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Phosphorylation at a highly conserved serine residue (Ser-10) in the histone H3 tail is considered to be a
crucial event for the onset of mitosis. This modification appears early in the G2 phase within pericentromeric
heterochromatin and spreads in an ordered fashion coincident with mitotic chromosome condensation. Mu-
tation of Ser-10 is essential in Tetrahymena, since it results in abnormal chromosome segregation and extensive
chromosome loss during mitosis and meiosis, establishing a strong link between signaling and chromosome
dynamics. Although mitotic H3 phosphorylation has been long recognized, the transduction routes and the
identity of the protein kinases involved have been elusive. Here we show that the expression of Aurora-A and
Aurora-B, two kinases of the Aurora/AIK family, is tightly coordinated with H3 phosphorylation during the
G2/M transition. During the G2 phase, the Aurora-A kinase is coexpressed while the Aurora-B kinase colo-
calizes with phosphorylated histone H3. At prophase and metaphase, Aurora-A is highly localized in the
centrosomic region and in the spindle poles while Aurora-B is present in the centromeric region concurrent
with H3 phosphorylation, to then translocate by cytokinesis to the midbody region. Both Aurora-A and
Aurora-B proteins physically interact with the H3 tail and efficiently phosphorylate Ser10 both in vitro and in
vivo, even if Aurora-A appears to be a better H3 kinase than Aurora-B. Since Aurora-A and Aurora-B are
known to be overexpressed in a variety of human cancers, our findings provide an attractive link between cell
transformation, chromatin modifications and a specific kinase system.

A critical process in cell division concerns the dynamic chro-
mosomal restructuring that is necessary for the proper trans-
mission of parental genetic information to the two daughter
cells (39). Although the molecular steps implicated in chromo-
some dynamics are essential, the intracellular signaling path-
ways governing them are only poorly understood. During G2

interphase to M phase, the relaxed interphase chromatin is
converted into mitotic condensed chromosomes, a process
likely to be essential for the subsequent nuclear division (27).
The transition between the condensed and relaxed states of
chromatin has been correlated with a number of posttransla-
tional modifications of the histone molecules, including phos-
phorylation, acetylation, and methylation (7, 25, 29, 53).

Phosphorylation of histones H1 and H3 has been linked with
mitotic chromatin condensation. H1 hyperphosphorylation is
temporally associated with entry into mitosis and depends on
Cdc2 kinase activity (5, 34). Recent studies, however, have
revealed that chromatin condensation can occur without H1
hyperphosphorylation (2, 21) or even without H1 itself (40, 41,

52). Therefore, the biological significance of mitotic H1 hyper-
phosphorylation remains undefined.

Histone H3 is phosphorylated during mitosis on at least two
serine residues, Ser-10 (22, 42, 59) and Ser-28 (19). Phosphor-
ylation at Ser-10 begins in early G2 in the pericentromeric
heterochromatin of each chromosome (26) and by metaphase
has spread throughout all chromosomes, while phosphoryla-
tion on Ser-28 starts to be evident only in early mitosis. The
different timing of Ser-10 and Ser-28 phosphorylation events
suggests that diverse signaling routes are utilized for the two
sites. Mitotic H3 phosphorylation at Ser-10 is required for
proper execution of mitosis in Tetrahymena (26, 58–60),
whereas Saccharomyces cerevisiae strains bearing Ser-to-Ala
mutations at positions 10 and/or 28 in the H3 tail have no
apparent mitotic defects (28). This may indicate redundancy
with modifications on other histones in some specific systems
versus others. Moreover, phosphorylation on H3 Ser-10 ap-
pears to be involved in the initiation, but not the maintenance,
of mammalian chromosome condensation (58). Additional ev-
idence indicates that the N-terminal tail of histone H3 is able
to stably bind its mitotic kinase, inhibiting chromatin conden-
sation in an in vitro system (11). In this study an H3 kinase
activity could be sequestered in vitro by nucleosome complexes
in peptide competition experiments.

Recently, members of the Aurora kinase family have been
shown to be involved in mitotic phosphorylation of histone H3
at Ser-10 both in yeast and nematodes (28). While yeast cells
contain only one protein of the family, Ipl1 (17), two Aurora-
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like kinases are present in Drosophila (17, 43) and Caenorhab-
ditis elegans (47, 48) and at least three are present in mammals
(3, 18, 31–33, 50, 56). We will refer to the mammalian kinases
as Aurora-A, Aurora-B, and Aurora-C, as recently suggested
(38). The three mammalian kinases have 67 to 76% homology
in their catalytic domain and are expressed in a cell cycle-
regulated fashion with a peak of expression at the G2/M phase
transition (3, 32, 56). The kinase activity of the Aurora-A
subfamily peaks in G2 and in prophase, prior to the full acti-
vation of Aurora-B and before the maximal activation of
p34cdc2 (3). Importantly, members of this family are overex-
pressed in a variety of cancers, underscoring the pivotal role
that Aurora kinases play in governing cell proliferation (3, 54,
55, 62).

Studies on the intracellular localization of Aurora kinases in
mitotic cells have suggested association with mitotic structures
(4), in keeping with their distinct subcellular localization: Au-
rora-A has been found at the centrosomes of interphase cells
and at the spindle poles of metaphase cells (3, 18, 31), Auro-
ra-B has been found at the midbody of anaphase cells and at
the post-mitotic bridge of telophase cells (3, 56), while Auro-
ra-C appears to be localized to the centrosomes of anaphase
cells (32). Increasing evidence points to a potential central role
of Aurora-A and Aurora-B in the correct execution of the
mitotic program. In particular, the Aurora-A-type enzymes
appear to be required to maintain the separation of centro-
somes to give normal bipolar spindle structure, as shown ge-
netically in Drosophila (17) and also biochemically in Xenopus,
where the corresponding pEg2 kinase is efficiently inhibited by
specific antibodies or inactive mutants (16, 44). In contrast,
RNA interference (RNAi) experiments with Aurora-A in C.
elegans show no prevention of centrosome seperation, al-
though both spindle formation and centrosomal morphology
were abnormal (47).

The Aurora-B kinases, on the other hand, appear to be
required for cytokinesis, as indicated by ectopic expression of
an inactive kinase mutant in cultured mammalian cells (55, 56).
An effect on cytokinesis has also been reported by blocking the
function for the C. elegans B-type enzyme, Air-2 (30, 48, 51).

The role of Aurora kinases in phosphorylating H3 has also
been explored. RNAi experiments with Drosophila and C. el-
egans indicate that targeting Aurora-B causes a reduction of
histone H3 phosphorylation during mitosis (15, 28) whereas, at
least in C. elegans, Aurora-A does not appear to be implicated
(28). The situation is less clear in Xenopus, where both Auro-
ra-A (49) and Aurora-B (37) were identified as potential his-
tone H3 mitotic kinases. Thus, although a role for Aurora-B in
mitotic H3 phosphorylation seems to be conserved throughout
metazoans, it is not clear whether Aurora-B directly phosphor-
ylates histone H3. Indeed, Aurora-B could be associated with
a distinct mitotic chromosomal kinase or, once localized at the
centromere, could regulate the activity of other kinases posi-
tioned along the chromosome arms. Another open question is
whether Aurora-B acts alone or in concert with other kinases,
such as Aurora-A.

We have investigated the spatio-temporal expression of Au-
rora-A and Aurora-B during the mitotic cell cycle of mamma-
lian cells. The two kinases have a mutually exclusive localiza-
tion: while Aurora-A is present in the centrosomes, Aurora-B
colocalizes with the phosphorylated form of histone H3. Both

kinases bind the H3 N-terminal tail, and both phosphorylate
Ser-10 in vitro and in vivo. Our results favour a scenario where
a dynamic relocalization of Aurora kinases dictates the signal-
ing specificity at distinct mitotic checkpoints.

MATERIALS AND METHODS

Cell culture and synchronization. NIH 3T3 mouse fibroblasts, HeLa human
cervical adenocarcinoma cells, and HEK293 human embryonic kidney cells were
cultured as recommended by the American Type Culture Collection (Rockville,
Md.). HEK293 cells were transfected in 10-cm plates with 10 �g of the indicated
plasmid by the calcium phosphate coprecipitation method (20). For synchroni-
zation studies, HeLa and NIH 3T3 cells were plated at 80% confluence and after
4 to 6 h were blocked at the G1/S boundary by exposure to 2 mM thymidine
(Sigma) for 14 h. The plates were then washed three times with a 1� phosphate-
buffered saline solution, and normal growth medium was added. After 11 h, 2
mM thymidine was added for an additional 14 to 16 h. The plates were then
washed three times with 1� phosphate-buffered saline, and normal growth me-
dium was added. This time point, corresponding to the G1/S transition, was
designated time zero.

Antibodies and plasmids. cDNAs corresponding to the human Aurora kinases
(Aurora-A [accession no. AF008551.1], Aurora-B [accession no. AF0085.5], and
Aurora-C [accession no. AF054621.1]) were PCR amplified from a HeLa cells
cDNA library and cloned in the expression vectors pCS2myc (45) and pET-28
(Novagen). The mutations in Aurora-A (D274N in the putative catalytic do-
main), Aurora-B (K106R in the putative ATP-binding site), and Aurora-C
(D184N in the putative catalytic domain) were generated using the Quikchange
site-directed mutagenesis kit (Stratagene). The antibodies used in the present
study were rabbit anti-P.H3 (Upstate Biotechnology), mouse anti-P.H3 (New
England Biolabs), anti-myc (E910 mouse monoclonal antibody) (Transduction
Laboratories), anti-IAK1 (mouse Aurora-A; referred to in the figures as Auro-
ra-A) (Transduction Laboratories). The polyclonal anti-Aurora-B/Nter anti-Au-
rora-B/Cter antibodies were generated in our laboratory by immunizing rabbits
with keyhole limpet hemocyanin-coupled peptides corresponding to a N-termi-
nal sequence (amino acids [aa] 1 to 17) or to a C-terminal sequence (aa 332 to
344) of the human Aurora-B protein.

In-gel kinase assays. HeLa cells from different stages of the cell cycle were
lysed directly in 0.5 ml of 1� Laemmli buffer (total extract) or in 1 ml of kinase
lysis buffer (soluble fraction) (50 mM HEPES [pH 8.0], 600 mM KCl, 0.5%
NP-40, 1 mM Na3VO4, 50 mM NaF, 1 mM dithiothreitol [DTT], 1 mM micro-
cystine, protease inhibitor cocktail). The lysate was then centrifuged at 12,000 �
g for 10 min at 4°C, and 1 ml of 2� Laemmli sodium dodecyl sulfate (SDS)
sample buffer was added to the supernatant. The pellet (insoluble fraction) was
then resuspended in 0.5 ml of 1� Laemmli SDS sample buffer.

Kinase activity gel analyses were performed as described previously (36).
Protein extracts were loaded on gels containing 0.1 mg of calf thymus H3
(Boehringer) per ml or 0.5 mg of bovine serum albumin (BSA) per ml in the
separating portions. After electrophoresis, the SDS was removed by washing the
gels with 20% 2-propanol–50 mM Tris-HCl (pH 8.0); proteins were denaturated
by treating the gel with 6 M guanidine-HCl–50 mM Tris-HCl (pH 8.0)–5 mM
2-mercaptoethanol and then renatured overnight at 4°C in a buffer containing 50
mM Tris-HCl (pH 8.0), 5 mM 2-mercaptoethanol, 0.04% (vol/vol) Tween 40, 100
mM NaCl, 5 mM MgCl2, and 1 mM DTT. After three washes in the assay buffer
(40 mM HEPES [pH 7.4], 2 mM MnCl2, 5 mM MgCl2, 1 mM DTT, 0.2 mM
EGTA), the gels were incubated for 4 h at room temperature in 3 ml of assay
buffer containing 50 �M ATP and 70 �Ci of [�32-P] ATP (3,000 Ci/mole; NEN).
After four washes with 1% tetrasodium pyrophosphate–5% trichloroacetic acid
and staining with Coomassie blue R-250, the gels were exposed for autoradiog-
raphy.

Western analyses. Protein extracts were resolved by standard SDS-polyacryl-
amide gel electrophoresis (PAGE). Samples were electroblotted onto Protan
nitrocellulose (Schleicher & Schuell). The membranes were incubated for 12 h at
4°C in PBS–5% low-fat milk containing the appropriate antibody. Donkey anti-
rabbit- or anti-mouse (Jackson) antibodies conjugated to horseradish peroxidase
were used to reveal immunocomplexes by enhanced chemiluminescence
(Pierce).

Immunoprecipitations. At 48 h after transfection, HEK293 cells were lysed in
1 ml of kinase lysis buffer. After centrifugation at 12,000 � g for 10 min at 4°C,
the supernatants were precleared at 4°C for 1 h with protein A-Sepharose. The
anti-myc antibody was added at a 1:1,000 dilution, and after an incubation of 3 h
at 4°C, the immunoprecipitates were collected by adding 20 �l of protein A-
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Sepharose. The beads were washed three times in lysis buffer and twice in kinase
buffer.

In vitro kinase assays. Assays were performed in 30 �l of kinase buffer (20
mM HEPES [pH 7.4], 150 mM KCl, 5 mM MnCl2, 5 mM NaF, 1 mM DTT, 50
�M ATP, 1 mM microcystine, protease inhibitor cocktail) containing the differ-
ent substrates (0.5 mg of myelin basic protein (MBP) (Sigma) per ml, 0.5 mg of
histone mix (Boehringer) per ml, 0.25 mg of the indicated glutathione S-trans-
ferase (GST) fusion per ml, or 0.1 mg of mononucleosomes per ml with or
without 20 mM [�32-P] ATP). The reaction mixtures were incubated at 37°C for
20 min, the reactions were stopped by the addition of 30 �l of 2� Laemmli SDS
sample buffer, and the reaction products were denatured for 10 min at 95°C.
Proteins were then separated by standard SDS-PAGE and analyzed by autora-
diography or by Western blotting.

Mononucleosome preparation. Nuclei of HeLa cells were prepared as de-
scribed previously (14). The DNA concentration in the nuclei suspension was
determined by measuring the UV absorption at 260 nm in a 2 M NaCl solution.
Nuclei were digested with micrococcal nuclease (25 U/200 �g of DNA) at 37°C
for 30 min and then incubated in 2 mM EDTA on ice for 10 min. After
centrifugation, the supernatant was loaded on a 5 to 20% sucrose gradient (15
mM Tris-HCl [pH 7.4], 0.67 M NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride [PMSF]). After ultracentrifugation (105 � g for 40 h at 4°C), fractions
were collected and analyzed by Coomassie staining of an SDS-PAGE (15%
polyacrylamide) gel. Positive fractions were dialyzed against 1 mM Tris-HCl (pH
7.4), lyophilized, and dissolved in kinase buffer.

Expression and purification of His-tag Aurora kinases. pET-28-Aurora con-
structs were transformed in competent cells of the protease-deficient Escherichia
coli strain BL21, and expression was induced by adding isopropyl-�-D-thiogalac-
topyranoside (IPTG) to 1 mM for 3 h at 30°C. The cells were collected and lysed
in a buffer containing 500 mM NaCl, 50 mM sodium phosphate buffer, 20%
glycerol, 1% NP-40, 1 mM DTT, 0.5 mM PMSF, and 200 �g of lysozyme per ml.
After incubation on ice and three freeze-thaw cycles, 10 �g of DNase I per ml
was added and the samples were incubated for a further 30 min on ice. After
centrifugation at 9,000 � g for 30 min, the supernatants were purified using
Ni-nitrilotriacetic acid beads as recommend by the manufacturer (Qiagen).

GST fusions. The GST-H3 tail construct was obtained by cloning a PCR
fragment corresponding to aa 1 to 30 of human histone H3 in the pGex-4T1
vector (Pharmacia). Mutation of Ser-10 to alanine was generated using the
Quickchange site-directed mutagenesis kit (Stratagene). The GST-H4 plasmid
was a gift from A. Imhof. The GST fusions were expressed in E. coli, extracted
in 1� PBS by sonication, and purified on glutathione-Sepharose resin (Pharma-
cia). They were then eluted by adding 10 mM reduced glutathione.

GST pull-down assay. The GST fusions were expressed in E. coli, extracted in
BC0 (20 mM Tris-HCl [pH 8.0], 0.5 mM EDTA, 20% glycerol, 1 mM DTT, 0.5
mM PMSF) containing 500 mM KCl and 1% NP-40, sonicated, and purified on
glutathione-Sepharose resin (Pharmacia). Portions (500 ng) of different GST,
GST-H3, GST-H3S10A, and GST-H4 fusions were incubated overnight at 4°C
with 1 mg of HeLa cell protein extract, prepared by lysing the cells in EBC buffer
(50 mM Tris-HCl [pH 8.0], 170 mM NaCl, 0.5% NP-40, 1 mM PMSF, 50 mM
NaF, 1 mM microcystine, protease inhibitor cocktail). After three washes in EBC
buffer, the beads were used for in vitro kinase assays or Western blot analyses.

Immunofluorescence. Cells were grown on 35-mm plates, fixed with 4% para-
formaldehyde in 1� PBS, and permeabilized with 0.2% Triton–1� PBS. After
blocking for 1 h in 5% BSA in 1� PBS–0.05% Tween 20, the plates were
incubated with the indicated antibody overnight at 4°C (rabbit anti-P.H3 anti-
body, 1:2,000; mouse anti-P.H3 antibody, 1:200; anti-Aurora-A antibody, 1:250;
anti-Aurora-B/Nter antibody, 1:500). The plates were then washed with 1� PBS
and incubated with a secondary antibody (Cy3-conjugated anti-mouse serum and
a fluorescein isothiocyanate-conjugated anti-rabbit serum at 1:100 and 1:200,
respectively [Jackson]). Immunostained samples were counterstained with 4�,6-
diamidino-2-phenylindole dihydrochloride (DAPI; Boehringer) before being
subjected to microscopy. Image collection was done on a DMLB Leica micro-
scope with an HBO 100-W lamp.

RESULTS

The activity of two H3 kinases, of 50 and 45 kDa, correlates
with histone H3 mitotic phosphorylation. The in-gel kinase
assay has already been successfully applied to identify histone
H3 Ser-10 mitogen-induced kinases from cell lysates (46). We
used this method to determine changes in histone H3 protein
kinase activity during the cell cycle. The cell synchronization

protocol used in this study, the double thymidine block and
release, yields about 60 to 70% mitotic cells at 10 h for HeLa
cells and 6 h for NIH 3T3 cells, as analyzed by flow cytometry
(data not shown). Protein extracts from synchronized HeLa
cells were collected at different times after release from the
thymidine block during the G1/S-to-M-phase transition. Equiv-
alent amounts of protein lysates were analyzed by an in-gel
kinase activity assay using purified histone H3 as substrate
(Fig. 1). Several protein species were detected in total-cell
extracts (Fig. 1, left panel), but none displayed activity kinetics
paralleling changes in H3 phosphorylation (as detected with an
anti-P.H3 antibody [26]). In contrast, the soluble fraction con-
tained two dominant protein species of about 50 and 45 kDa,
whose activity tightly correlated with histone H3 phosphoryla-
tion on Ser-10 (see Western analysis of total extracts, right
middle panel). Activity is not due to kinase autophosphoryla-
tion, as demonstrated when identical samples were analyzed
with BSA (Fig. 1, bottom panel). Thus, at least two H3 kinases
are regulated during the cell cycle in parallel with the specific
Ser-10 phosphorylation event. The molecular size, the timing
of enzymatic activation postrelease, and the identity of the
recently identified yeast H3 mitotic kinase (28) suggested that
the catalytically active enzymes might be Aurora-A and Auro-
ra-B.

Kinetics of Aurora-A and Aurora-B levels in the HeLa and
NIH 3T3 cell cycle. To verify the identity of the mitotically
regulated H3 kinases, we set out to generate Aurora-specific

FIG. 1. The activity of two H3 kinases of 50 and 45 kDa correlates
with histone H3 mitotic phosphorylation. HeLa cells were synchro-
nized by a double thymidine block and harvested at 0, 3, 5, 7, 10, and
12 h after being released from the block. Progression through the cell
cycle and the consequent accumulation of phosphorylated histone H3
was verified by Western blotting using the anti-phosphorylated histone
H3 antibody (anti-P.H3). Protein extracts (10 �g) (total extract and
600 mM soluble fractions), prepared at the indicated times, were
analyzed by an in-gel kinase assay, using histone H3 (top) or BSA
(bottom) as substrates. Equal loading was checked by Coomassie staining.
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antibodies. While reliable anti-Aurora-A antibodies are com-
mercially available (18), we needed to produce antibodies spe-
cific for Aurora-B. To do so, two peptides, corresponding to
the N-terminal and C-terminal amino acid sequences at aa 1 to
17 and aa 332 to 344, respectively, were synthesized. Polyclonal
antibodies were generated and are referred to as anti-AurB-
Nter and anti-AurB-Cter. To test the specificity of these anti-
bodies, we performed Western blot analyses on HEK293 cells
transfected with the three Myc-tagged Aurora kinases. The
anti-AurB-Nter antibody is highly specific since it recognizes
only Aurora-B and no other member of the family, even if
overexpressed; the anti-AurB-Cter antibody recognizes both
Aurora-B and Aurora-C but not Aurora-A (Fig. 2a). When
these antibodies were tested for the detection of endogenous
proteins, using extracts from HeLa cells arrested in G1/S or
10 h postrelease, the original Aurora-B and Aurora-C proteins
were detected, paralleling the same specificity as obtained us-
ing the Myc-tagged proteins (Fig. 2a).

We then set out to study the comparative kinetics of Aurora
kinase accumulation during mitosis in HeLa and NIH 3T3
cells. Protein extracts from synchronized cells were collected at
different times after release from the block during the S-to-M-
phase transition. These were analyzed for the expression of
Aurora kinases in correlation to H3 phosphorylation (Fig. 2b).

HeLa and NIH 3T3 cells show remarkable differences in the
kinetics of accumulation of the Aurora kinases: in HeLa cells
all three isoforms are present during the G2/M transition and
their accumulation parallels the phosphorylation of the histone
H3 at Ser-10; in contrast, NIH 3T3 cells arrested at the G1/S
boundary already display high levels of Aurora-A and Auro-
ra-B, which only doubles during progression in mitosis. Finally,
the anti-AurB-Cter reveals an extra band, undetectable with
the anti-AurB-Nter antibody, which corresponds in the molec-
ular weight to Aurora-C in HeLa cells extracts.

Temporal and spatial correlation between Aurora kinase
expression and the mitotic phosphorylation of histone H3.
Studies of the intracellular localization of Aurora kinases in
mitotic cells have shown that these are associated mainly with
mitotic structures (4). In particular, Aurora-A has been found
in the centrosomes of interphase cells and the spindle poles of
metaphase cells (3, 18, 31), Aurora-B has been found at the
midbody of anaphase cells and at the postmitotic bridge of
telophase cells (3, 56), while Aurora-C appears to be localized
to centrosomes of anaphase cells (32).

We wanted to study in detail the intracellular localization of
Aurora-A and Aurora-B in conjunction with the mitotic signal
of H3 phosphorylation. Immunofluorescence analyses were
performed for both HeLa and NIH 3T3 cells arrested at dif-
ferent phases of the cell cycle (Fig. 3). Confirming the Western
analysis (Fig. 2b), there was a drastic difference between HeLa
and NIH 3T3 cells at G1/S. Indeed, while both Aurora-A and
Aurora-B were expressed in NIH 3T3 cells, they were both
absent in HeLa cells. This is the only notable difference be-
tween the two cell types, since in the other phases of the cell
cycle the intracellular distributions of the two kinases were
basically identical. In G2, Aurora-A was both nuclear and
centrosomic while Aurora-B had a punctuate distribution
throughout all regions of condensing chromosomes, from
prophase throughout metaphase. At prophase and metaphase
the concentration of Aurora-A in the centrosomic region and

in the spindle poles was strongly increased. Aurora-B was
present mostly in the centromeric region and relocated by
cytokinesis to the midbody region is telophase (Fig. 3). These
results clearly show an almost mutually exclusive distribution
of the two kinases indicating, independently from the similarity
in their primary sequence, a specificity of substrate.

To better investigate the distribution of Aurora-A and Au-
rora-B during the G1 and G2 phases, we performed confocal
analysis on NIH 3T3 cells. Several fields were studied, and a
representative analysis is presented in Fig. 4. This field con-
tains cells at different stages of the G1-S-G2 transition. Confo-
cal imaging was performed with a 40� objective, as shown in
the top panel, and at higher resolution (�100 with a 4� zoom)
as shown in the other panels. There is a clear increase in the
intensity of the signal corresponding to both kinases during the
G1-S-G2 transition. However, while the localization of Auro-
ra-A does not change during time, that of Aurora-B does.
During interphase, Aurora-B is partially localized at the G1

heterochromatin sites, but by the G2 phase, staining clearly
correlates with condensed regions of DNA observed by DAPI
staining.

To investigate the possible coupling between the localization
of either Aurora-A or Aurora-B and the phosphorylation of
histone H3, confocal analysis was performed on HeLa and
NIH 3T3 cells arrested in G2, prophase, and metaphase. Au-
rora-B colocalized with the condensing chromosome, a loca-
tion where H3 began to be phosphorylated in both NIH 3T3
(Fig. 5, upper left panel) and HeLa (Fig. 5, second panel on the
left) cells. In contrast, although Aurora-A was nuclear in G2,
no colocalization with phosphorylated H3 was observed. Dur-
ing prophase and later in metaphase, Aurora-A distribution
appeared independent from phosphorylated H3 while Auro-
ra-B was in the centromeric region and partially colocalized
with phosphorylated H3. Optical section were taken from the
apical to basal side of the cells. The whole stack of images was
subsequently rotated by 90° around the axis to produce a Z-
section (panel “rotated images” in Fig. 5), indicating that only
Aurora-B colocalizes with the phosphorylated histone H3 from
the G2 phase to metaphase. The subsequent relocalization in
the midbody region during telophase indicates that Aurora-B
appears to behave as a so so-called passenger protein, maybe
through the interaction with INCENP (inner centromere pro-
tein) as shown in Drosophila (1, 30).

Both Aurora-A and Aurora-B physically interact with the
H3 tail. The observations concerning the intracellular localiza-
tion of Aurora proteins suggested that these may be directly
involved in phosphorylating H3. The recent description that
the amino-terminal tail of histone H3 is able to stably bind its
mitotic kinase (11) prompted us to question whether Aurora
kinases may be able to interact with the H3 tail. Indeed, an
excess of a peptide corresponding to the H3 N-terminal tail
was shown to prevent DNA condensation in Xenopus egg ex-
tracts (11), probably because it was able to interfere with H3
kinase activity. To test whether Aurora-A and Aurora-B could
physically associate with the H3 N-terminal tail, we performed
GST pull-down experiments (Fig. 6).

To optimize the extraction protocol of the Aurora kinases,
exponentially growing HeLa cells were lysed directly in Lae-
mmli buffer (total-cell extracts) or in lysis buffer (soluble frac-
tion; sol in Fig. 6), containing either 100 or 600 mM NaCl. The
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lysate was then centrifuged, and the pellet (insoluble fraction;
ins in Fig. 6) was resuspended in Laemmli SDS sample buffer.
Aurora-A (Fig. 6a, top panel) was readily soluble at 100 mM
NaCl. In contrast Aurora-B (Fig. 6a, middle panel) was fully
solubilized only at higher salt concentrations, indicating its
tight association with chromatin structures. As expected, the

phosphorylated H3 was insoluble at both salt concentrations
(Fig. 6a, bottom panel). Interestingly, the salt concentration
used in this experiment to reveal differential solubility of the
two Aurora kinases also allowed the detection of H3 kinase
activities in the in-gel kinase assay (Fig. 1).

Protein extracts prepared by lysis in 600 mM salt from HeLa

FIG. 2. Coordinated accumulation of Aurora kinases and H3 phosphorylation during the G2/M transition. (a) Western blot analysis using
anti-Aurora-B-Cter and anti-Aurora-B-Nter on 10 �g of total-protein extracts prepared from HeLa cells nontransfected, transfected with
myc-tagged Aurora-A, Aurora-B, or Aurora-C, and arrested in G1/S or 10 h after release. (b) Total-protein extracts (10 �g) prepared from
synchronized HeLa and NIH 3T3 cells harvested at the indicated times were analyzed by Western blot analysis using anti-Aurora-A, anti-Aurora-
B-Cter, anti-Aurora-B-Nter, and anti-P.H3.
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cells arrested in G1/S or at 3, 6, or 9 h postrelease were incu-
bated with a bacterially generated H3 tail fused to GST or with
GST alone as a control. Both Aurora-A and Aurora-B kinases
specifically interact with the GST-H3 fusion but not with GST
alone (Fig. 6b). A moderate but reproducible increase in the
amount of protein bound to GST-H3 was observed, in accor-
dance with the increased amount of Aurora-A and Aurora-B
during the G1/S-to-M transition. Control unrelated kinases
were tested for specificity (data not shown).

The capacity of Aurora-A and Aurora-B to associate with an
H3 tail where the Ser-10 is mutated into Ala was also analyzed.
Both kinases still show binding to the mutated tail, although
with a slightly decreased efficacy, especially for Aurora-A (Fig.
6c). This result is important because it stresses that the site of
interaction of the Aurora kinases on the H3 tail involves ad-
ditional residues as well as Ser-10. We have also used the tail
of histone H4. Interestingly, the H4 tail can also bind the
Aurora kinases (Fig. 6c), although with a weaker efficacy than
the H3 tail for both kinases. While it is unclear whether this
result is physiologically meaningful, it may indicate that Au-
rora kinases could have a number of possible chromatinic
substrates. At any rate, our results show that both Aurora
kinases efficiently interact with the H3 tail.

Histone H3 kinase activity of Aurora kinases. The in-gel
kinase assays we performed (Fig. 1) were suggestive of H3
being a direct substrate of Aurora kinases. Several lines of
evidence indicate that Aurora-B, more than Aurora-A, may
induce Ser-10 phosphorylation of histone H3 during mitosis
and thereby play a role in chromatin condensation (1, 28).
However, it is yet unclear whether Aurora kinases directly
phosphorylate Ser-10 or if they activate a yet unidentified ad-
ditional H3 kinase.

We assessed the ability of all three Aurora kinases to phos-
phorylate histone H3. To this aim, Myc-tagged Aurora kinases
were ectopically expressed in HEK293 cells and then tested in
kinase assays after immunoprecipitation (Fig. 7a). Although in
this assay a mixture of histones was used, both Aurora-A and
Aurora-B efficiently and specifically phosphorylate histone H3
(Fig. 7b). Phosphorylation occurred predominantly on Ser-10,
as indicated by the use of the anti-phospho-H3 antibody on the
products of the kinase reaction (26) (Fig. 7c). To validate this
observation, we performed an analogous experiment using as
substrates GST-H3 and its mutated form GSTH3-S10A, where
Ser-10 is mutated into Ala. All three Aurora kinases readily
phosphorylated GST-H3, although with different efficacy (Fig.
7d), while the Ser-to-Ala mutation at position 10 abolished

FIG. 3. Localization of Aurora-A and Aurora-B in HeLa (left panels) and NIH 3T3 (right panels) cells in G1/S, G2, prophase, metaphase, and
telophase. HeLa and NIH 3T3 cells at various stages of the cell cycle were stained for Aurora-B (using anti-Aurora-B-Nter), Aurora-A (using
anti-IAK-1), and DNA (using DAPI). Double labeling is indicated as a merge. The cell cycle phases were identified by the DAPI staining.
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FIG. 4. Localization of Aurora-A (left panels) and Aurora-B (right panels) in NIH 3T3 cells in G1/S, G2, and G2/prophase. NIH 3T3 cells at
various stages of the cell cycle were stained for Aurora-B (using anti-Aurora-B-Nter), Aurora-A (using anti-IAK-1), and DNA (using DAPI).
Double labeling is indicated as a merge. The cell cycle phases were identified by the DAPI staining.

FIG. 5. Localization of Aurora-A and Aurora-B in relation to that of P.H3 in HeLa and NIH 3T3 cells during the G2, phase, prophase, and
metaphase. NIH 3T3 cells in G2 (top row) and HeLa cells in G2, prophase, and metaphase (bottom three rows) were stained with anti-P.H3 in
combination either with anti-IAK-1, to identify Aurora-A (left panels), or with anti-Aurora-BNter, to identify Aurora-B (right panels). The cell
cycle phases were identified by the DAPI staining. Double labeling is indicated as a merge. The whole stack of images for each individual panel
was subsequentely rotated by 90° on the axis (see arrow) to produce a Z-section (panel “rotated images”).
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phosphorylation (Fig. 7e). It is noteworthy that in all three
kinase assays in Fig. 7, the levels of autophosphorylation of
each Aurora kinase were unchanged. This experiment also
demonstrates that Ser-28 is a poor substrate for Aurora ki-
nases. The different ability of the three Aurora kinases to
phosphorylate H3 is not due to different levels of expression
(Fig. 7a, top panel). Finally, no H3 phosphorylation was seen
with catalytically inactive Aurora proteins (Aur-A_D274N,
Aur-B_K106R, and Aur-C_D184N; [Fig. 7]), indicating that
H3 phosphorylation is not due to Aurora-associated kinases
copurified in the immunoprecipitation.

We extended our analysis by testing the ability of recombi-
nant Aurora-A, Aurora-B, and Aurora-C to phosphorylate H3.
His-tagged recombinants were produced in E. coli, and their
kinase activity was tested on different substrates. Although
with remarkable differences in efficacy, all three Aurora ki-
nases phosphorylated MBP (Fig. 8b) and H3 in a free mixture
of histones (Fig. 8c). Aurora-A displayd a kinase activity sig-
nificantly greater than the other two members of the family.
This higher activity possibly explains why, when the three ki-
nases were tested on mononucleosome preparations, only Au-
rora-A appeared to phosphorylate histone H3 (Fig. 8d). The
different abilities of the three Aurora kinases to phosphorylate
H3 and MBP are not due to different levels of expression (Fig.

8a, top panel) but are likely to be directly related to their
different intrinsic activities.

Western blot analyses using the anti-phospho-H3 antibody
confirm that Aurora-A (Fig. 8e) and Aurora-B (data not
shown) phosphorylate H3 on Ser-10. Finally, we performed in
vitro kinase assays with Aurora-A on a N-terminal H3 peptide
(aa 1 to 30) and on an equivalent peptide carrying the Ser-10-
to-Ala mutation. The results reveal that the mutation of the
Ser-10 site impairs phosphorylation by Aurora-A (Fig. 8f).

DISCUSSION

Mitotic H3 phosphorylation is a modification conserved in
evolution that is thought to be essential for chromatin conden-
sation during cell division (24). It first appears in the G2/M
phase, initiating at pericentromeric heterochromatin, and then
progresses along the chromosomal arms until it spreads to the
whole chromosome (15, 23, 26). While it is still unclear how H3
phosphorylation may elicit the condensation process, a causal
link was established by the finding that a Ser-to-Ala mutation
at the conserved Ser-10 residue in Tetrahymena results in ab-
normal chromosomal segregation and massive chromosome
loss (60). The critical role of the single Ser-10 residue is not
confirmed in other systems (28), where it is possible that com-

FIG. 6. Interaction between the N-terminal tail of histone H3 and Aurora-A and Aurora-B. (a) Different susceptibilities of Aurora-A,
Aurora-B, and P.H3 to increasing concentrations of salt. Protein extracts were prepared from HeLa cells using buffers with 100 and 600 mM salt
concentration and analyzed by Western blotting with anti-IAK-1 to identify Aurora-A (top panel) or with anti-Aurora-B-Nter to identify Aurora-B
(bottom panel). (b) Aurora-A and Aurora-B interact with the histone H3 tail. Total-protein extracts from synchronous HeLa cells were incubated
with GST alone or GST-H3, and the pulled-down products were tested by Western blotting with anti-Aurora-A (top panel) and anti-Aurora-B-Nter
(bottom panel) antibodies. (c) Aurora-A and Aurora-B interact with the histone H4 tail less efficiently than with the H3 tail. Equal amounts of
GST fusions (not shown) were verified by Coomassie staining.
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bined modifications at other sites may be needed. Indeed,
phosphorylation at Ser-28 on the same H3 tail has also been
correlated with chromosome condensation during mitosis (19).
A likely and fascinating scenario may involve concerted mod-
ifications of other histone tails in conjunction with H3 Ser-10
phosphorylation, so that a specific “condensation code” or
“program” may need to be activated to achieve proper chro-
mosomal condensation. Although we know only very little
about this possible program—and the temporal cascade of
events involved—it is evident that deciphering of the signaling
pathways governing it will be crucial. Here we have reported
on the kinase involved in the mitotic phosphorylation of his-
tone H3 Ser-10.

The Ser-10 residue in the histone H3 tail appears to be the
target of a number of signaling kinases (8, 35, 46, 57). In
response to mitogenic or hormonal stimuli, the Ser-10 site is
phosphorylated with early-response kinetics which parallel the
specific transcriptional activation of selected genes (9, 10, 35,
46, 57). In these settings, phosphorylation concerns only a
selected subset of H3 molecules, possibly corresponding to loci
of chromatin decondensation and promoter opening (6, 8, 46).
Mitotic phosphorylation, on the other hand, correlates with
condensation and concerns most if not all H3 molecules (26,
58, 59). This striking difference between the two “personali-
ties” of H3 phosphorylation begs the question of how signaling
specificity is achieved.

Mitotic H3 phosphorylation in yeasts and nematodes is con-
trolled by the Ipl1/AIR-2 kinase (28), while in Aspergillus nidu-
lans the NIMA kinase has been implicated (12). Although
these are divergent kinases, their regulation during the cell
cycle and genetic loss-of-function experiments strongly support
their involvement. However, the question of how these kinases
are regulated is still open. Both Ipl1 and NIMA are phospho-
proteins and are likely to be placed downstream of cell cycle-
regulated signaling pathways. Indeed, NIMA is direcly phos-
phorylated by NIMX, the Aspergillus homologue of p34cdc2
(61), while the upstream kinase for Ipl1 has not been identified
yet.

The data presented here indicate that the mammalian mi-
totic H3 kinase belongs to the Aurora family, a group of pro-
teins evolutionarily analogous to the yeast Ipl1. In mammals,
however, the picture is more complex, since three members of
the family are present. Our results show that the expression of
Aurora-A, Aurora-B, and Aurora-C is tightly coordinated with
H3 phosphorylation during the G2/M transition in HeLa cells,
while in NIH 3T3 cells the accumulation of the Aurora kinases
precedes the phosphorylation of histone H3. Taking advantage
of a highly specific antibody for Aurora-B developed in our
laboratory, we describe for the first time the intracellular co-
localization of Aurora-B and phosphorylated histone H3 in the
G2 phase, in both HeLa and NIH 3T3 cells.

Importantly, our in-gel kinase assay revealed two major ki-
nases, which, because of their timing of activation and molec-
ular weight, most probably correspond to Aurora-A and Au-
rora-B. Even if this assay limits the detection of activities to
single subunits, it was useful to reveal multiple kinase activities
during the cell cycle. Indeed, within a specific time point, the
simultaneous measurement of both Aurora-A and Aurora-B
shows that they can phosphorylate H3 with distinct kinetics.

FIG. 7. Preferential phosphorylation of H3 at Ser-10 by Aurora
kinases. (a) HEK293 cells were transfected with expression plasmids
encoding Myc-tagged Aurora-A, Aurora-B, and Aurora-C kinases and
the mutated isoforms Aur-A_D274N, Aur-B_K106R, and Aur-
C_D184N. Protein extracts prepared from transfected cells were sub-
jected to immunoprecipitation using the anti-Myc antibody. Immuno-
precipitated complexes were analyzed by Western blotting to test the
expression level of each kinase. (b and c) In vitro kinase assay per-
formed on immunoprecipitated complexes using a histone mix as the
substrate. Autoradiography (b, top panel) and Western blotting with
anti-P.H3 antibody (c, bottom panel) are shown. The equal amounts of
histones in each reaction were verified by Coomassie staining (middle
panel). (d and e) In vitro kinase assay performed using the same
samples described in panel b and GST-H3 and GSTH3-S10A as sub-
strates; autoradiography (top panel) and Coomassie staining (bottom
panel) are shown. The asterisks indicate the bands corresponding to
the autophosphorylated Aurora kinases.
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That both enzymes are bona fide H3 kinases is also suggested
by our GST pulldown experiments demonstrating that both
Aurora-A and Aurora-B physically interact with the H3 tail,
independent of the reduced solubility of Aurora-B. These data
are of particular interest considering the finding that the ami-
no-terminal tail of histone H3 is able to stably bind its mitotic
kinase from Xenopus egg extracts (11).

Evidence that Aurora-A and Aurora-B may act as H3 ki-
nases is provided by our in vivo and in vitro studies. Both
Aurora-A and Aurora-B efficiently phosphorylate histone H3
on Ser-10, whether the kinases are derived from immunopre-
cipitates of transfected HEK293 cells (Fig. 6) or from bacteria
(Fig. 7). In all our assays, Aurora-A appeared to be a better H3
kinase than Aurora-B. This difference in kinase activity could
be due to different signaling requirements of Aurora-B. In-
deed, while the recombinant Aurora-A was efficiently auto-
phosphorylated, Aurora-B was much less active. This may in-
dicate that the activity of Aurora-B could be more strictly
dependent on a yet undefined upstream kinase. This lack of
activity of the recombinant Aurora-B probably also explains its
inability to phosphorylate H3 within a nucleosomal context.
The search for upstream signaling pathways leading to the cell

cycle-regulated activity of Aurora-B would be of great impor-
tance. The intracellular colocalization of the Aurora-B kinase
with the phosphorylated histone H3 observed in our confocal
analysis is very suggestive and is strengthened by the result
obtained by RNAi showing that decreased levels of Aurora-B,
but not Aurora-A, reduce mitotic H3 phosphorylation in C.
elegans and Drosophila (15, 28). Thus, the biochemical data
obtained with Xenopus (49) and mammals (this study) indicat-
ing that Aurora-A is a more efficient histone H3 kinase would
probably be challenged by future investigations aimed at iden-
tifying the kinase lying upstream of Aurora-B.

Since kinases of the Aurora family have been found to be
amplified in a variety of human cancers (3, 50, 54, 62) and
aberrant regulation of their function has been associated with
chromosomal missegregation, aneuploidy, and tumor progres-
sion (13, 55, 56), our studies have wide implications. Addi-
tional work aimed at the elucidation of the signaling routes
governing Aurora kinases during the cell division would pro-
vide important further insights. Our results stress the multi-
plicity of signaling pathways converging on the same chromatin
modification leading to alternative remodeling of the chroma-
tin architecture.

FIG. 8. Kinase activity of the recombinant bacterial Aurora kinases. (a) Western blot analysis performed on the recombinant bacterial Aurora
kinases using the anti-His antibody. (b to d) In vitro kinase assay performed with recombinant bacterial Aurora-A, Aurora-B, and Aurora-C and
protein kinase A on MBP (b), free histones (c), and nucleosomes (d). The presence of equal amounts of histones in each reaction was verified by
Coomassie staining. (e) In vitro kinase assay performed with recombinant bacterial Aurora-A analyzed by Western blotting. (f) In vitro kinase assay
performed with recombinant bacterial Aurora-A on wild-type and mutated (S10A) histone H3 peptides (aa 1 to 30).
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