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AurA (Aurora-A) is a ubiquitous protein kinase regulating entry
into mitosis and shown to promote transformation upon over-
expression. In order to gain information on the structural features
determining its substrate specificity, we assayed human recombi-
nant AurA on a variety of phosphoacceptor peptide substrates in-
cluding a series of properly modified derivatives of the Kemptide
(ALRRASLGAA). The data presented here show that AurA is
a basophilic Ser/Thr protein kinase recognizing the consensus
R/K/N-R-X-S/T-B, where B denotes any hydrophobic residue
with the exception of Pro. We show that the presence of a Pro
at position n + 1 fully abrogates phosphorylation of the peptide
substrate. Although the consensus for AurA is reminiscent of that
of PKA (protein kinase A), it significantly differs from the latter
for a much more stringent dependence on the hydrophobic residue
at n + 1 and for its tolerance of residues other than Arg at position
n − 3. Based on the finding that the peptide ALKRASLGAA is not

a substrate of PKA while still providing a sensitive assay of AurA
activity, we suggest that this peptide may be used for differential
screening of the two kinases. We have further validated the
AurA consensus by generating a peptide (APSSRRTT288LCGT)
that comprises the main AurA autophosphorylation site and by
showing that AurA phosphorylated this peptide exclusively at one
site fulfilling its consensus (Thr288). Moreover, we show that AurA
could autophosphorylate at Thr288 through an intermolecular
mechanism of reaction and that, in vivo, PKA was not involved
with Thr288 phosphorylation. The evidence obtained in the present
study provides a rational tool for predicting AurA sites in potential
substrates of physiological significance.

Key words: Aurora-A, consensus sequence, peptide substrate,
phosphorylation, protein kinase, site specificity.

INTRODUCTION

Aurora protein kinases were initially identified in yeast and
Drosophila for their role in the control of chromosome segregation
and cytokinesis through the regulation of microtubule activity
[1]. Budding yeast mutants for Ipl1, the single form of the Aurora
kinase present in this organism [2], are characterized by abnormal
ploidy [3]. Aurora mutants in Drosophila typically display mono-
polar spindles that result from defective centrosome separation
[4]. Of the three human homologues so far described, AurA
(Aurora-A) and AurB were isolated in a screening for kinases
overexpressed in colon carcinoma [5]. AurA is expressed at low-
levels in most tissues but is particularly abundant in tumour cell
lines [6,7] and accordingly, the gene coding for AurA maps to
a region frequently amplified in human tumours and cancer cell
lines [5,6,8,9]. AurA, which is localized at the centrosomes during
interphase and at the spindle throughout mitosis [10], displays a
peak of kinase activity at G2 phase (growth 2 phase), before CDC2
(cell division cycle 2 kinase) and AurB [5]. AurA kinase activity
results from the balance of positive and negative phosphorylation:
whereas autophosphorylation [11] and phosphorylation by as
yet unknown upstream kinases [12] contribute to confer full
AurA activation, phosphorylation by GSK3 (glycogen synthase
kinase 3) at two sites close to the T-loop apparently triggers AurA
autophosphorylation at an inhibitory site [13]. A further layer
of complexity in the control of AurA activity is conferred by
interaction with protein phosphatase 1, which results in mutual
regulation of the two enzymatic activities [14]. Degradation of
AurA occurs at mitotic exit and is mediated by the anaphase-pro-

moting complex/cyclosome (APC/C) [15–17]. Depletion of AurA
by siRNA (small interfering RNA) interference resulted in im-
paired activation of cyclin B/CDK1 (cyclin-dependent kinase 1)
and was followed by an almost complete block of entry into mito-
sis [18]. On the other hand, overexpression of AurA was shown
to cause transformation of Rat1 and NIH3T3 cells, which in turn
could grow as tumours in nude mice [5]. Among the physiological
targets of AurA so far identified are histone H3, BRCA1 (breast-
cancer susceptibility gene 1) and p53 [19–21]. Although in
all cases phosphorylation by AurA was shown to affect the
substrate’s biological properties, the sites phosphorylated in these
proteins could not be demonstrated to be exclusive targets of
AurA.

To gain information on physiologically relevant AurA targets,
we set out to define the consensus sequence of this kinase. Using
human recombinant AurA, expressed in Escherichia coli and
purified to near homogeneity, we screened a set of synthetic
peptides derived from the Kemptide as well as peptides modelled
on other phosphoacceptor sites. This has led to the definition of the
consensus sequence recognized by AurA and the identification of
a number of local features acting as positive or negative specificity
determinants.

MATERIALS AND METHODS

AurA cloning, expression and purification

Full-length human AurA was obtained by means of PCR using
Pfu polymerase (Stratagene, Cambridge, U.K.). The first-strand

Abbreviations used: AurA, Aurora-A; CDC2, cell division cycle 2 kinase; CK1, casein kinase 1; DTT, dithiothreitol; HEK-293T cells, human embryonic
kidney 293T cells; kd-AurA, kinase-dead AurA; PKA, protein kinase A; wt-AurA, wild-type AurA.
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cDNA template was synthesized on polyadenylated mRNA puri-
fied from mitotic HeLa cells using M-MLV reverse transcriptase
(Promega, Chilworth, Southampton, U.K.). The gene-specific for-
ward and reverse primers used in the PCR were: 5′-CGCGGAT-
CCATGGACCGATCTAAAGAAAACTGCATTTC-3′ and 5′-
GGCGAGCTCCTAAGACTGTTTGCTAGCTGATTCTTTG-3′

respectively. The 1.2 kb PCR product was purified using
the QIAquick PCR purification kit (Qiagen, Chatsworth, CA,
U.S.A.), subcloned into pBluescript SK+ (Stratagene) via BamHI/
XhoI sites and controlled by sequencing. The wt (wild-type) and
kd (kinase-dead) (Asp274 > Asn) AurA open reading frames were
subcloned in pTXB3 (New England Biolabs, Hitchin, Herts.,
U.K.) and recombinant AurA was expressed as Intein–AurA
fusion protein in the BL21 E. coli strain. In order to purify
AurA, cells were lysed in prechilled buffer A (20 mM Tris,
pH 8.0, 500 mM NaCl, 0.1% Triton X-100, 1 mM EDTA and
10% glycerol, containing Roche complete protease inhibitor
cocktail) and extracts were sonicated before centrifugation for
30 min at 38724 g in SS-34 rotor (Sorvall Centrifuges, Kendro
Laboratory Products, Bishop’s Stortford, Herts., U.K.) at 4 ◦C.
The soluble fraction was filtered and loaded on to a 10 ml chitin
column (New England Biolabs), pre-equilibrated in buffer A at
4 ◦C. After washing with 200 ml of buffer A, flow was stopped
and the column was left overnight in buffer A containing 100 mM
DTT (dithiothreitol) to facilitate intein self-splicing. On the fol-
lowing day, proteins were step-eluted using buffer A and aliquots
of each fraction were examined by SDS/PAGE.

Cell culture

HeLa and HEK-293T (human embryonic kidney-293T) cells were
maintained in Dulbecco’s modified Eagle’s medium (OmniLab,
Mettmenstetten, Switzerland) supplemented with 10% (v/v) fetal
calf serum (Life Technologies, Basel, Switzerland), penicillin
(100 units/ml) and streptomycin (100 µg/ml) (complete medium).
For synchronization experiments, cells were seeded at 1 × 106

in 10-cm-diameter dishes and treated after 24 h with 2 mM thy-
midine (SynGen, Cambridge, U.K.) for 16 h, released for 8 h in
complete medium and thymidine (2 mM) was added for a second
period (15 h). The extent of synchronization was controlled by
flow cytometric analysis of DNA. Transient transfections were
performed using FuGene6 (Roche, Lewes, East Sussex, U.K.).
Treatment of cells with the PKA (protein kinase A) inhibitor
H89 (Calbiochem, Bad Soden, Germany) or the PKA activators
forskolin and 8Br-cAMP (Calbiochem) are described in the Figure
legends.

Western blotting

A polyclonal serum to AurA (AurA-Pab36) was generated in two
rabbits (Clonestar, Brno, Czech Republic) using full-length AurA.
IgGs were purified by FPLC on a Protein A–Sepharose column
(Amersham Biosciences). The antibody to AurA phospho-Thr288

and CDC2 phospho-Tyr15 were purchased from Cell Signaling
Technology (Beverly, MA, U.S.A.). The antibodies to CDC2
and histone H3 phospho-Ser10 were from Upstate Biotechnology
(Lake Placid, NY, U.S.A.). Western-blot analysis was performed
after separation of proteins on polyacrylamide gels under denatur-
ing conditions. Proteins were transferred to PVDF membrane
(Amersham Biosciences), the membrane was probed with specific
antibodies and bands were revealed with the ECL® system
(Amersham Biosciences).

MS analysis

Aliquots corresponding to 10 µg of purified wt- and kd-
AurA were precipitated by the addition of 125 µg/ml sodium

deoxycholate and 10% (w/v) trichloroacetic acid [22]. Proteins
were dissolved in electrophoresis sample buffer (100 mM Tris/
HCl, pH 6.8, 100 mM DTT, 2%, w/v, SDS, 30% glycerol and
0.2% Bromophenol Blue) [23] and heated for 5 min at 95 ◦C.
Samples were alkylated with idoacetamide (55 mM) for 45 min
in the dark before subjecting them to SDS/PAGE. The gel was
stained with Coomassie Blue and bands corresponding to wt- or
kd-AurA were excised and digested with 1 µg of trypsin
(Promega) in 50 mM ammonium bicarbonate (pH 8.0) at 37 ◦C
for 16 h [24]. The resulting peptides were analysed by capillary
liquid chromatography tandem MS (LC-MS/MS) using a
Magic C18 100 µm × 10 cm HPLC column (Spectronex, Basel,
Switzerland) connected on line to an ion-trap Finnigan DecaXP
(ThermoFinnigan, San Jose, CA, U.S.A.). A linear gradient from 5
to 50% B [0.1% formic acid and 80% (v/v) acetonitrile in water]
in A (0.1 % formic acid and 2 % acetonitrile in water) in 60 min
was delivered with a Rheos 2000 HPLC system (Flux, Basel,
Switzerland) at 100 µl/min. A precolumn flow splitter reduced
the flow to approx. 300 nl/min and the peptides were manually
loaded with a 10 µl Hamilton syringe on a peptide cap-trap
(Michrom BioResources, Auburn, CA, U.S.A.) mounted in the
injection loop of the MS. The eluting peptides were ionized
by electrospray ionization, detected and the peptide ions were
automatically selected and fragmented by collision-induced
dissociation (MS/MS) in the ion-trap. Individual MS/MS spectra
were compared against the known protein sequence using
TurboSequest software [25]. Phosphorylated peptides were se-
quenced more than once.

Peptide synthesis

Solvents, resin and coupling reagents for peptide synthesis were
from Applied Biosystems (Foster City, CA, U.S.A.). All resins
and protected amino acids were purchased from Novabiochem
(Laufelfingen, Switzerland). HPLC grade solvents were obtained
from Merck (Darmstadt, Germany). Synthetic peptides were
prepared by solid-phase peptide synthesis using an automated
peptide synthesizer (model 431-A, Applied Biosystems). The
fluoren-9-ylmethoxycarbonyl (Fmoc) strategy was used through-
out the peptide chain assembly [26]. Wang resin (loading of
0.96 mmol/g) was used as solid support to obtain 0.1 mmol of each
peptide. A parallel synthesis of the peptide APSSRRTTLCGT
was also performed on the amino PEGA resin (Novabiochem)
using the same procedure described above in order to obtain a
permanently anchored peptide to be employed for direct Edman
sequencing analysis. Side-chain-protecting groups were tert-
butyloxycarbonyl for Lys and Trp, trytyl for Gln, Asn and Cys;
tert-butyl ester for Asp and Glu; tert-butyl ether for Ser, Tyr
and Thr; 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulphonyl
for Arg. Coupling was performed with a single reaction for
40–50 min by a 0.45 M solution in N,N-dimethylformamide
(DMF) of 2-(1-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU) and N-hydroxybenzotriazole
(HOBt) in the presence of N-ethyldi-isopropylamine (DIEA),
following the manufacturer’s instructions. Peptide cleavage was
usually performed by reacting the peptidyl-resins with trifluoro-
acetic acid/water/thioanisole/ethane dithiol/phenol (10 ml/0.5 ml/
0.5 ml/0.250 ml/750 mg) for 2–2.5 h. The peptides were pre-
cipitated with ice-cold ethyl ether and isolated by centrifug-
ation. Pellets were washed several times with ether, dissolved in
abundant water and freeze-dried. Purity was checked by analytical
reversed-phase HPLC on a 5 µm C18 Symmetry300 column,
4.6 × 250 mm (Waters, Milford, MA, U.S.A.) using a linear gradi-
ent of 5–40% acetonitrile in 0.1 % trifluoroacetic acid at
1 ml/min. The purity of the peptides was in the range of 85–95 %.

c© 2005 Biochemical Society



Aurora-A site specificity 295

The peptide AcFNRTSLPWQGLKAATKKQKY was purified by
a preparative reversed-phase HPLC column (Prep Nova-Pak HR
C18, 250 mm × 10 cm, 6 µm bead size; Waters) at 12 ml/min
using a linear gradient as described above. The molecular mass
of the peptide was confirmed by MS with direct infusion on a
Micromass ZMD-4000 mass spectrometer (Waters-Micromass,
Milford, MA, U.S.A.).

Edman sequencing

The peptide APSSRRTTLCGT, which was covalently bound
to the beads of the solid support employed during synthesis, was
phosphorylated under conditions described below and exhaus-
tively washed to eliminate excess ATP and other reagents. Subse-
quently, few beads bearing the radiolabelled peptide were loaded
on a Procise HT 491 protein sequencer (Applied Biosystems).
Modified cartridge chemistry cycle was used to isolate ATZ
amino acids, according to the manufacturer’s instructions. No-
flask cycle or HPLC gradient cycles were loaded. At every cycle
the removed ATZ amino acids were quantitatively transferred to
an external fraction collector connected to the ATZ port, using
90% (v/v) methanol and 10% water as solvent (S1). The col-
lected fractions (600 µl) were supplemented with 2 ml scintil-
lation cocktail and counted for 1 min in a liquid-scintillation
counter. The recovered/measured 33P radioactivity at every cycle
was plotted against the primary sequence of the peptide substrate.

Phosphorylation assay

Phosphorylation reactions were performed by incubating
the phosphorylatable protein or peptide substrate in 25 µl of
a medium containing 50 mM Tris/HCl (pH 8), 10 mM MgCl2,
1 mM DTT, 50 µM [γ -33P]ATP (specific radioactivity, 1–2 µCi/
nmol) and 6 ng of recombinant protein kinase AurA for 10 min at
37 ◦C. PKA activity was similarly assayed by incubating peptide
substrates in a solution containing 50 mM Tris/HCl (pH 7.5),
10 mM MgCl2, 10−6 M cAMP and 10–20 ng of PKA holoenzyme.
All activity assays were linear with respect to time and enzyme
concentration. The in vitro reactions shown in Figure 1 were
performed in the conditions described above with the exception
that [γ -32P]ATP (specific activity, 5–10 µCi/nmol) was used. The
phosphate incorporated into protein substrates was evaluated by
subjecting samples to SDS/PAGE, staining and autoradiography.
The radiolabelled peptides were isolated and quantified by a
procedure using phosphocellulose filters [27]. Km values were
calculated from Lineweaver–Burk double-reciprocal plots of the
data. The values obtained represent the mean of at least three
independent experiments.

Phosphoamino acid analysis

Aliquots of radiolabelled peptide substrates were subjected to
partial acid hydrolysis in 6 M HCl at 105 ◦C for 4 h followed by
high-voltage paper electrophoresis and corrections for hydrolytic
loss of pSer (48%) and pThr (14%) as described previously
[28]. The hydrolytic loss was not significantly influenced by the
structure of the peptide substrates.

RESULTS

Purification and characterization of human recombinant AurA

BL-21 cells were transformed with plasmids encoding either wt-
or kd-AurA as C-terminal fusion to the self-splicing protein intein.
AurA was purified to near-homogeneity in one single chromato-
graphic step (Figure 1A). Coomassie Blue stained bands cor-
responding to wt- and kd-AurA clearly displayed distinct electro-

Figure 1 Analysis and characterization of recombinant AurA

(A) The extent of AurA purification was examined by resolving an aliquot of the first chitin-column
fraction on an SDS/polyacrylamide gel. Aliquots derived from preparation of wt-AurA (lane 2)
or kd-AurA (lane 3) are shown. To appreciate the protein amount, the Coomassie Blue signal
given by 1 µg of BSA is shown in lane 1. (B) Aliquots of the same material were examined
by Western-blot analysis using purified antibody AurA-Pab36. Lane 1, wt-AurA; and lane 2,
kd-AurA. (C) Kinase activity of the purified fractions shown in (A) was assayed on histone H3,
as indicated in the Materials and methods section. Lane 1, blank; lane 2, wt-AurA; and lane 3,
kd-AurA. (D) Purified AurA was tested on a set of artificial substrates used at 0.1 mg/ml final
concentration and resolved on 15 % (w/v) Laemmli gel. Lane 1, blank; lane 2, PCNA; lane 3,
MBP; lane 4, histone H1; lane 5, histone H3; and lane 6, histone HIII-S (Lys-rich).

phoretic mobility. Western-blot analysis performed with a purified
AurA-Pab36 (Figure 1B), confirmed the identity of the protein
bands observed in the Coomassie Blue-stained gel. Wt-AurA
was capable of phosphorylating histone H3, whereas the kd-
form was completely inactive (Figure 1C). The specific activity of
the purified kinase was found to be 0.42 × 104 pmol · min−1 · mg−1

using histone H3 as substrate. Wt-AurA could also phosphorylate
MBP (myelin basic protein) with comparable efficiency to histone
H3, but was incapable of phosphorylating histone H1, a mixture
of Lys-rich histones or PCNA (proliferating-cell nuclear antigen;
Figure 1D).

Specificity determinants of AurA

Preliminary screening of AurA activity was performed towards
a wide spectrum of peptide substrates previously developed
to characterize the consensus of a variety of protein kinases,
including PKA, PKC, p90RSK, CDC2, DYRK1α (dual-specificity
tyrosine-phosphorylated and regulated kinase 1α), CK1 (casein
kinase 1), CK2 and Golgi casein kinase [27]. The results obtained
disclosed the basophilic nature of AurA, which proved inactive
towards peptide substrates of acidophilic and proline-directed
kinases (results not shown). Among the basic peptides readily
phosphorylated by AurA the best one was a slightly extended
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Table 1 Kinetic constants for AurA and PKA determined on a set of peptide substrates

Assays were performed in triplicate as indicated in the Materials and methods section; n.d., not determined due to undetectable phosphorylation. Residues whose displacement and/or substitution
are discussed are shown in boldface.

AurA PKA

Substrate K m (µM) K cat (s−1) Efficiency (K cat/K m) × 102 K m (µM) K cat (s−1) Efficiency (K cat/K m) × 102

1 ALRRASLGAA 263 5.50 2.09 60 2.3 3.94
2 ALARRSLGAA 200 0.39 0.19 1000 0.1 0.01
3 ARRAASLGAA 222 0.39 0.19 500 0.4 0.08
4 RRAAASLGAA 500 0.29 0.05 n.d. n.d. –
5 ALKKASLGAA n.d. n.d. – n.d. n.d. –
6 ALKRASLGAA 357 1.11 0.31 n.d. n.d. –
7 ALRKASLGAA 1000 0.27 0.02 294 1.3 0.44
8 ALRRASIGAA 370 5.36 1.45 44 2.1 4.77
9 ALRRASFGAA 555 5.56 1.00 76 2.7 3.55

10 ALRRASRGAA 1084 3.38 0.31 322 6.9 2.14
11 ALRRAStBuGlyGAA 714 3.82 0.53 48 2.0 4.16
12 ALRRASAGAA 430 0.32 0.07 53 1.3 2.45
13 ALRRASPGAA n.d. n.d. – n.d. n.d. –
14 ALRRATLGAA 5000 5.18 0.10 526 1.4 0.26
15 ALRRAYLGAA n.d. n.d. – n.d. n.d. –
16 AcFNRTSLPWQGLKAATKKQKY 868 1.23 0.14 n.d. n.d. –
17 NKRRRSVTPPE 1010 1.91 0.18 41 1.22 2.97
18 NKRRRSPTPPE n.d. n.d. – n.d. n.d. –
19 Histone H3 10 0.35 3.50 n.d. n.d. –

version of the so-called Kemptide, ALRRASLGAA, a typical
substrate of PKA as well as of several other basophilic pro-
tein kinases. This peptide was in fact phosphorylated by AurA
with kinetic constants comparable with those of PKA (Table 1,
peptide 1). Phosphorylation of Kemptide by PKA, as well as
by a number of other basophilic protein kinases, is specified by
the two arginine residues at positions n − 2 and n − 3. This was
also the case of AurA, as shown by the detrimental effect of
replacing both arginine residues with lysines (compare peptide 1
with peptide 5) and of transposing them to positions n − 4/n − 5
(peptide 4). Although both these modifications also abrogated
phosphorylation by PKA, other substitutions disclosed significant
differences between the sequence specificities of AurA and PKA.
Of special interest in this respect is the effect of replacing the
hydrophobic residue at position n + 1 (Leu): substitution of this
single residue with Ala (peptide 12) caused an approx. 30-
fold reduction in phosphorylation efficiency by AurA. This was
mostly accounted for by a significant decrease in Kcat, whereas
its effect on PKA-catalysed phosphorylation was modest, entirely
accounted for by just a 2-fold decrease in Kcat. This suggested
that, in the case of AurA, a hydrophobic residue at position n + 1
is a specificity determinant almost as powerful as the Arg-Arg
doublet at positions n − 2/n − 3. To corroborate this conclusion,
we introduced additional substitutions of Leu at n + 1. The data
showed that Ile and Phe, unlike Ala, were still compatible with
high phosphorylation efficiency. However, whereas the n + 1
substitution to Arg was relatively deleterious on both Km and
Kcat in the case of AurA, it almost tripled the Kcat with PKA.
The latter was also insensitive to the replacement of the n + 1
Leu with the artificial bulky apolar residue of tert-butyl-glycine,
which in contrast hampered phosphorylation by AurA. It is worth
noting that a Pro residue at position n + 1 (peptide 13) completely
abrogated phosphorylation by AurA as well as by PKA. The
special relevance of a hydrophobic determinant at position n + 1 in
AurA peptide substrates may also explain why peptide 4, in which
n − 2 and n − 3 are occupied by Ala while Leu is still present at
n + 1, was no more a substrate for PKA but was still significantly
phosphorylated by AurA. The efficiency of phosphorylation of

peptide 4 by AurA was comparable with that of peptide 12: in the
latter, the Arg-Arg doublet was still at its optimal position but
the Leu at n + 1 was replaced by Ala.

Also remarkable was the different response of AurA and PKA to
the individual substitution of the two crucial arginine residues with
lysines: AurA tolerated much better the substitution at position
n − 3, the one at position n − 2 being hardly compatible with de-
tectable phosphorylation (compare peptides 6 and 7). The opposite
applied to PKA, which still appreciably phosphorylated the Arg-
Lys peptide while failing to phosphorylate the Lys-Arg peptide
(peptide 6). Consequently, the latter may represent a promising
lead for the development of specific substrates to selectively
monitor AurA. In the same vein, it is worth remarking that AurA
phosphorylated fairly efficiently a peptide encompassing the
213–232 sequence of CK1 (AcFNRTSLPWQGLKAATKKQKY)
(peptide 16). This peptide, which was phosphorylated by AurA
at a single Ser residue flanked by an Arg at n − 2 and an Asn at
n − 3 (motif: NRxSL), was instead unaffected by PKA.

To sum up, it can be concluded that the consensus sequence
of AurA conforms to the motif R/K/N-R-X-S/T-B, where B
stands for any hydrophobic residue except Pro. The relevance
of the hydrophobic in n + 1 is comparable with that of the Arg at
position n − 2. Not surprisingly therefore, a peptide reproducing
the segment around CDC25B Ser353, recently identified as an
AurA target [29], in which both crucial determinants are present
(peptide 17 in Table 1) was readily phosphorylated by AurA
with favourable kinetic constants. Interestingly, also in this case
phosphorylation was abrogated if the Val at position n + 1 is
replaced by Pro (see peptides 17 and 18 in Table 1).

Identification of the residues phosphorylated in bacterially
expressed AurA

Activation of AurA is associated with phosphorylation at the
T-loop Thr288 [30]. In order to examine whether the human
recombinant AurA that we expressed in E. coli was phosphory-
lated, we submitted wt- and kd-AurA to LC-MS/MS analysis.
Among the approx. 100 tryptic peptides that were analysed,
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Table 2 Identification of the sites of phosphorylation in AurA

Tryptic peptides derived from digestion of human recombinant wt-AurA were analysed by MS/MS.
The sites of phosphorylation identified in phosphopeptides present among the peptides detected
are indicated.

Sequence Residues Phosphorylated residue

SKENCISGPVK 4–14 Ser10

SKENCISGPVKATAPVGGPK 4–23 Thr16

RVLVTQQFPCQNPLPVNSGQAQR 24–46 Ser41

VLCPSNSSQR 47–56 Ser53 or Ser54

LVSSHKPVQNQK 64–75 Ser67

QLQATSVPHPVSR 78–90 Ser83

SKQPLPSAPENNPEEELASK 98–117 Ser98

SKQPLPSAPENNPEEELASK 98–117 Ser104

GKFGNVYLAR 142–151 Tyr148

ELQKLSKFDEQR 221–232 Ser226

DIKPENLLLGSAGELK 256–271 Ser266

IADFGWSVHAPSSR 272–285 Ser278

RTTLCGTLDYLPPEMIEGR 286–304 Thr287

RTTLCGTLDYLPPEMIEGR 286–304 Thr288

RISRVEFTFPDFVTEGAR 340–357 Ser342

EVLEHPWITANSSKPSNCQNK 376–396 Ser391

resulting in coverage of 70–80% of the protein sequence, we
could identify 14 phosphopeptides in wt-AurA, accounting for a
total of 15 phosphorylation sites (Table 2). No phosphopeptide
could be detected in kd-AurA, consistent with the view that
all the phosphates were incorporated through an autocatalytic
mechanism. Figure 2 shows the MS/MS spectra of two representa-
tive phosphopeptides with the assignment of the respective sites
of phosphorylation. Somewhat surprisingly, only one among all
sites identified (i.e. Thr 288 in the activation loop) fully conforms
to the consensus outlined above, whereas another residue, Ser342,
partially matches it for displaying the K-R-X-S motif. Particularly
striking was the identification of Tyr148 among the phosphorylation
sites present in the recombinant kinase, which flatly contradicts
the failure of AurA to phosphorylate its optimal peptide substrate
with Ser replaced by Tyr (Table 1, peptide 15).

AurA specifically phosphorylated Thr288 within a synthetic peptide
derived from its activation loop

MS analysis disclosed up to 15 residues phosphorylated in
bacterially expressed AurA with only a couple of them displaying
the motif R/K-R-X-S/T. This finding prompted us to synthesize
peptides reproducing some of these sites to assess the significance
of their phosphorylation. One such peptide encompassed the 281–
292 sequence. This included the only phosphorylated residue
(Thr288) conforming to the optimal R-R-X-S/T-B consensus,
along with another site found phosphorylated in recombinant
AurA (Thr287) and three potential phosphoacceptor residues. Two
additional peptides were synthesized in order to reproduce the
segments 36–45 and 78–87. These included the phosphorylated
residues Ser41 and Ser83, neither of which conformed to the AurA
consensus, although the latter displayed the hydrophobic de-
terminant at position n + 1. As shown in Figure 3, only the
281–292 peptide was phosphorylated by AurA, whereas the other
two peptides were totally unaffected. Upon phosphorylation by
AurA, the 281–292 peptide was subjected to automated-Edman
degradation to localize the phosphorylated residue(s). The data
shown in Figure 4 provide the unambiguous demonstration that
the only residue phosphorylated in this peptide was Thr288, while
no detectable amount of radiolabelled phosphate was released

from Ser283, Ser284, Thr287 or Thr292. The Thr288 homologue in
Xenopus AurA (Thr295) was found to be almost 100 % phosphory-
lated upon expression of the recombinant kinase in E. coli
[11]. Interestingly, Thr288 is the structural homologue of PKA
Thr297, a crucial residue the phosphorylation of which is a prere-
quisite for the activation of PKA as well as a number of other
‘Arg-Asp’ protein kinases [31,32]. As for AurA (Figure 1A),
autophosphorylation of bacterially expressed PKA at Thr297 was
reported to cause retarded migration of the protein in SDS/PAGE
[33]. To confirm our findings on the mechanism of AurA auto-
phosphorylation, we examined the ability of active AurA to
phosphorylate Thr288 in full-length kd-AurA in vitro. Incubation of
catalytic amounts of wt-AurA with kd-AurA resulted in evident
phosphorylation of the latter as shown by incorporation of 32P
(Figure 5B) as well as by reactivity to an antibody directed to
phospho-Thr288 (Figure 5A).

In vivo phosphorylation of AurA at Thr288 occurs in a
PKA-independent manner

Given the results described above, we set out to assess the claim
that PKA might be responsible for AurA phosphorylation at Thr288

in vivo [30]. To this end, HeLa cells were synchronized by double-
thymidine block-release and treated with nocodazole to prevent
cells to move beyond mitosis. The degree of cell synchronization
was controlled by flow cytometric analysis of DNA (Figure 5C)
and phosphorylation of the mitotic marker histone H3 (Figure 5D).
The PKA inhibitor H89 or either one of the two PKA activators
forskolin and 8Br-cAMP was added at 8 h post-release and cells
were analysed at 10 h. In synchronized cells, AurA protein level
resulted to be low at G1/S and high at G2/M, as described in the
literature [5]. Mitotic phosphorylation of AurA at Thr288 could
be detected in control cells as well as in cells treated with the
PKA inhibitor H89 (Figure 5D, lanes 2 and 3). The slightly lower
level of Thr288 phosphorylation observed in cells that were treated
with PKA activators (Figure 5D, lanes 4 and 5) was paralleled
by a decrease rate of mitotic entry in this setting. This was
visually estimated from the lower number of rounded-up cells
(∼30% in treated versus ∼70% in control cells) and by the lower
extent of histone H3 phosphorylation in cells treated with PKA
activators (Figure 5D, lanes 4 and 5). To extend this observation
we employed HEK-293T cells, which are amenable to transient
expression studies and display a slightly shorter cell cycle than
HeLa. Double-thymidine synchronized HEK-293T cells were
transfected with kd-AurA between the two blocks and treated with
nocodazole after release from the second block. H89, forskolin or
8Br-cAMP was added 5 h post-release and cells were examined at
8 h. The extent of Thr288 phosphorylation in Myc-tagged kd-AurA
appeared to increase with progression to mitosis (Figure 5E). This
was not surprising, as it probably resulted from an intermolecular
autophosphorylation reaction catalysed by endogenous AurA,
similar to the one observed in vitro (Figures 5A and 5B). As
for HeLa, HEK-293T cells showed no change in the pattern of
Thr288 phosphorylation upon treatment with the PKA inhibitor
H89 (Figure 5E, lane 3). The PKA activators forskolin or 8Br-
cAMP resulted in a pattern of delayed entry into mitosis, although
less pronounced compared with HeLa cells, and a proportional
decrease of Thr288 phosphorylation (Figure 5E, lanes 4 and 5).

DISCUSSION

Mitosis is a highly regulated process during which sister
chromatids are segregated into two newly formed cells [34].
Errors in this process may lead to aneuploidy and facilitate the

c© 2005 Biochemical Society



298 S. Ferrari and others

Figure 2 MS/MS spectra of two tryptic phosphopeptides identified by TurboSequest

(A) MS/MS spectrum of m/z 1260.9. The major fragment generated by neutral loss of H3PO4, indicative of phosphorylation, is marked [M + 2H-H3PO4]2+. The y- ( ) and b-fragments ( ) detected
upon collision-induced fragmentation are indicated in the sequence. The ions y6, y7 and b14 show that phosphorylation is located in the C-terminal part of the peptide allowing assignment of
phosphorylation to the indicated Ser (Sp). (B) MS/MS spectrum of m/z 1192.9. The neutral losses of 1 × H3PO4 and 2 × H3PO4, marked as [M + 2H − H3PO4]2+ and [M + 2H − 2(H3PO4)]2+

respectively indicate two phosphorylation sites in this peptide. The ions y14–y16 and b4 and b5 allowed location of the sites of phosphorylation to the N-terminus of the peptide, with the two indicated
Thr (Tp) assigned as phosphorylation sites.

onset of cancer [35]. Central to the correct execution of mitosis
is the protein kinase CDC2, although a number of studies have
pointed to the essential auxiliary role played by Polo-like, NIMA
(never in mitosis in Aspergillus nidulans)-related and Aurora-
related kinases [34,36]. Despite the growing evidence on the
importance of AurA in mitosis, clarification of its exact role
requires the identification of physiological substrates and, in turn,
of downstream pathways triggered by the kinase. One way to
address this issue is to define the specificity determinants for
recognition and phosphorylation of substrates by the kinase. In the
present study, we have taken such an approach by testing human

recombinant AurA on a set of peptide substrates appropriately
designed to elucidate its site specificity.

A library of peptide substrates previously developed to assay
a wide variety of protein kinases was used for a preliminary
inspection of the site specificity of AurA. Once ascertained that
only basic peptides were appreciably phosphorylated by AurA,
we set out to precisely define the local structural determinants re-
cognized by AurA. To this end, we synthesized a number
of derivatives of an extended version of the ‘Kemptide’
(ALRRRASLGAA), which was taken as representative of the best
substrate for AurA. From this analysis, it appeared that an Arg at
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Figure 3 Phosphorylation of peptides reproducing AurA autophosphoryla-
tion sites

Synthetic peptides spanning residues 36–45, 78–87 and 281–292 of human AurA were subjected
to in vitro phosphorylation with purified recombinant AurA. The K m and K cat values calculated
for the optimal peptide substrate are indicated.

Figure 4 Identification of the phosphoacceptor residue within the peptide
281–292 of AurA

The synthetic peptide spanning residues 281–292 was subjected to in vitro phosphorylation
with purified recombinant AurA followed by purification of the peptide and automated Edman
degradation. Release of phosphate at each cycle of Edman degradation was quantified by liquid
scintillation. The signal obtained at cycle 1 was probably due to the fact that phosphorylation
was performed using the peptide substrate covalently bound to the beads of the solid support
employed during synthesis (see the Materials and methods section). Release of non-specifically
bound phosphate may have occurred at the first cycle of Edman degradation.

position n − 2 and a hydrophobic residue at position n + 1, relative
to the phosphorylatable residue, are of crucial importance to
determine site recognition by AurA. The resulting consensus
sequence was R/K/N-R-X-S/T-B, where B stands for any
hydrophobic residue, with the notable exception of Pro (see
below). The sequence recognized by human AurA appeared to
be similar to the putative consensus reported for yeast Ipl1,
which was deduced on the basis of the sequence flanking sites
phosphorylated by Ipl1 in a set of kinetochore proteins [37].
Although mammalian AurB is believed to be the functional
homologue of yeast Ipl1, it is likely that, given the high conser-
vation of the catalytic domains, the specificity of Aurora family
members be similar. In the present study, we found that AurA

Figure 5 Effect of PKA inhibitors or activators on the in vivo phosphorylation
of AurA Thr288

In vitro phosphorylation reactions were performed using human recombinant wt-AurA (24 ng)
incubated alone (lane 1) or in the presence of kd-AurA (750 ng, lane 2) under conditions
described in the Materials and methods section. Reactions were performed using non-labelled
ATP (A) or [γ -32P]ATP (B). Aliquots of the reactions were resolved by SDS/PAGE and bands
were either directly detected by autoradiography (B) or by Western-blot analysis using antibodies
specific to AurA and to phosphorylated Thr288 (A). The upper and middle insets in (A) are different
exposures of the same PVDF membrane that allow to appreciate the ratio of wt- and kd-AurA
employed in the assay. (C) Flow cytometric analysis of double-thymidine synchronized (G1/S,
panel 1) and nocodazole-treated (G2/M, panel 2) HeLa cells. (D) G1/S synchronized HeLa cells
(lane 1) were treated with nocodazole (0.4 ng/ml) 1 h after release from the second thymidine
block (lanes 2–5). H89 (0.5 µM, lane 3), forskolin (20 µM, lane 4) or 8Br-cAMP (1 mM,
lane 5) was added at 6 h and cells were harvested at 10 h post-release. AurA expression and
phosphorylation at Thr288 as well as histone H3 phosphorylation were detected using antibodies
described in the Materials and methods section. CDC2 was used as loading control. (E) G1/S
synchronized HEK-293T cells (lane 1) transfected with Myc-tagged kd-AurA were treated with
nocodazole (0.4 ng/ml) 1 h after release (lanes 2–5). H89 (0.5 µM, lane 3), forskolin (20 µM,
lane 4) or 8Br-cAMP were added at 5 h, cells were harvested at 8 h post-release and analysed
as described in (D).

shared with PKA, as well as with many other basophilic Ser/Thr
protein kinases, the absolute requirement for an Arg at position
n − 2. However, whereas AurA displayed a stringent requirement
for a hydrophobic residue at n + 1, this seemed to be much
less important for PKA. Additionally, AurA showed a wider
tolerance of the nature of the n − 3 residue, with a Lys or
even an Asn, albeit in a peptide unrelated to the Kemptide
(peptide 16, Table 1), fulfilling the criteria for phosphorylation.
In contrast, PKA showed a stringent requirement for Arg at
n − 3. The inspection of PKA and AurA structures may provide
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Table 3 Residues of AurA corresponding to the amino acids implicated in
p + 1, p − 2 and p − 3 recognition sites of PKA [38]

Recognition site AurA PKA

p + 1 Leu289 Leu198

Leu293 Pro202

Leu296 Leu205

p − 2 Glu260 Glu170

Asp294 Glu203

Glu321 Glu230

p − 3 Thr217 Glu127

– Asp329

– Glu331

a partial explanation for their different site specificity. Whereas
in fact all three acidic residues interacting with the Arg n − 2 in
the PKA/pseudosubstrate peptide complex [38] are conserved
in AurA (Table 3), the corresponding three acidic residues in
PKA that recognize the n − 3 Arg are either absent from AurA,
due to its shorter C-terminal domain, or replaced by a Thr (Thr217

instead of Glu127). Moreover, the hydrophobic pocket of the p + 1
loop of PKA, which is formed by Leu198, Pro202 and Leu205

and functions by accommodating the side chain of the n + 1
residue of the substrate, is conserved but more hydrophobic in
AurA, with Pro202 replaced by a third Leu. This may account
for the more stringent requirement of AurA for a hydrophobic
determinant at n + 1. Apart from the rationale underlying the
different consensus of AurA and PKA, our results indicated that
the peculiar requirement of AurA could be exploited for the
development of specific peptide substrates to be used for moni-
toring AurA kinase activity. Such peptides will be unaffected or
marginally affected by PKA and possibly other basophilic protein
kinases. Two representative examples are peptides 6 and 16 of
Table 1: neither of them was phosphorylated by PKA, while they
proved to be fairly good substrates for AurA by virtue of their
K/N-R-X-S-L motif. The performance of these peptides could
be further improved by modifications aimed at optimizing their
phosphoacceptor properties without loosing specificity. Useful
hints may come from screening a peptide library where the Z-K-
R-X-S-L-Z′ scaffold is maintained invariant while the X, Z and
Z′ residues are randomly modified.

The AurA consensus, which was deduced from the analysis
of Kemptide derivatives, was further validated by a parallel ap-
proach based on peptides encompassing sites that we found
phosphorylated in the bacterially expressed kinase. MS analysis
showed that the 15 sites present in human recombinant AurA (see
Table 2) largely coincided with the 10 phosphorylated residues
identified in the Xenopus kinase [11]. Especially relevant was
Thr288, the homologue of Thr197 in PKA. In both kinases the latter is
located in the activation loop, also defined as the T-loop after PKA
Thr197. Phosphorylation of a residue in the activation loop has been
reported to occur in a number of kinases and was shown to cause
conformational changes that facilitate enzymatic activation [32].
A mechanistic explanation of the role of T-loop phosphorylation
was provided by structural studies on the so-called ‘Arg-Asp’
kinases, in which an Arg adjacent to the catalytic Asp is believed
to hamper catalysis unless it is neutralized by interaction with
the phosphorylated residue of the activation loop [39]. AurA also
contains an ‘Arg-Asp’ motif (residues 255–256) in the catalytic
loop and the T-loop Thr288 is extensively phosphorylated in the
bacterially expressed protein (the present study and [11]). This
is consistent with an autocatalytic reaction and it has a rational

explanation in the AurA consensus defined in the present study.
The definite demonstration that Thr288 phosphorylation by AurA
is driven by its consensus was provided by analysis of a peptide
encompassing the 281–292 segment of AurA activation loop.
This peptide was readily phosphorylated by AurA (Figure 3),
but, more importantly, phosphorylation occurred at the only site
(Thr288) fulfilling the consensus for AurA among five potential
phosphoacceptor residues present in the peptide (Figure 4).
The ability of AurA to autophosphorylate at Thr288 was further
confirmed using full-length kd-AurA as substrate for catalytically
active AurA (Figures 5A and 5B). The finding that AurA could
efficiently autophosphorylate at Thr288 questions the claim that
PKA might be responsible for the phosphorylation of this site
[30], particularly in view of the fact that cAMP level and, in turn,
PKA activity decrease at the onset of mitosis [40]. Our results
showing that in vivo phosphorylation at Thr288 was not affected
by the PKA inhibitor H89 or the PKA activators forskolin and
8Br-cAMP, confirmed the doubts on the involvement of PKA in
the process of AurA activation.

Another site displaying AurA consensus is Ser342. Phosphory-
lation at Ser349 in Xenopus AurA (Ser342 in the human protein)
was reported to be an autocatalytic event, which was apparently
triggered by GSK3-mediated phosphorylation of two serine
residues located at n − 4 with respect to the T-loop residues Thr290

and Thr291 (Thr287 and Thr288 in human AurA). Autophosphory-
lation at Ser349 was claimed to result in the inhibition of Xenopus
AurA activity [13]. Nonetheless, both human (the present study)
and Xenopus AurA [11] were found to be fully phosphorylated at
Ser342 and Ser349 respectively and, despite this, to be highly active
kinases. It is also interesting to note that Thr287 and several other
residues that do not fulfil the consensus for AurA were found to be
phosphorylated in bacterially expressed AurA, albeit to an extent
lower than what was observed for Thr288 ([11] and the present
study, results not shown). Phosphorylation at these sites was
probably an artifact due to the conditions of bacterial expression,
where protein kinases reach abnormally high concentrations that
are never observed under physiological conditions. This, in turn,
could favour the reversible formation of aggregates where mis-
phosphorylation of exposed residues would occur irrespective
of their location in consensus sequences. A situation similar
to what we observed with AurA has been reported for other
protein kinases. Notably, bacterial expression of the recombinant
catalytic subunit of PKA resulted in phosphorylation at Thr197

and at several other residues that, contrary to Thr197, do not
conform to the PKA consensus sequence [33]. The fact that some
of the phosphorylation sites identified in bacterially expressed
AurA may be the result of unspecific events is also supported
by two observations: first, synthetic peptides reproducing two of
the sites found in the bacterially expressed kinase and lacking
consensus for AurA proved totally refractory to phosphorylation
by AurA (Figure 3); secondly, one of the phosphosites identified
in both human (the present study) and Xenopus AurA [11] was
Tyr148. Nonetheless, replacement of Ser with Tyr in the synthetic
peptide displaying the optimal consensus for AurA resulted in
undetectable phosphorylation of this peptide (Table 1).

Another interesting point emerging from our screening is the
importance of the nature of the n + 1 residue in the peptide
substrate: a Pro at this position entirely abrogated phosphorylation
by AurA. Such an absolute lack of recognition of the S/T-P
motif, which is common to other Ser/Thr protein kinases [41],
may reflect a device that is in place in the cell to control the
onset of mitosis: by allowing synchronization of activity without
overlapping of function with proline-directed kinases, AurA and
CDC2 can regulate independent processes during the progression
to and the execution of mitosis. Incidentally, the intolerance for a
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Pro at n + 1, in conjunction with lack of any residual consensus for
AurA around Ser315 in p53 (TSSSS315PQP), would argue against
the possibility that this site might be efficiently phosphorylated
by AurA. A synthetic peptide including Ser315 (residues 309–321)
was entirely unaffected by AurA in vitro (results not shown).
On the other hand, the finding that Ser315 is phosphorylated in
full-length p53, although less readily than Ser215 [42], supports
the view that sometimes higher-order structural features may
enable AurA to phosphorylate residues that do not display the
consensus sequence. In sharp contrast, Ser353 in CDC25B, which
is embedded in the sequence RRRS353V and which was recently
reported to be a target of AurA [29], perfectly fits in with the
consensus outlined with our peptide substrates.

It should be borne in mind in this connection that, although
the substrate’s primary sequence around target sites is of key
importance to determine phosphorylation, this is likely to be
one of the requirements for substrate recognition by protein
kinases, which is also contributed by higher-order structures,
supra-molecular association, compartmentalization etc. Pertinent
to this remark is the case of histone H3, a putative target of AurA
[19]: although histone H3 was phosphorylated much more slowly
than several peptide substrates, it displayed a Km value (10 µM)
that was 26-fold lower than that of the optimal peptide substrate
(Table 1). Despite this, however, the use of peptide substrates
remains an excellent choice to determine the optimal consensus
for protein kinases, and definition of such a consensus, in turn,
facilitates the prediction of potential sites of phosphorylation in
physiological substrates.
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