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Background: Phosphorylation and TPX2 act together to stabilize the active conformation of Aurora-A.
Results: TPX2 activates unphosphorylated Aurora-A, although phosphorylation makes a 2-fold greater energetic contribution

to catalysis than TPX2.

Conclusion: Either activator partially stabilizes the active conformation and stimulates kinase activity.
Significance: Our revised model of kinase activation and mechanistic analysis might be applicable to other kinases.

Protein kinases are activated by phosphorylation and by the
binding of activator proteins. The interplay of these two factors
is incompletely understood. We applied energetic analysis to
this question and characterized the activation process of the ser-
ine/threonine kinase Aurora-A by phosphorylation and by its
protein partner, targeting protein for Xenopus kinesin-like pro-
tein 2 (TPX2). We discovered that these two activators act syn-
ergistically and without a predefined order: each can individu-
ally increase the activity of Aurora-A, and the effect of both
bound together is the exact sum of their individual contribu-
tions to catalysis. Unexpectedly, the unphosphorylated enzyme
has catalytic activity that is increased 15-fold by the binding of
TPX2 alone. The energetic contribution of phosphorylation to
catalysis is 2-fold greater than that of TPX2 binding, which is
independent of the phosphorylation state of the enzyme. Based
on this analysis, we propose a revised, fluid model of Aurora-A
activation in which the first step is a reduction in the mobility of
the activation loop by either TPX2 binding or phosphorylation.
Furthermore, ourresultssuggestthatunphosphorylated Aurora-
A bound to the mitotic spindle by TPX2 is catalytically active
and that the phosphorylation state of Aurora-A is an inaccurate
surrogate for its activity. Extending this form of analysis will
allow us to compare quantitatively the effects of the whole net-
work of kinase-activating partners. Comparison with other
kinases showed that kinetic characterization detects those
kinases whose activation loops undergo a rearrangement upon
phosphorylation and thus whose unphosphorylated state offers
a distinct target for the development of Type II inhibitors.

Protein kinases catalyze many of the reactions crucial to cel-
lular control. They often act in complexes with different bind-
ing partners, and these protein partners can act as regulatory
units or confer substrate specificity (1). The majority of protein
kinases are also regulated by phosphorylation on a region of
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their sequence known as the activation loop. Phosphorylation
may be carried out autocatalytically or by the action of a regu-
latory kinase as part of a signaling cascade or network of
interactions.

Given the ubiquitous nature of these control mechanisms, it
is surprising how few quantitative studies there are of kinase
activation. Instead, molecular biology, systems biology, and
drug discovery programs have all made the approximation of a
two-state system: either on or off, active or inactive (1-3). The
first detailed characterization of activation kinetics was of pro-
tein kinase A (PKA), which is activated by a single phospho-
threonine (Thr(P)) residue. Phosphorylation of this residue
increases the rate of catalysis and also prevents rebinding of the
inhibitory PKA regulatory subunit (4). This was followed by
work on CDK2,? but the limitations of detection of the assay
system used meant that characterization was only possible for
the binding of cyclin A to the phosphorylated kinase and the
phosphorylation of cyclin-bound CDK2 (5). Although many
conformations of CDK2 have been characterized structurally,
this meant that a full study of the interactions of phosphoryla-
tion and cyclin binding could not be carried out. The only
kinase we have found for which the interaction of multiple fac-
tors has been measured is the mitogen-activated protein kinase
ERK2, which requires a double phosphorylation on the activa-
tion loop for full activity (6). Structures are available of un- and
doubly phosphorylated ERK2, but the absence of monophos-
phorylated structures hampers the analysis of the relationship
between structure and energetics. Remarkably, we have not
been able to find a published characterization of the interaction
of phosphorylation and a protein activator for any kinase.

Aurora-A is an oncogene-associated serine/threonine kinase
active at the G,/M transition of mitosis and is currently the
target of a number of drug discovery programs (7, 8). It localizes
to the centrosome and to the mitotic spindle and binds to a
number of different protein partners in vivo, the best charac-
terized of which is TPX2. Binding of the N-terminal fragment of
TPX2 to Aurora-A activates the kinase by a factor of 2-7

3 The abbreviations used are: CDK2, cyclin-dependent kinase 2; TPX2, target-
ing protein for Xenopus kinesin-like protein 2; AIR-1, Aurora/Ipl1-related
protein kinase 1; TPXL-1, TPX2-like family member 1; Fps, Fujimani poultry
sarcoma; Fes, feline sarcoma.
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depending on the assay used (9 —11). The x-ray crystal structure
of the complex of TPX2 bound to phosphorylated Aurora-A
showed that TPX2 interacts with both the N-terminal lobe and
the activation loop, holding the kinase in an active conforma-
tion (10).

In this study, we characterized the four possible stages of
activation of Aurora-A by two activators: phosphorylation and
TPX2 binding. We addressed several outstanding issues such as
the contribution of each activator to Aurora-A catalysis and
whether TPX2 can stimulate the activity of unphosphorylated
Aurora-A through an allosteric mechanism. Our findings led us
to a fluid model of Aurora-A activation in which the first acti-
vator induces order in the activation loop in addition to having
an activator-specific effect. Our data support a revised model of
the activity of Aurora-A across the mitotic spindle in which
unphosphorylated Aurora-A has a kinase-dependent role.
Finally, analysis of the literature in the light of our new data
shows that rearrangement of the activation loop upon phos-
phorylation can be detected using kinetic characterization.
This provides an alternative method to x-ray crystallography to
select kinases with a distinct inactive conformation that can
then be targeted with an inhibitor discovery program (12).

EXPERIMENTAL PROCEDURES

Protein Expression—Point mutants of human Aurora-A
kinase domain (residues 122-403) were generated using a
QuikChange protocol, and all proteins were expressed with an
N-terminal His, tag and linker region in Escherichia coli using a
pET30-based vector in LB medium (initial growth at 37 °C fol-
lowed by 21 °C overnight after induction with isopropyl 3-p-1-
thiogalactopyranoside). Bacterial pellets were resuspended in
50 mm Tris, pH 7.5, 300 mm NaCl, 5 mm MgCl,, 40 mm imid-
azole, 10% (v/v) glycerol; lysed; and filtered, and tagged protein
was separated from crude lysate using nickel affinity chroma-
tography. The bound fraction was eluted using a step gradient
of the same buffer (except with 250 mMm imidazole), concen-
trated, and purified to homogeneity using a buffer of 50 mm
Tris, pH 7.5, 200 mm NaCl, 5 mm MgCl,, 10% (v/v) glycerol, 10
mM (-mercaptoethanol on either an S75 or S200 column.
Resulting fractions were concentrated to around 10 mg/ml and
flash frozen for future use.

TPX2 (residues 1-43) was expressed as for Aurora-A. Bac-
terial pellets were resuspended in 50 mm Tris, pH 7.5, 150 mMm
NaCl, 20 mm imidazole for nickel affinity chromatography, and
bound protein was eluted with 250 mMm imidazole (other buffer
constituents were as before). Eluted fractions were concen-
trated and then gel-filtered on an S75 column in the same buffer
as for Aurora-A.

Kinetic Measurements—Kinetic assays were carried out in
duplicate in gel filtration buffer using 1.5 um fluorescein-la-
beled substrate (Flu-LRRASGL, Caliper peptide 21) in a Caliper
EZ Reader II system at room temperature (assumed to be 298
K). Enzyme concentrations were as follows: K,, measurements
in the absence of TPX2 and TPX2 titration, 3 nm (WT and
T287A), 800 nu (T288A), and 3 pum (T287A/T288A); K., mea-
surements in the presence of TPX2, 3 nm (WT and T287A), 222
nM (T288A), and 1 um (T287A/T288A). K,, measurements
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FIGURE 1. Reaction scheme and free energy diagrams for Aurora-A catal-
ysis. g, reaction scheme for a kinase following a random sequential mecha-
nism: first one substrate binds (either A or B), then the other binds to form a
triple complex, which reacts to form products P and Q. b, free energy diagram
for the reaction scheme in a. AG;, = RT In K, AG,,, = RTIn K, ,, and AG_,, =
RT In k. E-A‘B* denotes the high energy transition state of the phospho-
transfer reaction. The relative positions of E-A and E-B on the reaction coordi-
nate are arbitrary. Relative positions on the y axis have been drawn assuming
saturating quantities of A and limiting quantities of B. These positions are
arbitrary, and changing the concentration of reactants will only affect the
position on the y axis and not the nomenclature or conclusions of this figure.
¢, simplified free energy diagram for the case where [B] << K|, ;. In this case,
AG_,, encompasses the energetics of forming the triple complex and forming
the high energy transition state and is proportional to a pseudo-k,, as shown
in the main text. Our assay conditions for Aurora-A are an example of this
special case, and K,,, and k_,, measurements presented in this study refer to
the quantities shown in this figure.

were made using a 2-fold serial dilution from the highest con-
centration. The final reaction volume was 25 ul.

Kinetic Analysis—The contribution of a functional group to
the energetics of catalysis can be determined by the ratio of
k../K,, in the presence and absence of the group (13, 14) as

cat

follows in Equation 1,
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FIGURE 2. Normalized activity of Aurora-A and mutants. g, K,,, for ATP determined for enzyme alone. b, TPX2 titration in 2 mm ATP (1 mm ATP for wild type).
¢, K,,, for ATP determined in the presence of 20 um TPX2 (5 um TPX2 for wild type). Red solid line, wild type; red dashed line, T287A; blue solid line, T288A; blue
dashed line, T287A/T288A. Red graphs are plotted on the left y axis, and blue graphs are plotted on the right y axis. All graphs are normalized for enzyme
concentration. Error bars show S.E. of reaction rates (i.e. S.E. of the slope determined by linear regression of reaction time courses with each time course carried
out in duplicate and replicate data fitted together).
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AAG;, y = —RTIn(M

(Eq. 1)
where X is the enzyme in the presence of the functional group,
Yisthe enzyme in its absence, and AG" is the free energy change
between the activated transition state for the reaction and the
enzyme + substrate ground state (equal to AG_,, — AG,,,, in
Fig. 1).

Unlike many textbook examples, a kinase is a two-substrate
enzyme, and both ATP and peptide need to bind before transfer
of the y-phosphate group and release of ADP (Fig. 1). The rate
of the reaction shown in Fig. 15 is given in Equation 2.

kel EI[A][B]

V= (Eq.2)
KKms + Kl A1 + Koa[B] + [A][B] !
This can be rewritten as
kB CLEN[A] s
T KR Al -
using Equations 4 and 5.
k.. B]
pseudo _ cat
kcat KmB + [B] (Eq4)
KmA[B] + KIAKmB
app _ _mALT] ¢ NATImB
KmA KmB + [B] (Eq.5)

In the case where [B] << K, Equations 6 and 7 are used, thus
yielding Equation 8.

kpseudo kcat (8]

cat = K. (Eq.6)

Kia(1 + Kna BY/KipKing)
1+ [BV/K g - Mia

Kok = (Eq.7)

ke kol B]
K?#Ap KmBKfA

(Eq.8)

Mechanistic analysis of Aurora-A has shown that catalysis pro-
ceeds according to a random sequential mechanism (9), and
under our assay conditions ([substrate peptide] << K, for sub-
strate) Fig. 15 simplifies to Fig. 1c.

RESULTS

Kinetic Characterization of Aurora-A Kinase and Phospho-
site Mutants in Presence and Absence of TPX2—We have pre-
viously used an automated kinase assay system based on the
phosphorylation of a fluorescein-labeled peptide substrate to
investigate the chemical inhibition of Aurora-A (15). The high
quality and reproducibility of the data suggested to us that this
assay would enable a detailed mechanistic analysis of the kinase
including states that might exhibit a very low substrate turnover
such as the unphosphorylated kinase.

The activation loop of Aurora-A contains two adjacent thre-
onine residues, Thr-287 and Thr-288, and the phosphorylation
of Thr-288 has been shown to increase the activity of the
enzyme in cell extracts (16). To distinguish their effects, we
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TABLE 1
Activity of Aurora-A constructs?

Values are for the fitting average of duplicate measurements. Errors are fitting
errors.

WT T287A T288A T287A/T288A
Phosphorylation @ @ @

state —T T— —A T— —T A— —A A—
Enyzme alone

K, for ATP (UM) 36+3 531 1219 157+ 12
ke (min™)" 1.1+£0.2 1.1£0.2 0.007+0.001  0.0016 + 0.0002
Enzyme + TPX2"

K, for ATP (uM) 22+0.1 42402 51+5 76+6

ke (min™) 3.1+04 1.9+0.3 0.11+0.02 0.028 + 0.004
ECs5, for TPX2 10£3 82+ 17 970 + 1307 520 + 30
(nM)*

“We were not able to measure a K, for peptide of Aurora-A using our assay sys-
tem (K,, > 500 uM for a selection of peptides including a physiological substrate
sequence), and so this value is a pseudo-k,, incorporating the effects of sub-
strate binding (full details are under “Kinetic Analysis” under “Experimental
Procedures”).

? Values determined in presence of 5 um TPX2 (wild type) or 20 um TPX2 (other
constructs).

¢ Measured in excess ATP: 1 mm ATP (wild type) and 2 mm ATP (other con-
structs).

@ Larger error due to curve barely reaching saturation at highest concentration of
TPX2.

mutated each residue to alanine (T287A, T288A, and the dou-
ble mutant T287A/T288A) and characterized the activities of
the resulting enzymes (Fig. 2a and Table 1). Mass spectrometry
was unable to distinguish between phosphorylation at positions
287 and 288 of the tryptic digest peptide encompassing these
residues but verified that wild-type and T287A mutants were
phosphorylated. No phosphorylation was detected for the
T287A/T288A double mutant (as expected) or, surprisingly, for
Thr-287 in the T288A mutant. All four enzymes were catalyti-
cally active, although phosphorylation at position 288 undoubt-
edly increased the k_,, and decreased the K, for ATP.

Aurora-A is activated at the mitotic spindle by the binding of
TPX2 (10, 11). We determined the concentration of TPX2
required to saturate the activation of wild-type and mutant
Aurora-A proteins (Fig. 2b) and then characterized the kinetic
parameters of Aurora-A under these conditions. Unexpectedly,
TPX2 was able to increase the activity of unphosphorylated
Aurora-A (Fig. 2, b and ¢, and Table 1), although this was appar-
ent at a higher concentration of TPX2 than that required for
activation of the phosphorylated enzyme. Binding of TPX2 to
Aurora-A decreased the K, for ATP and increased the k_,, in all
contexts, although the factor change was dependent on the
presence or absence of Thr(P)-288.

Phosphorylated, unphosphorylated, TPX2-bound, and
TPX2-free constitute four possible states of Aurora-A. The rel-
ative catalytic activity of these states (i—iv) are summarized on a
relative scale in Fig. 3a4, which shows that the most active form
of the kinase is roughly 500-fold more active than the least
active.

Phosphorylation and TPX2 Binding Act Independently—Two
activators of catalysis may be independent of one another (the
effect of both is the simple sum of the effects of each alone) or
may exhibit cooperativity (the effect of both is greater than the
sum of the effects of each individually). These two scenarios can
be distinguished from one another by quantifying the energetic
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FIGURE 3. Two parallel paths of Aurora-A activation give rise to four different states of activity. a, the four different states of Aurora-A are shown
schematically, each labeled with a roman numeral (i-iv), and are distributed on a vertical scale to indicate the catalytic activity relative to the lowest activity state.
Numbers in bold (1-4) label each step for reference but have no numerical order or meaning. Kinetic constants indicate the approximate -fold change in the
constant upon completion of the step. Each step is labeled with the associated -fold change in kinetic parameters. This was calculated in two different ways: the
effect of phosphorylation in as close to physiological circumstances as possible (WT compared with T288A) and in brackets the effect of phosphorylation on
Thr-288 alone (T287A compared with T287A/T288A). A fifth, dashed arrow connects the two states of intermediate activity. b, model of Aurora-A activation
through stabilization of the activation loop (shown as a dashed line progressing to a solid line) and electrostatic communication between the phosphorylated

activation loop and the catalytic center (shown as a double headed arrow).

contribution of an activator to catalysis (see “Experimental Pro-
cedures” for details).

We calculated the effect of phosphorylation and TPX2 bind-
ing on catalysis by Aurora-A both individually and together
(Table 2). TPX2 contributes 2.1 + 0.2 kcal mol * to catalysis
irrespective of the phosphorylation state of Aurora-A, thus
showing that TPX2 and phosphorylation act independently of
one another. This compares excellently with a value of 2.3 + 0.4
kcal mol ! for TPX2 in the context of the phosphorylated
kinase calculated from independent data in Ref. 9. The compa-
rable value for the contribution of cyclin A to phosphorylated
CDK2 is >7 kcal mol ™', and the value for unphosphorylated
CDK?2 is unknown (17).

We calculated the contribution of a single Thr(P) at position
288 to catalysis by comparing T287A and T287A/T288A (these
differ by exactly one Thr(P): Thr(P)-288). This is different from
comparing wild type and T288A, which differ by both Thr(P)-
288 and Thr(P)-287 (Thr-287 is not phosphorylated in T288A
mutant). The contribution of phospho-Thr-288 to the catalysis
of phosphate transfer is 4.3 = 0.2 kcal mol ' (average of line 1
subtracted from line 3 in Table 2). Calculating a similar quantity
from values provided in the literature for other kinases gives
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TABLE 2
Energetic contributions to catalysis
All values are in kcal mol . Errors were propagated from the fitting errors in Table 1.

—TPX2 +TPX2
AAG' 1 1a7a 02=*0.2 0.7 = 0.1
AAG 11288 3.7*02 3.8=*0.2
AAG 1 1287a/12884 4.7 £0.2 4.8 = 0.1
AAG*WT(TPXZ«noTPXZ) 23%0.1
AAG*T287A(TPX2—noTPX2) 1.8 0.2
AAG? 1yg8a (rpx2-n0TPX2) 2102
AAG 22+ 0.1

T287A/T288A(TPX2-noTPX2)

values ranging from 1.1 to 6.5 kcal mol ' (Table 3). The contri-
bution is greatest for CDK2 (6.5 kcal mol ') and lowest for the
phosphorylation of Thr(P)-183**% on the previously Tyr-
phosphorylated background (1.1 kcal mol '). The value for
Thr(P)-288 in Aurora-A (4.4 = 0.3 kcal mol™?) lies between
these two extremes. This compares with the energies contrib-
uted to catalysis of up to around 7 kcal mol~" for a hydrogen
bond, 4 kcal mol™" for a salt bridge, and 3 kcal mol ™" for the
contribution of a single methyl group (13).

DISCUSSION

Fluid Model of Aurora-A Activation—To better understand
Aurora-A activation, we calculated the way in which the ener-
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TABLE 3
Contribution of phosphorylated residues to catalysis
Overall
Kinase contribution to -Fold decrease  -Fold decrease -Fold increase -Fold decrease
and context Residue Context catalysis® in K, for ATP in K, for substrate in Ko, in K, for substrate Ref.
keal mol ™!
Aurora-A
wWT Thr(P)-288” Activation loop 4.5 + 0.1¢ 3.0+ 0.2 700 *+ 100¢ —e This study
Bound to TPX2 Thr(P)-288” Activationloop 4.2 = 0.1¢ 18 =2 70 + 107 — This study
CDK2
Bound tocyclin A Thr(P)-160/ Activationloop 6.5 = 0.4¢ 14+ 07 140 + 40¢ 270 + 130 35+ 11¢ 17
Thr(P)-160/bound to  Tyr(P)-15"  Glycine-rich loop —3.1 = 0.1 1.0 = 0.5 0.4+ 0.1 0.015 = 0.002 — 23
cyclin A (inhibitory) (decrease of 65 * 10)
PKA _ ‘ _
wWT Thr(P)-197” Activation loop 3.8 + 0.3" 90 + 25" 30 + 8 6+ 1™ 1.8 + 05" 4
v-Fps )
WwWT Tyr(P)-1073 Activationloop 2.1 0.5 1.1+05 26+08 42+9 0.7 = 0.4 24
p38a
wWT Thr(P)-180" Activation loop’ 3.9 = 0.3” — — — — 25
WwWT Tyr(P)-182"  Activation loop’ 1.2 = 0.1 — — — — 25
Tyr(P)-182 Thr(P)-180/  Activation loop! 4.5 + 0.1 — — — — 25
Thr(P)-180 Tyr(P)-182" Activation loop’ 1.8 = 0.3 79+05 4+1" 4+ 1" — 25
ERK2
wWT Thr(P)-183” Activation loop’ 1.9 1.2 2.5 80 2.5 6
WwT Tyr(P)-185  Activation loop’ 2.3 16 0.8 1000 0.8 6
Tyr(P)-185 Thr(P)-183/ Activation loop’ 1.1 0.9 14 50 120¢ 6
Thr(P)-183 Tyr(P)-185"  Activation loop’ 1.5 13 4.8 625 40¢ 6

“ Calculated from k,/(K,, K,).
» Compared with alanine.

¢ Calculated from Table 2.

4 Increase in pseudo-k,,, which combines effect of true K,,, and k.. These values are thus centered across two columns.

m cat*
¢ —, cannot be determined from data provided.

/Compared with unphosphorylated residue.
€ Minimum value.

’f Assuming 10% error on wild type and making the same assumptions for K, of substrate and equivalence of T197D and T197D-GST as in Ref. 4.
* Full analysis of the rate constants for PKA (26) have shown that K, (peptide) does not represent the dissociation constant of peptide and that k., reflects the dissociation of
ADP. Therefore, discussion in the text uses the detailed analysis in Ref. 4, not the numbers shown here.

/ Compared with phenylalanine.
K Making the same assumptions for K, of substrate for Y1073F as in Ref. 24.

! The activation loop of mitogen-activated protein kinases such as p38a and ERK2 contains a TXY motif, and phosphorylation on both the Thr and Tyr in this motif is re-

quired for complete activation.

" Calculated using EGF receptor as a substrate. Similar values were obtained using ATF2A109.

getic contribution of Aurora-A phosphorylation and TPX2
binding is divided between the K|, for ATP and the k_,, (Fig. 3).
The order of TPX2 binding and Aurora-A phosphorylation in
vivo is not known, and either pathway (1-2 or 3—4) may repre-
sent the situation at the mitotic spindle in cells. We discovered
that although the total energetic contributions of phosphory-
lation or TPX2 binding are independent of one another (Table
2), the physical implementations of this are not. For example,
phosphorylation of the free kinase (step 3) has a very small
effect on the K, for ATP and a large (~160X) increase in k_,,,
whereas phosphorylation in the presence of TPX2 (step 2)
affects both parameters equally. Activation of the unphos-
phorylated kinase (step 1 or 3) is consistently associated with an
increase in k_,,. Further activation is mostly in K, (step 4) or
equally distributed between the two parameters (step 2). The
significance of this will be discussed below.

Our measurements on Aurora-A cannot distinguish between
effects on peptide binding and effects on the rate of phosphoryl
transfer as our reported k,, is a pseudo-k_,, including a contri-
bution from substrate K,,,. Either an increase in peptide binding
or an increase in stabilization of the transition state would
increase our measured value of k.. However, we used the data
in Ref. 9 to subdivide the value shown in step 4 into a ~3-fold
change in K, for peptide and a 1.2-fold change in true k_,,. This
shows that, in this context, the effect of TPX2 is solely through
ATP binding and peptide K,,,.
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How might this be interpreted with respect to the structural
and physical states of the kinase? The current model of the
interaction of multiple factors in kinase activation was pro-
posed for CDK2. This assigns each activator a well defined
physical effect that sum together to give the fully active complex
(5,17). Cyclin A increases ATP binding and alignment and also
increases substrate binding by stabilizing the activation loop
conformation. The main effect of phosphorylation on Thr-
160<P*2 is stabilization of the transition state, but a small part
of its role is to increase substrate binding.

In contrast to this, we propose a fluid model of Aurora-A
activation based on our kinetic data and the observation from
crystal structures that increased levels of Aurora-A activity are
associated with increased order in the activation loop of the
kinase (Figs. 3b and 4a). The first activation step of free,
unphosphorylated Aurora is associated most strongly with
an increase in k_,, (Fig. 3a, steps 1 and 3), and we propose
that part of this energy is used in ordering the activation loop
and increasing substrate binding irrespective of whether
TPX2 binding or phosphorylation occurs first (Fig. 35). In
the second step of activation, the joint actions of phosphor-
ylation and TPX2 binding result in a decrease in the K, for
ATP that neither can bring about on its own (steps 2 and 4
compared with steps 1 and 3), whereas the majority of the
increase of k_,, in step 2 is due to stabilization of charge in the
transition state by pThr-288 (which we would not expect
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a DFG

FIGURE 4. Activation loops of kinases for which activation process has been characterized by kinetic studies. The crystal structures of activation loops are
shown from DFG to APE sequence motifs, which mark the beginning and end, respectively, of the kinase activation loop. a, Aurora-A; b, PKA; ¢, p38ec; d, CDK2;
e, v-Fes, the human viral homologue to avian v-Fps; f, ERK2. Residues whose phosphorylation affects kinase activity are shown in stick representation. The
phosphate groups of the Thr(P) residues (Tyr(P) for v-Fes) superpose in the fully active kinases when the different molecules are aligned across the kinase
domain. Red, phosphorylated kinase; dark blue, unphosphorylated kinase; orange, phosphorylated Aurora-A bound to TPX2 (a only)/phosphorylated CDK2
bound to cyclin A (d only); cyan, unphosphorylated CDK2 bound to cyclin A (d only). Protein Data Bank codes selected are 10L5, 10L6, and 10L7 (Aurora-A);
1BKX and 2UZW (PKA); 3PY3 and 10UK (p38a); 1B38, 1B39, 1JST, and 1FIN (CDK2); 3CBL and 3CD3 (v-Fes); and 1ERK and 2ERK (ERK2). The activation loop is not

visible in the unphosphorylated Aurora-A structure and is assumed to be disordered.

TPX2 to be able to do). The fluid model thus extends previ-
ous models of Aurora-A activation by TPX2 to include all
four relevant states of the kinase.

Structural Rearrangements Can Be Inferred from Kinetic
Measurements—The residues of the activation loop form part
of the substrate binding pocket, and we thus predict that order-
ing of the activation loop will increase substrate binding. This
prediction is supported by the data in Table 3 and associated
references: in those kinases (CDK2 and ERK2) in which there is
significant rearrangement of the activation loop upon phos-
phorylation, there is also an associated change in K, for sub-
strate. This is not seen for those kinases (PKA and v-Fps) in
which there is little or no activation rearrangement (Fig. 4).

Kinetic characterization thus provides a promising tool to
detect those kinases in which phosphorylation leads to activa-
tion loop rearrangement. We expect such kinases to display a
signature of decreasing K, for peptide and increasing k_,, upon
phosphorylation. This test can be performed at low enzyme
concentrations in solution and provides conformational infor-
mation in the absence of a crystal structure. This information
could help inform decision-making in the drug discovery proc-
ess as kinases that undergo activation loop rearrangements are
likely to be more promising targets for the generation of inhib-
itors that bind the inactive conformation (e.g. Type II inhibi-
tors).

Is Spindle-associated Aurora-A Catalytically Active?—In
mitotic cells, Aurora-A is found at the centrosome (TPX2-in-
dependent) and on spindle microtubules (TPX2-dependent),
and it has previously been assumed that the kinase is both cat-
alytically active and phosphorylated at these locations. How-
ever, it has recently been shown that the role of Aurora-A
(AIR-1 in Caenorhabditis elegans) in chromatin-stimulated
microtubule assembly in C. elegans embryos does not require
phosphorylation on Thr-288 (Thr-201 in C. elegans) and that
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unphosphorylated Aurora-A islocalized to the microtubules by
TPX2 (TPXL-1) (18). The authors concluded that the mecha-
nism of Aurora-A action was independent of kinase activity,
although they did not assess the catalytic activity of the unphos-
phorylated AIR-1 bound to TPXL-1. We have measured a con-
siderable increase in the kinase activity of unphosphorylated
Aurora-A upon binding to TPX2. Although the cellular con-
centration of TPX2 is not known, its localization in two dimen-
sions along the microtubules means that local concentrations
experienced by Aurora-A are expected to be high. This pro-
vides an alternative, kinase-dependent mechanism by which
TPX2-Aurora-A complexes function to promote chromatin-
stimulated microtubule assembly.

Does Aurora-A Localization and Function along Spindle Micro-
tubules Require Phosphorylation?—Closer inspection of immu-
nofluorescence studies in human cells discriminating between
whole Aurora-A and that phosphorylated on Thr-288 suggests
that only the pool of Aurora-A at the poles is phosphorylated
(19-21). There could be a technical explanation for these
observations, for example if the phosphorylated epitope is
masked along spindle microtubules. Arguing against this is the
fact that, in HeLa cells, phosphorylation of Aurora-A at the
spindle becomes apparent in the absence of protein phospha-
tase 6 (the physiological phosphatase acting against Aurora-A)
(22). It therefore seems likely that Aurora-A at spindle micro-
tubules is not stably phosphorylated on Thr-288, but it remains
to be confirmed whether the unphosphorylated Aurora-A is
functional in human cells. These recent studies, together with
our data, show that the regulation of Aurora-A by TPX2 is more
complex than previously thought.

Aurora-A catalyzes the phosphorylation of its own activation
loop, and consequently the phosphorylation state of Thr-288
on the activation loop of Aurora-A is frequently used as a cel-
lular readout of Aurora-A activity and of the extent of enzyme
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inhibition by small molecules. We have shown thatunphosphor-
ylated Aurora-A has catalytic activity and that this activity is
greatly increased in the presence of TPX2. Because TPX2 does
not protect Aurora-A from protein phosphatase 6 activity, a
pool of TPX2-bound, active, unphosphorylated Aurora-A will
be present in the cell. This pool is distinct from that of the
phosphorylated enzyme (18), and studies relying on Thr-288
phosphorylation alone as a biomarker of Aurora-A activity
may, unwittingly, limit their scope.

Conclusion—In conclusion, we have dissected the contribu-
tions of activation loop phosphorylation and protein partner
binding to the activation of the kinase Aurora-A. Unexpectedly,
the overall contribution of either activator is independent of the
presence or absence of the other. The way in which the energy
of activation is distributed between k_,, and K,,, can be used to
predict whether the activation step involves structural rear-
rangement in the activation loop and thus can be used to test
whether pursuit of a Type II inhibitor program would be suita-
ble. Our data show that the kinase activity of unphosphorylated
Aurora-A can be increased by the binding of TPX2. This sup-
ports a new model of how Aurora-A activity is spread across the
mitotic spindle in cells.

Acknowledgments—~Mass spectrometry data acquisition and analysis
were carried out by Angela Paul and Andrew Thompson at The Insti-

tute of Cancer Research Proteomics Core Facility. We thank Jessica

Schmitt, Kathy Boxall, Wynne Aherne, Rosemary Burke, and Rob van

Montfort in the Division of Cancer Therapeutics for practical advice
and use of the Caliper EZ Reader system; Tim Sharpe (Department of
Biochemistry, University of Cambridge) for helpful discussions; Mark
Richards (The Institute of Cancer Research) for mutagenesis; and
Clare Stace (The Institute of Cancer Research) for protein production.

We acknowledge the Career Development Faculty Programme of The
Institute of Cancer Research and National Health Service funding to

the National Institute for Health Research Biomedical Research

Centre.

REFERENCES

1. Huse, M., and Kuriyan, J. (2002) Cell 109, 275-282
2. Johnson, L. N., Noble, M. E., and Owen, D. J. (1996) Cell 85, 149 -158
3. Tyson, J. J., Chen, K. C., and Novak, B. (2003) Curr. Opin. Cell Biol. 15,

JANUARY 6, 2012+VOLUME 287 +NUMBER 2

0 © N o

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Energetic Analysis of Aurora-A Activation

221-231

Adams, J. A,, McGlone, M. L., Gibson, R., and Taylor, S. S. (1995) Biochem-
istry 34, 2447-2454

Hagopian, J. C., Kirtley, M. P., Stevenson, L. M., Gergis, R. M., Russo, A. A,
Pavletich, N. P., Parsons, S. M., and Lew, J. (2001) J. Biol. Chem. 276,
275-280

Lew, J. (2003) Biochemistry 42, 849 — 856

Barr, A. R,, and Gergely, F. (2007) J. Cell Sci. 120, 2987—-2996

Pollard, J. R., and Mortimore, M. (2009) J. Med. Chem. 52, 2629 —2651
Anderson, K., Yang, J., Koretke, K., Nurse, K., Calamari, A., Kirkpatrick,
R. B, Patrick, D., Silva, D., Tummino, P. J., Copeland, R. A., and Lai, Z.
(2007) Biochemistry 46, 10287—10295

Bayliss, R., Sardon, T., Vernos, I, and Conti, E. (2003) Mol. Cell 12,
851-862

Eyers, P. A,, Erikson, E., Chen, L. G., and Maller, J. L. (2003) Curr. Biol. 13,
691-697

Liu, Y., and Gray, N. S. (2006) Nat. Chem. Biol. 2, 358 —364

Fersht, A. R. (1985) Enzyme Structure and Mechanism, pp. 298, 303, 304,
350, W. H. Freeman and Co., New York

Wilkinson, A. J., Fersht, A. R., Blow, D. M., and Winter, G. (1983) Bio-
chemistry 22, 3581-3586

Dodson, C. A., Kosmopoulou, M., Richards, M. W., Atrash, B., Bavetsias,
V., Blagg, J., and Bayliss, R. (2010) Biochem. J. 427,19 -28

Littlepage, L. E., Wu, H., Andresson, T., Deanehan, J. K., Amundadottir,
L. T, and Ruderman, J. V. (2002) Proc. Natl. Acad. Sci. U.S.A. 99,
15440 -15445

Stevenson, L. M., Deal, M. S., Hagopian, J. C., and Lew, J. (2002) Biochem-
istry 41, 8528 — 8534

Toya, M., Terasawa, M., Nagata, K., Iida, Y., and Sugimoto, A. (2011) Nat.
Cell Biol. 13,708 -714

Scutt, P. J., Chu, M. L., Sloane, D. A., Cherry, M., Bignell, C. R., Williams,
D. H,, and Eyers, P. A. (2009) /. Biol. Chem. 284, 1588015893

Sloane, D. A., Trikic, M. Z., Chu, M. L., Lamers, M. B., Mason, C. S,
Mueller, I, Savory, W. J., Williams, D. H., and Eyers, P. A. (2010) ACS
Chem. Biol. 5, 563—-576

Tyler, R. K., Shpiro, N., Marquez, R., and Eyers, P. A. (2007) Cell Cycle 6,
2846 —2854

Zeng, K., Bastos, R. N, Barr, F. A, and Gruneberg, U. (2010) /. Cell Biol.
191, 1315-1332

Welburn, J. P., Tucker, J. A., Johnson, T., Lindert, L., Morgan, M., Willis,
A., Noble, M. E., and Endicott, J. A. (2007) /. Biol. Chem. 282, 3173-3181
Saylor, P., Hanna, E., and Adams, J. A. (1998) Biochemistry 37,
17875-17881

Zhang, Y. Y., Mei, Z. Q., Wu, ]. W., and Wang, Z. X. (2008) /. Biol. Chem.
283, 26591-26601

Adams, J. A., and Taylor, S. S. (1992) Biochemistry 31, 8516 — 8522

JOURNAL OF BIOLOGICAL CHEMISTRY 1157

810z ‘€T 5NBNY U0 Yosessay JeoueD Jo ainysu| e /B10°aq [ mmmy/:diy wouy pepeojumoq


http://www.jbc.org/

Activation of Aurora-A Kinase by Protein Partner Binding and Phosphorylation
Arelndependent and Synergistic
Charlotte A. Dodson and Richard Bayliss

J. Biol. Chem. 2012, 287:1150-1157.
doi: 10.1074/jbc.M111.312090 originally published online November 16, 2011

Access the most updated version of this article at doi: 10.1074/jbc.M111.312090

Alerts:
* When this article is cited
* When a correction for this article is posted

Click here to choose from all of JBC's e-mail alerts

This article cites 25 references, 8 of which can be accessed free at
http://www.jbc.org/content/287/2/1150.full.html#ref-list-1

8T0Z ‘ST 1PNV U0 YoJeasay Jeoue Jo aimusu| e /610-aq [ mmmy/:diy woly papeojumoq


http://www.jbc.org/lookup/doi/10.1074/jbc.M111.312090
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;287/2/1150&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/287/2/1150
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=287/2/1150&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/287/2/1150
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/287/2/1150.full.html#ref-list-1
http://www.jbc.org/

