the helix. (e) The L225 - S284 distance is plotted against the
333  dihedral angle defined by the Ca atoms of residues 283-286 (pseudodihedral). The helical

334  conformation in the autoinhibited state is indicated.

335
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We also tracked the distance between the L225 and S284 Ca atoms (the sites used for
incorporating spectroscopic probes) to capture movements of the tip of the activation loop
containing S284 away from the active conformation. Plotting the L225-S284 distance versus the
R255-T288 distance provides additional insight into the relative effects of Tpx2 and
phosphorylation (Figure 4c). Phosphorylated AurA is locked into a single conformation with a
long L225-S284 distance (42 A) and short R255-T288 distance, indicative of a stable active
state. Interestingly, phosphorylation alone is nearly as effective at constraining the loop in this
state as phosphorylation and Tpx2 together (Figure 4c, left panels). In contrast, the simulations
of unphosphorylated AurA bound to Tpx2 show a broader distribution of distances, indicating
that Tpx2 is less effective than phosphorylation at stabilizing the activation loop. This may

explain why Tpx2 activates AurA to a lesser extent than phosphorylation.

Phosphorylation may disrupt an autoinhibitory DFG-In state

The simulations of unphosphorylated AurA without Tpx2 show a much greater degree of
conformational heterogeneity than the simulations of the other three biochemical states. The N-
terminal lobe of the kinase is particularly heterogeneous, and local unfolding occurs within the
aC-helix in many of the trajectories, as seen previously in simulations of the epidermal growth
factor receptor® and in x-ray structures of the related AGC-family kinase Akt®. Although the
activation loop moves substantially away from the active conformation, giving rise to shorter
L225-S284 distances, the loop is not in fact disordered. Instead, two discrete subpopulations
are visualized in the simulations: one subpopulation corresponding to the active-like state, and
another with a much shorter L225-S284 distance (38 A, see Figure 4c), representing a stable
DFG-In state in which the activation loop is not in a catalytically-competent conformation.
Manual inspection of the trajectories revealed that in this subpopulation the tip of the activation
loop folds into a short helical turn spanning residues P282-R286, with the P282 proline residue

serving as the N-terminal capping residue in most of the trajectories® (Figure 4d). Calculating
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the pseudodihedral angle for the Ca atoms of S283-R286 across all trajectories confirmed that
the inactive subpopulation possesses well-defined helical pseudodihedral values of 50-75°
(Figure 4e). Although this conformation has not been observed in x-ray structures of AurA, the
formation of short helices in the activation loop is a common feature of the inactive states of
other protein kinases® .

An interesting feature of the autoinhibited DFG-In state observed in the simulations is
that the T288 residue, which immediately follows the helical segment in the protein sequence, is
positioned close to the C-terminal end of the helix in almost all of the trajectories (Figure 4d),
with the sidechain hydroxyl forming hydrogen bonds to the backbone carbonyls of residues
R285 and R286 in many of the simulation snapshots. We reasoned that upon phosphorylation
of T288, the proximity of the phosphate group to the negatively-charged end of the helix dipole®’
would destabilize this autoinhibited state, promoting the refolding of the activation loop to the
active conformation. The existence of such an autoinhibition mechanism may explain why
unphosphorylated AurA exhibits very low catalytic activity in the absence of Tpx2 despite a
substantial DFG-In subpopulation?”.

We wondered why the helical activation loop conformation has not been observed in x-
ray structures of AurA. In fact, the activation loop adopts the active conformation in only a small

subset of AurA structures determined in the presence of Tpx2%%%*

or other protein factors that
stabilize the active state*. Instead, almost all of the structures of AurA in the DFG-In state (76
structures out of 138 total structures of AurA in the PDB) were determined in the same
hexagonal crystal form in which the kinase adopts an inactive conformation with the activation
loop misaligned and the peptide binding site disassembled. Upon examination of the crystal
lattice we noticed that this conformational state of the activation loop appears to be induced by a

crystal contact between the peptide binding site and a neighboring molecule in the lattice

(Supplementary Figure S11). This apparent crystallographic artifact may have prevented
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previous observation of the helical autoinhibited DFG-In state visualized in our simulations,
which model the kinase in solution rather than in the crystallographic context. In conclusion, the
MD simulations, which represent over a millisecond of simulation data, suggest that
phosphorylation has profound effects on the activation loop of AurA in the DFG-In state,
disrupting an autoinhibited state and promoting an alternative conformation primed for catalytic

function.

Experimental evidence for ordering of the activation loop in the DFG-In state by

phosphorylation

A key insight from the MD simulations is that phosphorylation alone is sufficient to
promote the active configuration of the activation loop, and that coordination of the
phosphothreonine by the R180 and R255 residues is likely important for this. To test the role of
these interactions, we mutated the R180 residue to an alanine in the context of our
phosphorylated FRET construct (phosphorylation was confirmed by mass spectrometry, see
Supplementary Figure S8). The R180A mutant possessed 4-fold lower activity in the absence of
Tpx2, whereas the activity in the presence of Tpx2 was only modestly affected (Figure 5a),
indicating that the pT288-arginine interactions are particularly important for activation of AurA by
phosphorylation alone. Steady-state FRET experiments on the R180A mutant showed broadly
similar ligand-induced conformational shifts as observed in the absence of the mutation, but the
response to Tpx2 alone was somewhat smaller and more similar to unphosphorylated AurA*
(Figure 5b and Supplementary Figure S6). Consistent with this observation, the binding affinities
for Tpx2 and ADP are reduced by the R180A mutation, and are similar to those observed for
unphosphorylated AurA (Figure 5c). This indicates that the pT288-arginine interactions are
necessary for the synergy between phosphorylation and Tpx2 observed with the wildtype

enzyme.
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412
413  Figure 5. Experimental support for ordering of the activation loop in the DFG-In state

414  mediated by phosphorylation. (a) Kinase activity (shown as ATP turnover per second) for

415  phosphorylated WT (blue) and phosphorylated R180A (purple) AurA unlabeled FRET constructs
416 in the presence and absence of 10 uM Tpx2. The decrease in the activity in the absence of

417  Tpx2 due to the R180A mutation is highlighted by the arrow. Data represent mean values + s.d.;
418 n = 3. (b) Ensemble-averaged distances between donor and acceptor dyes, calculated from

419  bulk FRET, for phosphorylated R180A AurA with varying concentrations of Tpx2 in the presence
420 and absence of saturating ADP. The double-headed arrow highlights the incomplete shift

421  observed with saturating Tpx2 in the absence of ADP. Single representative experiments are
422  shown. (c) Binding constants for Tpx2 (left) and ADP (right) for phosphorylated (blue),

423  phosphorylated R180A (purple) and unphosphorylated (red) unlabeled AurA FRET constructs in
424  the presence and absence of saturating concentrations of the other ligand. Arrows highlight the
425  effects of the R180A mutation. Data represent mean values * s.d.; n = 3. (d) X-ray structure of
426  SNS-314 bound to AurA highlighting interactions with the DFG motif, structured water molecules
427  and the catalytic glutamate (E181) that promote the DFG-In state. (e) DEER spectra (bottom)
428 and distance distributions (top) measured for unphosphorylated and phosphorylated AurA

429  bound to SNS-314. The distribution measured for phosphorylated AurA bound to ADP is shown
430 in the top panel for comparison. The inset shows a comparison of the distributions obtained for

431  the phosphorylated kinase bound to either SNS-314 (blue) or Tpx2 (orange), highlighting their
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similarity. (f) Hypothesized energy landscape for AurA, highlighting the effect of phosphorylation
on the DFG-In state.

The catalytic defect of the R180A mutant suggests that the pT288-phosphate moiety
does dock into the arginine pocket even when Tpx2 is absent, as observed in the MD
simulations. We hypothesized that our FRET and EPR experiments did not detect this in the
form of a conformational change in the activation loop (see for instance Figure 3a) because
under these conditions the substantial DFG-Out subpopulation masks the structural changes
occurring in the DFG-In subpopulation. To test this, we used the ATP-competitive AurA inhibitor
SNS-314, which preferentially binds to the DFG-In state of AurA*® (Figure 5d), to induce a
homogeneous population of DFG-In kinase. DEER spectra measured on unphosphorylated and
phosphorylated AurA bound to SNS-314 were strikingly different from one another, and the
Tikhonov distributions confirmed that phosphorylation causes a pronounced shift of ~4
angstroms to longer distance (Figure 5e). Both distance distributions are very narrow, consistent
with the activation loop adopting a well-defined structure in the absence of phosphorylation that
differs from that of the active state. The increase in spin-spin distance upon phosphorylation is
similar in magnitude to the change in the L225-S284 Ca distance between the autoinhibited and
active DFG-In states in the MD simulations, and may correspond to this conformational change
(Figure 4c). Importantly, the distance measured for phosphorylated AurA bound to SNS-314 is
nearly identical to that observed for the phosphorylated kinase bound to Tpx2 (Figure 5e inset),
the most catalytically active form of the enzyme that x-ray structures show to be in the fully
active state.

These results confirm that phosphorylation is both necessary and sufficient to fully
constrain the activation loop in the active conformation for the fraction of the kinase adopting the
DFG-In state. We conclude that while phosphorylated AurA samples both the DFG-Out and

DFG-In states, the structure and dynamics of the DFG-In subpopulation are profoundly altered
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458 by phosphorylation, leading to catalytic activation of the kinase. The autoinhibited DFG-In state
459  identified in the MD simulations provides an explanation for how phosphorylation can promote
460  activity without triggering a shift in the DFG equilibrium (Figure 5f). In this model,

461 phosphorylation acts as much by destabilizing the autoinhibited DFG-In state as by stabilizing
462 the active DFG-In state, leading to a population shift within the DFG-In state without much effect
463  on the relative populations of the DFG-In and DFG-Out states.

464

465 A speculative model for a role of the DFG flip in nucleotide release during catalytic

466  turnover of AurA

467 We wondered whether maintaining a significant DFG-Out population might be important
468 for the physiological function of AurA. In the closely-related kinase PKA catalytic turnover is

469  rate-limited by product dissociation***®

, and it has been previously suggested for other kinases
470  that the DFG flip may be coupled to nucleotide binding and release**®. We therefore performed
471  rapid mixing experiments to measure the rate of ADP binding to fluorescently labeled AurA,
472  using a transient time-resolved fluorescence instrument that can track structural changes by
473  time-resolved FRET with millisecond time resolution*’.

474 For both unphosphorylated and phosphorylated samples lacking Tpx2 a single kinetic
475 phase was observed in the mixing experiments (Figure 6a). Fitting of the time-resolved

476  waveforms for the phosphorylated sample yielded FRET distances that evolved from ~37

477  angstroms at early time points to ~47 angstroms at the end of the mixing experiment,

478  demonstrating that the experiment monitors the shift towards the DFG-In state triggered by

479  nucleotide binding (Figure 6a,b). A linear dependence of the apparent association rate constant,
480  Kkobs, 0N ADP concentrat