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The activity of the kinase Aurora-A (Aur-A) peaks during mitosis
and depends on phosphorylation by one or more unknown ki-
nases. Mitotic phosphorylation sites were mapped by mass spec
sequencing of recombinant Aur-A protein that had been activated
by incubation in extracts of metaphase-arrested Xenopus eggs.
Three sites were identified: serine 53 (Ser-53), threonine 295
(Thr-295), and serine 349 (Ser-349), which are equivalent to Ser-51,
Thr-288, and Ser-342, respectively, in human Aur-A. To ask how
phosphorylation of these residues might affect kinase activity,
each was mutated to either alanine or aspartic acid, and the
recombinant proteins were then tested for their ability to be
activated by M phase extract. Mutation of Thr-295, which resides
in the activation loop of the kinase, to either alanine or aspartic
acid abolished activity. The S349A mutant had slightly reduced
activity, indicating that phosphorylation is not required for activ-
ity. The S349D mutation completely blocked activation, suggesting
that Ser-349 is important for either the structure or regulation of
Aur-A. Finally, like human Aur-A, overexpression of Xenopus Aur-A
transformed NIH 3T3 cells and led to tumors in nude mice. These
results provide further evidence that Xenopus Aur-A is a functional
ortholog of human Aur-A and, along with the recently described
crystal structure of human Aur-A, should help in future studies
of the mechanisms that regulate Aur-A activity during mitotic
progression.

The serine�threonine kinase Aurora-A (Aur-A) is required
for centrosome maturation and formation of a bipolar

mitotic spindle, and for accurate segregation of both centro-
somes and chromosomes into daughter cells during mitotic exit
(1–3). In somatic cells, both the amount of Aur-A protein and its
kinase activity peak during mitosis and then drop. Recent work
has led to several insights about its regulated degradation. Aur-A
is ubiquitinated by the Cdh1-activated form of the anaphase-
promoting complex�cyclosome (APC�C; refs. 4 and 5), a
multisubunit ubiquitin ligase that targets several proteins for
proteasome-mediated proteolysis during the latter stages of
mitotic exit. Recognition of Aur-A by APC�CCdh1 requires two
domains, a C-terminal destruction box (D box) shared by many
APC�C targets (4–6) and an N-terminal region, the A box, that
is conserved in Aur-A family members but is not found in Aur-B
or Aur-C (5). The A box contains Ser-53, which is phosphory-
lated during M phase and may control the timing of Aur-A
destruction during mitotic exit (5).

By contrast, much less is known about how the kinase activity
of Aur-A is regulated during cell-cycle progression. Phosphor-
ylation is required for its activity (7, 8). Thr-295 resides in the
predicted activation loop and is thus well situated to affect
activity (9). This residue is part of a PKA consensus motif, and,
in vitro, phosphorylation of recombinant Aur-A by PKA in-
creases its activity (10), but endogenous activating kinase(s) have
not been identified. Inactivation probably involves dephosphor-
ylation by phosphatase 1 (PP1), as high concentrations of
okadaic acid (OA) maintain high Aur-A kinase activity in cells
and in extracts (8, 10), and Aur-A contains a functional PP1-
binding site near the C terminus (11).

In somatic cells, kinase activity increases roughly in parallel
with rising protein levels, but the lack of methods for achieving
highly synchronous progression during G2, mitosis, and mitotic
exit has made it difficult to study the temporal control of Aur-A
activity in those cells. Because of this problem, answers to even
the most basic questions of whether Aur-A activity is regulated
simply by synthesis and destruction, or is also regulated by
posttranslational modifications at specific times during cell-cycle
progression, are not known. By contrast, the Xenopus early
embryonic cell cycles provide good opportunities to investigate
these questions. These cycles are rapid and naturally synchro-
nous, and many events regulating mitotic progression can be
reproduced in vitro by using concentrated extracts of these cells
(12). Finally, unlike somatic cells, Aur-A protein levels remain
constant during the early cell cycles, and Aur-A kinase activity
is regulated solely by cycles of activation and inactivation (5).

Here, we show that extracts of unfertilized eggs, which are
arrested naturally at metaphase of meiosis II, can activate
recombinant Aur-A. We have used this assay to identify three
residues that become phosphorylated during M phase (Ser-53,
Thr-295, and Ser-349, which are equivalent to Ser-51, Thr-288,
and S342 in human Aur-A) and to ask which of these are
required for activation by M phase extracts. S53A and S53D
mutations had no significant effect on kinase activity. T295A and
T295D mutations abolished activity, confirming the importance
of this residue. Mutation of Ser-349 to alanine slightly reduced
activity, indicating that phosphorylation of Ser-349 is not re-
quired for activity. By contrast, mutation of Ser-349 to aspartic
acid completely blocked activation, suggesting that this residue
is important for the structure or regulation of Aur-A. Ser-349 is
immediately adjacent to a PP1 binding site (11) and, when
mapped onto the recent crystal structure of human Aur-A (9),
is located in a region that could affect conformation of the
protein.

Methods
Expression and Purification of Recombinant Aur-A. Aur-A mutants
were created by standard PCR methods and QuickChange
site-directed mutagenesis (Stratagene). All constructs were se-
quenced in full. For expression in Sf9 cells, N-terminally histi-
dine-tagged constructs were cloned into the pFastBacHT vectors
(Invitrogen). Baculovirus was isolated by using the BAC-TO-
BAC baculovirus expression system (Invitrogen) and was am-
plified in Sf9 cells. His-tagged Aur-A protein was prepared from
Sf9 cells by three different methods.

To obtain active Aur-A (Aur-AOA), cells were incubated in the
presence of 0.5 �M okadaic acid for the final 4 h of expression.
Cells were solubilized in pulldown buffer (20 mM �-glycero-
phosphate�10 mM Hepes-KOH, pH 7.7�5 mM EGTA�5 mM
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�-mercaptoethanol�150 mM NaCl�1% Chaps�1 mM PMSF�
protease inhibitors, Roche protease inhibitor tablets, EDTA-
free). Samples were centrifuged for 30 min at 8,000 rpm in an
SS-34 rotor (Sorvall). Ni-NTA agarose beads (Qiagen, Valencia,
CA) were added to the supernatant, and samples were rocked at
4°C for 2 h. After a brief centrifugation (1 min at 250 � g), beads
were collected and washed three times in a 10-ml wash buffer (20
mM �-glycerophosphate�10 mM Hepes-KOH, pH 7.7�5 mM
EGTA�5 mM �-mercaptoethanol�500 mM NaCl�0.1% Chaps�1
mM PMSF�protease inhibitors, Roche protease inhibitor tab-
lets, EDTA-free), eluted in elution buffer (20 mM �-glycero-
phosphate�10 mM Hepes-KOH, pH 7.7�5 mM EGTA�5 mM
�-mercaptoethanol�25 mM NaCl�200 mM imidazole�1 mM
DTT�1 mM EDTA�1 mM PMSF and protease inhibitors),
dialyzed in dialysis buffer (10 mM Hepes-KOH, pH 7.7�100 mM
NaCl�1 mM DTT�0.1 mM EDTA�10% glycerol), aliquoted, and
stored at �80°C as described (8). Protein preparations routinely
were about 0.2 mg�ml.

Cells were incubated with a serine�threonine kinase inhibitor
mix (Calbiochem) for 4 h before harvesting to obtain inactive
Aur-A protein (Aur-AKI). Inhibitors and their final concentra-
tions were bisindolylmaleimide I (PKC inhibitor, 420 nM), H-89
dihydrochloride (PKA inhibitor, 100 nM), KN-93 (CaM kinase
II inhibitor, 740 nM), ML-7 (myosin light chain kinase inhibitor,
600 nM), and staurosporine (PKC and broad range inhibitor,
40 nM).

Aur-A was expressed in the absence of inhibitors, purified, and
then phosphatase-treated during the first step of protein puri-
fication. Bead-bound Aur-A was washed three times with 10 ml
of PPase buffer (50 mM Tris�HCl�0.1 mM EDTA�5 mM DTT�2
mM MnCl2�0.01% Brij35, pH 7.5). One milliliter of PPase buffer
containing 4,000 units of �-phosphatase (New England Biolabs)
was added, and samples were incubated at 30°C for 30 min. For
dephosphorylation by phosphatase PP1, bead-bound Aur-A was
washed with PP1 buffer (50 mM Tris�HCl�0.1 mM EDTA�5 mM
DTT�0.01% Brij 35�1 mM MnCl2, pH 7.0), and 25 units of PP1
(New England Biolabs) was used in the dephosphorylation
reaction.

Identification of Mitotic Phosphorylation Sites. Concentrated ex-
tracts were prepared from G2-arrested Xenopus oocytes (8) and

M phase-arrested Xenopus eggs (12). His-tagged inactive Aur-
AKI was incubated with extracts, repurified, and assayed for
kinase activity. For each reaction, 10 �l (2 �g) of Aur-AKI was
incubated with 10 �l of G2 or M phase extracts plus 20 �l of 2�
kinase buffer (1� kinase buffer: 20 mM Hepes, pH 7.7�10 mM
MgCl2�0.1 mM EGTA�0.5 mM DTT�50 �M ATP) containing
1 �M okadaic acid for 30 min at 30°C. Aur-A was recovered by
binding to Ni-NTA agarose beads in pulldown buffer for 1–2 h
at 4°C. Samples were washed four times in pulldown buffer,
eluted by boiling in SDS gel sample buffer, and separated by
SDS�PAGE (13). Gels were stained with Coomassie blue, and
the slower mobility, phosphorylated Aur-A bands were excised
and sequenced at the Harvard Microchemistry Facility, by using
microcapillary reverse-phase HPLC nanoelectrospray tandem
mass spectrometry on a Finnigan LCQ DECA quadrupole ion
trap mass spectrometer.

For in vitro kinase assays of recombinant protein, equimolar
amounts of Aur-A (0.011 nM) were incubated in 1� kinase
buffer, 0.5 �l of [�-32P]ATP and 2.5 �g of myelin basic protein
(MBP). For in vitro kinase assays of recombinant protein acti-
vated by extract, 2 �g of Aur-A protein were used in Fig. 1, and
0.5 �g was used in Fig. 2. Bead-bound Aur-A samples were
washed twice with kinase buffer and then incubated in 20 �l of
kinase buffer, 1 �l of [�-32P]ATP (Perkin–Elmer, 3,000 Ci�
mmol; 1 Ci � 37 GBq), and 2.5 �g MBP (Invitrogen) for 20 min
at 30°C. Fifteen microliters of sample buffer was added to each
reaction, and samples were separated on SDS�15% PAGE (13)
and visualized by autoradiography. Most results were quanti-
fied by using a Molecular Imager FX PhosphorImager with
QUANTITY ONE software (Bio-Rad).

Kinase Inhibitors. M phase extracts (one volume extract to two
volumes kinase buffer, final volume 29 �l) were incubated for 15
min at 4°C with one of the following inhibitors at the indicated
concentrations: apigenin (Sigma), roscovitine (Calbiochem),
bisindolylmaleimide I (Calbiochem), PKI (New England Bio-
labs), KN-93 and negative control KN-92 (Calbiochem),
LY294002 (Calbiochem), ML-7 (Calbiochem), staurosporine
(Calbiochem), and U0126 (Promega). One microliter (0.5 �g) of
wild-type Aur-APpase was added and incubated at room temper-
ature for 15 min. Aur-A was repurified on Ni-NTA beads and
assayed for kinase activity.

Fig. 1. Identification of sites phosphorylated on Aur-A by M phase extracts. (A) Activation of recombinant Aur-A. His-tagged recombinant Aur-A protein was
expressed in Sf9 cells in the presence of okadaic acid (Aur-AOA, lane 1) or Ser�Thr kinase inhibitors (Aur-AKI, lanes 2–4) and purified. Aur-AKI samples were
incubated with either G2-arrested oocyte extract (lane 3) or M phase extract (lane 4), repurified on Ni-NTA beads, and assayed for in vitro kinase activity toward
MBP. Samples were separated by SDS�PAGE, quantified (Upper), and visualized by autoradiography (Lower). (B) Location of phosphorylated residues.
(C) Sequences surrounding phosphorylated sites.
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Cell Growth and Transformation Assays. Anchorage-independent
growth assays were performed by suspending 104 cells in 0.36%
Bactoagar (Difco) over a 0.6% agar base layer in DMEM plus
10% FCS in 35-mm dishes. Every 4 days, �300 �l of media was
added to each plate. After 2–3 weeks, colonies were stained
overnight with 0.5 mg�ml nitroblue tetrazolium (Sigma) in PBS
and counted. Each experiment was performed in triplicate and
repeated at least two times. In vivo transformation was measured
by injecting 106 cells s.c. behind both front legs of two nude mice
for each cell line (vector only, Aur-A, and Aur-A-K169R).
Additionally, two mice were injected at three locations (behind
both front legs and one hind leg) with the three constructs per
mouse.

Results
Metaphase Extracts Phosphorylate Xenopus Aur-A on Ser-53, Thr-295,
and Ser-349. When His-tagged Xenopus Aur-A was produced in
Sf9 cells, addition of the phosphatase inhibitor OA during
the last 4 h of protein expression enhanced its final activity

(Aur-AOA, Fig. 1), as described (8). When produced in the
presence of a mix of kinase inhibitors (see Methods), Aur-A had
much lower activity (Aur-AKI). When Aur-AKI was incubated
with extracts prepared from G2-arrested Xenopus oocytes, where
the activity of endogenous Aur-A is low (8, 14), and then
repurified, its activity was essentially unchanged. By contrast,
Aur-AKI was activated 8-fold by incubation with extracts pre-
pared from metaphase II-arrested Xenopus eggs. These results
strongly suggest that phosphorylation at one or more sites is
required for Aur-A activity.

To determine which sites were phosphorylated by M phase
extracts, Aur-AKI was activated by incubation with M phase
extract, repurified, and separated by SDS�PAGE. The most
electrophoretically retarded Aur-A bands were excised and
sequenced by mass spectrometry. Three phosphorylated resi-
dues were identified: Ser-53, Thr-295, and Ser-349 (Fig. 1B).
Ser-53 is part of the highly conserved A box in the N-terminal
noncatalytic domain that is required for mitotic destruction (5).
Thr-295 resides in the predicted activation loop (9). Ser-349 is
immediately adjacent to K350VEF, a binding site for the phos-
phatase PP1 (11).

Full Activation of Aur-A Requires Thr-295 and Ser-349. To investigate
how phosphorylation of these residues might regulate Aur-A
activity, wild-type and mutated versions of His-tagged Aur-A
were assayed in two different ways. In the first, Aur-A proteins
were produced in Sf9 cells in the presence of okadaic acid,
purified, and assayed directly for kinase activity (Fig. 2 A and B).
In the second, more physiologically relevant approach, the
requirement of these residues for activation by M phase extracts
was tested. Briefly, Aur-A was inactivated by phosphatase
treatment, incubated with M phase extract, repurified, and
assayed for kinase activity (Fig. 2C). Both approaches gave
similar results.

In agreement with previous studies (9, 15), the N terminus was
not required for activity, either when expressed directly in Sf9
cells (Fig. 2 A) or when activated by M phase extracts (data not
shown). However, Aur-A lacking the N terminus consistently
showed an elevation in kinase activity when assayed by either
method. Neither the S53A nor the S53D mutation significantly
affected activity, although we routinely noted that the S53A
mutant had slightly decreased activity.

Both the T295A and T295D mutations almost completely
eliminated kinase activity, which was as low as that seen when the
catalytic lysine was mutated to arginine (K169R). These results
strongly argue that phosphorylation of Thr-295 is required for
activity.

Mutation of Ser-349 to alanine only slightly reduced activity,
indicating that phosphorylation of this residue is not required for
activity. By contrast, mutation of Ser-349 to aspartic acid com-
pletely abolished activity. This result could indicate that phos-
phorylation of Ser-349 is inhibitory or that Ser-349 is critical for
the conformation of Aur-A in some other way. These possibil-
ities are considered further in Discussion.

Aur-A Activation by M Phase Extracts Is Not Blocked by Inhibitors of
PKA, PKC, or cdc2 but Is Inhibited by High Concentration of Apigenin.
Both Thr-295 and Ser-349 are predicted to be good sites
(RRTT295L and RRIS349K, respectively) for phosphorylation by
PKA. In vitro, PKA can phosphorylate and increase the activity
of Aur-A, both human (10) and Xenopus (data not shown). To
ask whether PKA is required for activation of Aur-A, M phase
extract was first incubated with PKI, the inhibitory subunit of
PKA, under conditions known to reduce activity by more than
95% and then tested for its ability to reactivate recombinant
Aur-A. As shown in Fig. 3, inhibition of PKA in the M phase
extract did not interfere with activation of Aur-A. M phase
extracts contain high levels of mitogen-activated protein kinase

Fig. 2. Effects of N-terminal truncation and of Ser-53, Thr-295, and Ser-349
mutations on Aur-A kinase activity. (A and B) Equimolar amounts of wild-type
Aur-A and the indicated mutants were expressed in Sf9 cells in the presence of
okadaic acid, purified, and assayed for in vitro kinase activity toward MBP.
Autoradiograms of the 32P-labeled MBP products are shown. (C) Activity
of Aur-A mutants after incubation in M phase extract. His-tagged Aur-A
proteins, either wild type or mutant, were expressed in Sf9 cells, dephos-
phorylated with �-phosphatase, incubated with or without M phase extracts,
repurified, and assayed for kinase activity toward MBP, as above.
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and cyclin B�cdc2 kinase activity; inhibition of cdc2 by prein-
cubation with roscovitine failed to block activation of Aur-A.
Preincubation with the MEK inhibitor U0126 also failed to block
activation (data not shown). These results suggests that neither
cdc2 nor mitogen-activated protein kinase is required for acti-
vation of Aur-A, nor are they required to maintain activity of an
activator. We then tested other inhibitors, including those in the
mix of kinase inhibitors used to produce low activity Aur-A
(Aur-AKI) in Sf9 cells: bisindolylmaleimide I (PKC inhibitor),
H-89 dihydrochloride (PKA inhibitor), KN-93 (CaM kinase II
inhibitor), ML-7 (myosin light chain kinase inhibitor), stauro-
sporine (PKC and broad range inhibitor), and apigenin (CK2
and PKC inhibitor). The only inhibitor that significantly blocked
activation of Aur-A was apigenin. In vitro, CK2 neither phos-
phorylated nor activated recombinant Aur-A (data not shown),
arguing that CK2 is not a direct activator of Aur-A.

Mutations of Thr-295 and Ser-349 Do Not Interfere with Cdh1-Induced
Destruction of Aur-A During Mitotic Exit in Egg Extracts. Mutation of
Ser-53 to aspartic acid blocks the Cdh1-dependent destruction
of Aur-A during mitotic exit, suggesting that phosphorylation of
Ser-53 might block destruction during mitosis (5). To ask how
mutations in Thr-295 and Ser-349 affected Aur-A destruction,
radiolabeled in vitro translation products encoding mutant
Aur-As were added to M phase extracts, Cdh1 was added to
program the APC�C for recognition and ubiquitination of
Aur-A, and calcium was added to induce the metaphase�
anaphase transition and mitotic exit (Fig. 4). As seen previously,
wild-type Aur-A was degraded between 30 and 60 min after
release from metaphase arrest, whereas the S53D mutant was
resistant to destruction. By contrast, mutation of either Thr-295
or Ser-349 to either alanine or aspartic acid did not significantly
affect either the rate or extent of destruction. Thus, of the three
M phase phosphorylation sites identified, only Ser-53 seems to
affect destruction of Aur-A.

Overexpression of Xenopus Oocyte Aur-A Transforms NIH 3T3 Cells
and Induces Tumors in Nude Mice. The properties and behavior of
Xenopus Aur-A, which was originally isolated from oocytes
where it was called Eg2 (8, 16, 17), resembles human Aur-A in
many aspects. Their sequences are very similar, and the kinase
activities of both peak during mitosis. Ectopic expression of
both generates aneuploid cells containing multiple centro-
somes (5, 18, 19). Both undergo APC�CCdh1-mediated destruc-
tion during mitotic exit (ref. 5, and R. F. Crane and L.E.L.,
unpublished data). Cells overexpressing human Aur-A are

transformed and are highly tumorigenic (7). However, the
oncogenic potential of Xenopus Aur-A had not been tested.
We thus established NIH 3T3 cell lines stably transfected with
empty vector, AU1-tagged wild-type Aur-A, or AU1-tagged
kinase-dead Aur-A (K169R) and tested their oncogenic po-
tential by using the approaches described for human Aur-A
(7). Expression of Aur-A was confirmed by collecting nocado-
zole-arrested cells and immunoblotting for the AU1 tag (data
not shown). These cells were first tested for their ability to
form colonies in soft agar. At 20 days after plating, 1.7% of the
Aur-A transfected cells formed colonies (Fig. 5). When the
transformation efficiency of wild-type Aur-A was set as 100%,
the relative transformation efficiency of cells transfected with

Fig. 3. Effect of kinase inhibitors on the ability of M phase extracts to
activate Aur-A. M phase extracts were first incubated in the absence or
presence of individual kinase inhibitors, PKI (PKA inhibitor), roscovitine (cyclin
B�cdc2 inhibitor), staurosporine (broad range Ser�Thr kinase inhibitor), and
apigenin (CK2 inhibitor), and then tested for their ability to activate His-
tagged Aur-A as in Fig. 2C.

Fig. 4. Thr-295 and Ser-349 mutations do not interfere with Cdh1-
dependent destruction of Aur-A. M phase extracts containing cycloheximide
were incubated with Cdh1 or Cdc20, as indicated, and mixed with [35S]methi-
onine-labeled Aur-A in vitro translation products. Calcium was added to
initiate M phase exit, and samples were taken at the indicated times. Samples
were analyzed by SDS�PAGE followed by autoradiography.

Fig. 5. Xenopus Aur-A is oncogenic. (A) Aur-A transforms NIH 3T3 cells. NIH
3T3 cells were transfected with empty vector, Aur-A, or catalytically inactive
K169R Aur-A, and stably transfected cell lines were established. Cells from
each line were plated on soft agar and assayed for growth 20 days later.
Colonies were counted and compared in the bar graph (A), where efficiency
of colony formation by Aur-A was normalized to 100%. (B) Cells overexpress-
ing wild-type Aur-A are tumorigenic in nude mice. Cells (106) from each of the
cell lines described above were injected s.c. in nude mice. Two mice were
injected with each cell line at two locations right behind the front leg, and two
additional mice were injected at three locations with the three constructs per
mouse.
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empty vector was 6%. That of cells carrying kinase-dead Aur-A
was even less (2%), suggesting that the kinase-dead mutant
may behave like a dominant negative in this setting. Similar
results were obtained in two additional experiments.

To test the oncogenic potential of Aur-A in whole animals, 106

cells stably expressing wild-type Aur-A, Aur-A K169R, or empty
vector were injected s.c. into nude mice. Each of the three cell
lines was injected individually into nude mice as described in
Methods. By 5 weeks, all of the sites injected with Aur-A
expressing cells had developed large tumors; no tumors were
seen at the sites of injection of cells carrying kinase-dead Aur-A
or empty vector, or at other sites in the any of the mice (Fig. 5).
These results demonstrate that Xenopus Aur-A, like human
Aur-A, is a potent protooncogene. Thus, Xenopus Aur-A and
human somatic cell Aur-A are functionally equivalent by all
criteria tested and seem to be functional orthologs.

Discussion
Progression through mitosis is regulated mainly by reversible
phosphorylation and irreversible proteolysis (20, 21). The best
understood examples include (i) activation of cyclin B�cdc2 by
the phosphatase cdc25, which removes inhibitory phosphory-
lations from cdc2 and thus catalyzes the G2�M transition,
(ii) the APC�C-mediated ubiquitin-dependent proteolysis of
securin, the inhibitory subunit of the protease that cleaves
proteins that hold the sister chromatids together and thus
catalyzes anaphase onset, and (iii) the APC�C-mediated de-
struction of cyclin B, which results in inactivation of cdc2 and
thus catalyzes exit from M phase into G1 of the next cell cycle.
As outlined earlier, several studies show that misregulation of
the mitotic kinase Aur-A has profound effects on mitotic
progression, and overexpression of Aur-A is oncogenic. Al-
though we have some insight into what is required for the
regulated destruction of Aur-A during mitotic exit, much less
is known about how phosphorylation contributes to its acti-
vation and inactivation during mitosis.

The identification of three sites in Xenopus Aur-A that are
phosphorylated during M phase (Ser-53, Thr-295, and Ser-349)
should help in understanding how phosphorylation contributes
to regulation of Aur-A. This is especially true in view of the
recently solved crystal structure of the catalytic domain of
human Aur-A (9). Thr-295 (Thr-288 in human Aur-A), which is
conserved in all Aurora family members, is part of the activation
loop. However, it is in a disordered region, making it impossible
to predict at this time the structural consequences of Thr-295
phosphorylation or mutations in this residue. Biochemically, we
find that the single point mutations T295A and T295D each
completely eliminate the kinase activity of Aur-A, both when
expressed in Sf9 cells and after incubation in Xenopus M phase
egg extracts. These results, which were obtained consistently,
were done with constructs that had all been sequenced in full to
confirm the desired mutation and to ensure that no other
mutations had been introduced inadvertently. In contrast, an
earlier report found that a T288D mutation in human Aur-A did
not abolish activity and that mutation of both Thr-287 and
Thr-288 was required for inactivation of Sf9 cell-expressed

Aur-A (10). The different results could be caused by differences
in assay conditions, or they could reflect a real difference in the
regulation of the human and Xenopus enzymes. Introduction of
a T288D mutant, which was reported to enhance kinase activity,
into murine cells led to transformation and tumor formation (7).
It is now known that even kinase-dead Aur-A constructs can
induce aneuploidy (5, 19), leaving open the possibility that
overexpression of the T288D mutant induces tumor formation by
promoting genomic instability rather than through elevated
kinase activity.

Mutating Ser-349 to alanine slightly reduced activity, indicat-
ing that phosphorylation is not essential for activity. The S349D
mutant was completely inactive when expressed in Sf9 cells and
unable to be activated by M phase extract. These results could
indicate that phosphorylation of Ser-349 negatively regulates
activity. Although this interpretation might seem flawed because
Aur-A is phosphorylated on Ser-349 during M phase, when it is
active, it is worth pointing out that the gel-purified Aur-A bands
sequenced could have contained a mix of active and inactive
Aur-A. Thus, we cannot eliminate the possibility that Ser-349
phosphorylation negatively regulates activity. Ser-349 is imme-
diately adjacent to the PP1-binding sequence, K350VEF (11), and
phosphorylation of Ser-349 could affect the recruitment or
strength of PP1 binding.

Although the N terminus of Aur-A is not required for kinase
activity, its removal elevates activity, and it clearly plays an
important role in vivo. In addition to being required for destruc-
tion during mitotic exit (5), it is required for localization of
Aur-A at the centrosomes during mitosis (15) and for the ability
of the tumor suppressor gene product p53 to bind and inactivate
Aur-A (22). Overexpression of Aur-A induces defects in cyto-
kinesis that result in the formation of aneuploid cells containing
multiple centrosomes (5, 19); this effect is greatly enhanced in
cells lacking p53 and can be reversed by the reintroduction of p53
(19, 22). From these results, it might be concluded that p53
suppresses the oncogenic potential of Aur-A simply by inacti-
vating Aur-A. This explanation cannot be the only one, however,
as overexpression of inactive mutants of both human and
Xenopus Aur-A induce aneuploidy (5, 19). These findings thus
argue strongly that p53 must also control a second function of
Aur-A. It would not be surprising if future studies revealed an
effect of p53 on the ability of Aur-A to associate with or regulate
other interacting proteins, including the APC�C activator cdc20
(23), the translational regulator CPEB (24), the kinesin-like
motor Eg5 (25), the transforming protein TACC that can
regulate spindle structure (26), TPX2, which is required for
targeting Aur-A to spindles (27), a newly identified protein
called AIP that can promote Aur-A destruction (28), or others
yet to be discovered.
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