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Summary

Aurora kinases compose a family of conserved
Ser/Thr protein kinases playing essential roles in
eukaryotic cell division. To date, Aurora homologues
remain uncharacterized in the protozoan phylum
Apicomplexa. In malaria parasites, the characteriza-
tion of Aurora kinases may help understand the cell
cycle control during erythrocytic schizogony where
asynchronous nuclear divisions occur. In this study,
we revisited the kinome of Plasmodium falciparum
and identified three Aurora-related kinases, Pfark-1,
-2, -3. Among these, Pfark-1 is highly conserved in
malaria parasites and also appears to be conserved
across Apicomplexa. By tagging the endogenous
Pfark-1 gene with the green fluorescent protein (GFP)
in live parasites, we show that the Pfark-1–GFP
protein forms paired dots associated with only a
subset of nuclei within individual schizonts. Immun-
ofluorescence analysis using an anti-a-tubulin anti-
body strongly suggests a recruitment of Pfark-1 at
duplicated spindle pole bodies at the entry of the M
phase of the cell cycle. Unsuccessful attempts at dis-
rupting the Pfark-1 gene with a knockout construct
further indicate that Pfark-1 is required for parasite

growth in red blood cells. Our study provides new
insights into the cell cycle control of malaria parasites
and reports the importance of Aurora kinases as
potential targets for new antimalarials.

Introduction

Malaria is one of the most important infectious diseases in
humans and represents a major health and economic
problem in developing countries. It is caused by infection
with obligate intracellular parasites of the genus
Plasmodium. The Plasmodium falciparum species is
responsible for most lethal cases of human malaria and
the emergence and spread of resistance against the avail-
able antimalarial armamentarium creates an urgent need
for the development of new treatments (Ridley, 2002). The
life cycle of malaria parasites alternates developmental
stages with intense cell division and stages where the cell
cycle is arrested, implying the existence of an efficient cell
cycle control machinery. How Plasmodium regulates cell
growth and division remains, however, largely unknown.
Malaria parasites are at variance from classical mitosis in
that they undergo successive nuclear divisions in the
absence of cell division to form a multinucleated schizont
(reviewed in Bannister et al., 2000). The nuclear mem-
brane of malaria parasites is maintained throughout the
cell division process, a feature shared by other unicellular
eukaryotes such as yeast. Another peculiarity of malaria
parasites is that nuclei in a given schizont appear to divide
asynchronously as evidenced by the Gaussian distribu-
tion of nuclear body numbers in schizonts (whereas syn-
chronous nuclear division would result in a distribution
where schizonts with 1, 2, 4, 8 or 2n nuclear bodies would
be prominent) and by the presence of mitotic spindles at
various stages of development within a single schizont
(Read et al., 1993). A clear correspondence between the
G1, S, G2 and M phase of the cell cycle has not been
established, and the organization of the Plasmodium cell
cycle during erythrocytic schizogony is as yet not
understood. Important divergences in the composition
and properties of the cell cycle machinery such as cyclin-
dependent protein kinases (CDKs) and cyclins have also
been reported (Leete and Rubin, 1996; Doerig et al.,
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2002). To date, few experimental data are available that
assign clear roles for the Plasmodium CDK-related
kinases in cell division (Chen et al., 2006; Halbert et al.,
2010).

Eukaryotic cell mitosis is organized around a microtu-
bule (MT)-organizing centre, typically a centrosome con-
taining two centrioles and their surrounding pericentriolar
material, the site of MT assembly. During S phase the
centrosome duplicates concomitantly with DNA replica-
tion. When mitosis begins, the duplicated centrosomes
separate and undergo a process called maturation that
consists of the recruitment of proteins involved in MT
nucleation from a/b-tubulin dimers. An array of MTs is thus
generated and will form the bipolar mitotic spindle after
migration of the centrosomes to opposite sides of the
nucleus. After nuclear envelope breakdown, in some
eukaryotes the condensed chromosomes bind to the
spindle MTs at their kinetochores, the sister chromatids
split and move to either pole. The chromosomes then
decondense, new nuclei are formed, the mitotic spindle is
disassembled and cytokinesis is initiated to produce two
daughter cells. The spindle pole body (SPB), a trilaminar
plaque embedded in the nuclear envelope, is the cen-
trosome equivalent in fungi and malaria parasites (Moore
and Sinden, 1974; Schrevel et al., 1977; Jaspersen and
Winey, 2004). Execution of these mitotic events involves
the concerted action of several conserved Ser/Thr protein
kinases known as mitotic kinases (Nigg, 2001). In addition
to CDKs, polo-like kinase and Nima-related kinase fami-
lies, mitotic kinases include theAurora-related kinases, the
functions of which are closely related to bipolar MT spindle
dynamics (Carmena and Earnshaw, 2003). Investigation of
this important mitotic kinase family in malaria parasites
may provide clues to Plasmodium cell cycle regulation.

Homologues of Aurora-related kinases have been
reported in various organisms (Carmena and Earnshaw,
2003). Metazoans have two distinct Aurora family
members, Aurora A and B, which are expressed in all cell
types where they regulate cell cycle progression from G2 to
cytokinesis. A third member, Aurora C, has arisen from
Aurora B through gene duplication during mammalian
evolution and is specifically expressed in the testis. Aurora
A, or the polar Aurora, was initially identified in Drosophila.
Mutation of the Aurora A gene in Drosophila results in the
formation of monopolar rather than bipolar mitotic spindles
(Glover et al., 1995). Consistent with a role in the regula-
tion of spindle formation, Aurora A associates with the
centrosome during S phase and becomes heavily concen-
trated at the spindle poles and detectable along the spindle
MTs during mitosis (Marumoto et al., 2005). Aurora B, the
equatorial Aurora, is required for chromosome condensa-
tion, chromosome segregation and cytokinesis. Aurora B
displays a ‘chromosomal passenger’ localization pattern: it
is associated with kinetochores from prophase to

metaphase, and then translocates to the central-spindle
MT at anaphase (Vader et al., 2006). The yeast Saccharo-
myces cerevisiae and Saccharomyces pombe have a
single Aurora family member, Ipl1 (Increases in ploidy) and
Ark1, respectively, which have localization and functions in
yeast cells similar toAurora B in metazoans (Francisco and
Chan, 1994; Leverson et al., 2002). So far, no Aurora
kinases have been characterized in the early divergent
protozoan phylum Apicomplexa, which in addition to the
haemosporin Plasmodium includes a large number of
medically and veterinary important parasites such as the
piroplasms Theileria and Babesia, and the eimerids Toxo-
plasma and Cryptosporidium.

In this study we revisited the P. falciparum kinome and
identified three P. falciparum Aurora-related kinases. One
of these, Pfark-1, is highly conserved in human and
rodent malaria species and appears to have a conserved
orthologue in apicomplexan parasites whose genome
sequence is available. We modified the endogenous
Pfark-1 gene of the 3D7 P. falciparum parasite by fusing it
to the green fluorescent protein (GFP) and found that the
GFP–Pfark-1 protein has an apparent transient localiza-
tion at duplicated SPBs of only a subset of nuclear bodies
initiating bipolar mitotic spindle formation during erythro-
cytic schizogony. Attempts to produce P. falciparum para-
sites with a disrupted Pfark-1 gene by homologous
recombination were unsuccessful, strongly suggesting
that the gene is essential. Given the conserved functions
of Aurora kinases in eukaryotes, altogether our data iden-
tify Pfark-1 as an A-type Aurora kinase required at the S to
M phase transition of the cell cycle.

Results

Identification of three Aurora-related kinases in
P. falciparum

In a previous phylogenetic analysis of the kinome of P.
falciparum (Ward et al., 2004), we identified a cluster of
four Nima-related protein kinases, with which a fifth
protein kinase (PlasmoDB gene ID MAL6P1.56, located
on chromosome 6 and now named PFF0260w) was
weakly and inconsistently associated. In the P. falciparum
kinome analysis by Anamika et al. (2005), MAL6P1.56 did
not cluster with the Nima family. We performed BLASTP

analysis of the UniProt database using PFF0260w as a
query, which yielded members of the Aurora family as top
scores. In order to further investigate the association of
PFF0260w with the Aurora kinase family and to identify all
P. falciparum Aurora-related kinases, the catalytic domain
of PFF0260w and the P. falciparum NIMA kinases were
used as queries in BLASTP searches of the genomes of P.
falciparum and a canonical set of eukaryotic genomes.
This allowed the identification of 13 P. falciparum kinases
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related to NIMA or Aurora kinases. The catalytic domains
identified in P. falciparum, together with those from the
other organisms, were subjected to multiple sequence
alignment and Neighbour-Net phylogenetic tree construc-
tion (Fig. 1). A distinct cluster within the tree, clearly sepa-
rated from the other kinases, comprises a number of
established Aurora-related kinases, including human
Aurora A, B and C. This group includes PFF0260w and
two additional P. falciparum sequences, PlasmoDB gene
ID PFC0385c and MAL13P1.278, located on chromo-
some 3 and 13 respectively. None of the four P. falciparum

Nima-related kinases is included in the ‘Aurora clade’,
supporting the contention that PFF0260w is distant from
the Nima kinases. Aurora kinases assignments in P.
falciparum were confirmed by a combination of an ad
hoc Aurora kinase domain-specific HMM and complete
linkage clustering with characterized Aurora kinase cata-
lytic domains from higher eukaryotes.

The sequences associated with the ‘Aurora’ clade along
with an outgroup sequence (HS14483, Uniprot Q9NRH2,
SNRK_HUMAN SNF-related serine/threonine-protein
kinase) were aligned and a rooted neighbour joining phy-

Fig. 1. Phylogenetic analysis of P. falciparum Aurora kinases. Neighbour-Net tree (Splits-Tree; Huson and Bryant, 2006) of Aurora kinases
detected in model genomes. P. falciparum sequences appearing in the tree are labelled by capital letters. P. falciparum Aurora and
Nima-related sequences are indicated in blue and red colour branch. A cluster of sequences containing three P. falciparum sequences
(PFF0260w, PFC0385c and MAL13P1.278) is clearly separated from the other sequences within the tree. Annotations associated with
sequences from this branch indicate that this cluster consists of exclusively of Aurora kinases and a small set of four Polo kinases from
Human (HS16481, HS16032), Dictyostelium discoideum (DD3914) and Thalassiosira pseudonana (TP6606). The kinase sequences with their
UniProt identifier are listed in Table S1. We recommend viewing this file online using a graphics programme enabling magnification, such as
Microsoft Office Picture Manager.
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logram generated (Fig. 2). The kinase domains of
PFF0260w and MAL13P1.278 are excluded from the
clade containing the ‘classic’ Aurora kinase domains, sug-
gesting they may have diverged from Aurora kinases at a
relatively early stage of Aurora kinase evolution. It is of
interest that a distinct subcluster appears within the
‘Aurora clade’, consisting of kinase domains from Human,
Dictyostelium discoideum and Thalassiosira pseudonana,
in which the Human and Dictyostelium proteins are anno-
tated as Polo type kinases. Pfam analysis (Finn et al.,
2006) of the Thalassiosira sequence confirms the pres-

ence of the Polo-box duplicated region, diagnostic of Polo
type kinases. There is evidence that Arabidopsis thaliana
and P. falciparum lack polo type kinases (Van Damme
et al., 2004; Ward et al., 2004; Hodges et al., 2010) con-
sistent with this observation. In contrast, Trypanosoma
brucei (Uniprot Q15882, Q57VI0) and Giardia lamblia
(Uniprot A8BPK8) have kinases with Polo-box duplicated
regions combined with kinase domains that do not cluster
with the set above (data derived from Pfam http://pfam.
sanger.ac.uk//family/PF00659#tabview=tab6).

PFF0260w (Pfark-1) is a 40.9 kDa predicted protein and
shares the common structure of Aurora-related kinases
comprising a catalytic domain and short N-terminal and
C-terminal domains (Fig. 3). PFC0385c (Pfark-2) and
MAL13P1.278 (Pfark-3) are larger proteins of 193.8 kDa
and 475.7 kDa with long N-terminal or N- and C-terminal
extensions respectively. Pfark-2, the P. falciparum Aurora-
related kinase clustering with ‘classic’ Aurora kinases,
contains a sequence very similar to the conserved motif
found in the potential activation loop between subdomains
VII and VIII, DFGWSxxxxxxxxRxTxCGTxDYLPPE, con-
sidered as a signature for Aurora kinases. This motif is
found neither in Pfark-1 nor in Pfark-3. All three P. falci-
parum Aurora-related kinases have an only partially con-
served C-terminal destruction box (D-box) found in all
members of the Aurora kinase family.

Pfark-1 is conserved in apicomplexan parasites

To explore the conservation of Aurora-related kinases in
malaria parasites and other Apicomplexa, we performed
an alignment of Pfark-1, -2, -3, and their closest homo-
logues in other available apicomplexan predicted pro-
teomes, and constructed a phylogenetic tree (Fig. 4).
According to this analysis, orthologues are present both in
human and rodent Plasmodium species, having 96–98%,
81–85% and 89–91% amino acid sequence identities
over the catalytic domain to Pfark-1, -2 and -3, respec-
tively, indicating that all three Aurora-related kinases are
highly conserved in malaria parasites. In addition, except
for the Pfark-2 orthologue of Plasmodium vivax which has
a short predicted N-terminal extension, the overall struc-
tures with variable N- and C-terminal extensions are
conserved, strongly suggesting conserved functions of
Aurora kinases in Plasmodium spp. Babesia, Theileria
and Cryptosporidium were found to contain a single gene
encoding Aurora-related kinases with short N- and
C-terminal extensions. The single Aurora in Babesia and
Theileria appears to be a probable Pfark-1 orthologue
whereas that of Cryptosporidium is either unique to this
species or a distant Pfark-1 orthologue. Toxoplasma and
Neospora contain two genes encoding proteins structur-
ally and phylogenetically related to Pfark-1 and Pfark-3.
The level of conservation of Pfark-1 in Toxoplasma, 62%

Fig. 2. Phylogenetic tree of Aurora-related kinases from the
canonical species. The core kinase domains of sequences located
within the ‘Aurora clade’ identified above plus an outgroup kinase
domain from HS14483 (Uniprot Q9NRH2) were subjected to
optimized multiple sequence alignment as described in
Experimental procedures. A rooted neighbour joining phylogram
was generated (Huson and Bryant, 2006). Kinase domains
associated with Polo-box duplicated regions (Pfam profile
PF00659) and those apparently forming part of ‘classic’ Aurora
kinases are indicated.

208 L. Reininger et al. �

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 79, 205–221



Fig. 3. Schematic representation of P.
falciparum Aurora-related kinases and
sequence alignment of conserved motifs of
Aurora kinases. Large grey box, catalytic
domain; small black (conserved) and grey
(not conserved) boxes, activation loop and
destruction box. Alignment of Pfark-1
(PFF0260W), Pfark-2 (PFC0385c) and
Pfark-3 (MAL13P1.278) structural features as
compared with that of human Aurora A (Hs
aurA) kinase.

Fig. 4. Phylogenetic tree of Aurora-related
kinases from Apicomplexa. Phylogram (MEGA;
Tamura et al., 2007) with significant bootstrap
values (100 iterations). The sequences are
labelled with their identifier in the ApiDB
database. The core kinase domains of Aurora
sequences from the indicated species were
extracted and subjected to optimized multiple
sequence alignment as described in
Experimental procedures. Organism groups
are Haemosporin (P. falciparum, P. knowlesi,
P. vivax, P. berghei, P. yoelii, P. chabaudi ),
Piroplasm (T. parva, T. annulata, B. bovis)
and Coccidia (T. gondii, N. canina, C.
hominis, C. parvum, C. muris).
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identity, suggests similar functions in this medically impor-
tant pathogen. It is notable that the conserved phospho-
rylatable residue within the T-loop of all members of the
Aurora family is not conserved in Pfark-1 and orthologues
from other Apicomplexa (Table S2). Instead, Ser/Thr resi-
dues present at positions corresponding to residue 198
and 287 of human Aurora A are highly conserved among
Apicomplexa. Interestingly, Pfark-2 seems to be unique to
Plasmodium spp. A recent Pfark-2 gene duplication event
occurred in the rodent malaria species Plasmodium yoelii,
leading to two genes in tandem, one of which, Py03456,
has a truncated N-terminal extension without an in-frame
initiation codon and is likely to be a pseudogene. In view
of the relative conservation of Pfark-1 across Apicom-
plexa, we decided to investigate its function using a
reverse genetics approach.

Pfark-1 displays the polar localization of an Aurora
A kinase

Transgenic P. falciparum parasites expressing a
C-terminally GFP-tagged Pfark-1 protein were generated
using a single-cross-over homologous recombination
strategy (Fig. 5A). The gene encoding Pfark-1 was tar-
geted using a GFP-tag construct based on the P. falci-
parum transfection plasmid pCam-BSD (Mamoun et al.,
1999). Blasticidin-resistant parasite populations were
obtained within 3 weeks after transfection. After successful
integration of the GFP-tag construct into the Pfark-1 locus
was ascertained by PCR analysis, the transfectants were
cloned by limiting dilution and maintained in the presence
of blasticidin. Diagnostic PCR for integration of the GFP-
tag construct in clones 2 and 3 is shown in Fig. 5B. These
two clones were used for further analyses. Western blot
analysis using anti-GFP mAbs confirmed the in-frame
fusion of the GFP-tag to Pfark-1 (Fig. 5C). A ~70 kDa
product corresponding to the Pfark-1–GFP (expected size
68.9 kDa) was detected in schizont extracts prepared from
transgenic parasites but not wild-type 3D7 parasites. An

additional anti-GFP reactive species of ~30 kDa was also
observed and is likely a degradation product of Pfark-1–
GFP. None of the two clones exhibited any growth defect as
compared with the wild-type 3D7 parasite (data not
shown), indicating that the addition of a C-terminal GFP-
tag did not affect asexual multiplication of the parasite in
erythrocytes. Enzymatic activity associated with the Pfark-
1–GFP fusion protein was assessed after immunoprecipi-
tation using anti-GFP beads. As shown Fig. 5D, detection
of a high level of a- and b-casein (known substrates of
Aurora family members) kinase activity in immunoprecipi-
tates from Pfark-1–GFP transfectants as compared with
that obtained with 3D7 control parasites suggests that the
Pfark-1–GFP fusion protein is active in vivo.

Fluorescence microscopy of live transgenic parasites
consistently provided images of schizonts with paired dots
of concentrated Pfark-1–GFP protein associated with a
subset of Hoechst-positive nuclei (Fig. 6A). No punctuate
GFP fluorescence was observed in ring and trophozoite
stages. The paired dots appear in juxtaposition to the
nuclei and suggest an association with SPBs embedded
in the nuclear membrane. To analyse the nuclear local-
ization in more detail, the parasite endoplasmic reticulum
(ER) was stained with a fluorescent dye, ER-TrackerTM

Red, which provides specificity for ER membranes.
Figure 6B shows an image where two Pfark-1–GFP spots
are in the same focal plane as the ER staining and appear
to localize inside the space delineated by the ER/nuclear
membrane and the Hoechst-stained nuclear DNA, sug-
gesting a close contact to the nuclear envelope and a
localization at the nuclear side of the nuclear membrane.

Pfark-1 identifies nuclei undergoing early mitotic
spindle formation

To determine whether the nuclear envelope structures with
which Pfark-1 associates are SPBs, the Pfark-1–GFP
transgenic parasites were stained with the mouse anti-
chicken a-tubulin mAb clone DM1A (Sigma), which is

Fig. 5. GFP-tagging of Pfark-1.
A. Schematic representation of the single-cross-over homologous recombination strategy, showing the wild-type Pfark-1 locus, the GFP-tag
construct containing ~500 bp of the 3′ end coding sequence of Pfark-1 fused in-frame with the GFP sequence, and the recombined Pfark-1
locus resulting from integration of the GFP-tag construct. Transcription termination and polyadenylation of the Pfark-1–GFP transgene are
ensured by the presence of the P. berghei dihydrofolate reductase 3′ UTR (3′ Pb DHFR). The location of primers used for PCR analysis,
OL793 and OL635, is indicated. BSD, blasticidin-resistance cassette.
B. Diagnostic PCR for homologous recombination. Amplification of a 0.66 kb PCR product using OL793 and OL635 as primers and genomic
DNA prepared from parasite clones 2 and 3 (cl2 and cl3) indicates integration of the GFP-tag construct in the Pfark-1 locus. 3D7, wild-type P.
falciparum parasite.
C. Western blot of wild-type 3D7 and Pfark-1–GFP transgenic clones 2 and 3 (cl2 and cl3), using mouse anti-GFP mAbs (Roche). The bottom
panel shows an image of the same blot stripped and reprobed with rabbit anti-P. falciparum 2 Cys-peroxyredoxin (PfPx-1) antibodies, used as
a loading control. Approximately 10 mg of protein extracts from synchronized schizonts were loaded per lane. The predicted molecular weight
of the Pfark-1–GFP protein is 70 kDa. The position of Pfark-1–GFP and PfPx-1 is indicated. A ~30 kDa Pfark-1–GFP degradation product is
marked with an asterisk.
D. SDS-PAGE autoradiography of kinase assays of anti-GFP (Chromotek) immunoprecipitates from 3D7 wild-type control (lane 1, 3) or
Pfark-1–GFP transfectants (lane 2, 4), using mixtures of MBP and histone H1 (1, 2, 5) and a- and b-casein (lane 3, 4, 6) as substrates.
Kinase reaction in absence of immunoprecipitates (substrate alone) provides another negative control (lane 5, 6).
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known to cross-react with P. falciparum a-tubulin (Fowler
et al., 2001; Singh et al., 2007). The use of anti a-tubulin
antibodies in immunofluorescence allowed Read et al.
(1993) to monitor the development of mitotic spindle MTs,
from the dot-like spindle centriolar plaque (or SPB) to the
full bipolar mitotic spindle. As shown in Fig. 7A and B, the
anti-a-tubulin antibody reacts with dotted paired or elon-
gated single MT structures associated with a subset of
nuclei, which in the superimposed image appear to be
precisely those nuclei that are associated with the Pfark-
1–GFP protein as well. The localization of Pfark-1–GFP at
opposite sides of these small mitotic MT structures strongly
suggests Pfark-1 recruitment at duplicated SPBs at an
early stage of bipolar MT spindle formation. In marked
contrast, no punctuate GFP staining of the spindle poles
was detectable at later stages of nuclear division cycle,
when fully developed spindles are visible (Fig. 7C and D).

The results from the immunofluorescence analysis
strongly suggest that Pfark-1 transiently associates with
duplicated SPBs from nuclei at the onset of nuclear
mitosis and therefore, point to functions at the mitotic
spindle poles such as SPB separation, SPB maturation or
the formation of mitotic spindle MTs. To confirm that

Pfark-1 associates with nuclear bodies undergoing
mitosis, we assessed the expression of the Pfark-1–GFP
protein in early schizonts as compared with late schizonts
using parasites from highly synchronized cultures. The
development of parasites through ring, trophozoite and
schizont stages was assessed by Giemsa staining of thin
blood smears of parasite cultures (data not shown). As
shown in Fig. 8A, concentrated Pfark-1–GFP fluores-
cence in paired dots was readily detected in mature tro-
phozoites with a single nuclear body, but not in ring or
early trophozoites. Given that the Pfark-1–GFP protein
appears to concentrate at duplicated SPBs of nuclei
developing mitotic spindle MTs, these nuclei are likely to
undergo the first mitotic division. In contrast, Pfark-1–GFP
spots were not observed in late segmental stages which
have terminated their nuclear division and are in the
process of merozoite formation (Fig. 8B).

Asynchrony of nuclear division in
P. falciparum schizogony

Our fluorescence microscopy analyses support the asyn-
chrony of nuclear division in parasites undergoing

Fig. 6. Subcellular localization of Pfark-1–GFP. Live images of schizont stage P. falciparum transgenic parasites expressing the Pfark-1–GFP
protein.
A. Parasites stained with Hoechst 33258. The localization of C-terminally GFP-tagged Pfark-1 protein (green signal) was observed as paired
dots in close proximity to Hoechst-stained nuclear DNA (blue).
B. Parasites stained with Hoechst 33258 and ER-tracker. The ER forms a highly developed membranous system from trophozoite to schizont
stage. The superimposed images show that the GFP-tagged Pfark-1 protein (green dots) localize to the edge of the nuclear DNA (blue) and
the ER/nuclear membrane (red), suggesting a localization of Pfark-1–GFP in contact with the nuclear envelope. Identical results were obtained
with clone 2 and clone 3. All images were acquired using a Deltavision RT wide-field epifluorescence microscope imaging system and a
100¥/1.4 objective and processed using SoftWoRx deconvolution software. The image analysis software used was IMARIS version 5.0.
Corresponding phase-contrast images are shown as well.
Scale bars for (A) and (B), 2.0 and 2.5 mm respectively.
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schizogony that was previously suggested by the obser-
vation of spindles at different phases of division and a
Gaussian distribution of nuclear bodies in a single sch-
izont (Read et al., 1993). As a given example (Fig. 9A),
z-stack images of a single Pfark-1–GFP transgenic sch-

izont clearly reveal two Pfark-1–GFP positive nuclei out of
a total of seven nuclei. This staining allowed us to assess
the succession of nuclear divisions by plotting the number
of GFP-positive nuclei against the total number of nuclei
in a single schizont (Fig. 9B). In schizonts with a low

Fig. 7. Colocalization experiments of Pfark-1–GFP with a-tubulin. Fluorescence microscopy of fixed schizont stage transgenic parasites
expressing Pfark-1–GFP.
A and B. An anti-a-tubulin mAb (DM1A) recognizes discrete foci (red) near DAPI-stained nuclear DNA (blue). The red fluorescent pattern is
consistent with early-stage mitotic spindle formation developing from the spindle pole bodies anchored in the nuclear membrane. In colour
merge images, the Pfark-1–GFP protein appears to localize at opposite sides of the early mitotic spindle, consistent with a localization at the
mitotic spindle poles.
C and D. In these two panels the anti-a-tubulin mAb DM1A (Sigma) recognizes partly disassembled bipolar mitotic spindles (red) aligned with
DAPI-stained nuclear bodies (blue), representing daughter nuclear bodies in the process of completion of nuclear division. The Pfark-1–GFP
protein does not appear now to be confined to mitotic spindle poles. A diffuse cytosolic green fluorescence is observable, presumably
representing the GFP degradation product observed by Western blot analysis.
All images were acquired, processed and analysed as in legend to Fig. 6. Scale bar, 2.5 mm.
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number of nuclei, i.e. one to four nuclei, an average of
50% of nuclei are GFP-positive. The relatively broad dis-
tribution of GFP-positive nuclei per schizont favours a
model of asynchronous mitotic nuclear division rather
than reflecting a proportion of nuclei arrested in the cell
cycle and unable to participate in subsequent rounds of
division. Noteworthy, the average occurrence of one
Pfark-1–GFP-positive nucleus in parasites with two nuclei
indicates that asynchrony occurs at an early stage. In
schizonts with higher numbers (5–10) of nuclei, strikingly,
a maximum of four Pfark-1–GFP-positive nuclei can be
observed, suggesting that four nuclei at most are in early
M phase at any given time. Thus, at these stages, nuclear
divisions appear to be asynchronous as well; it is unclear
whether a number of nuclei are arrested in the cell cycle.
Monitoring individual nuclei within a single Pfark-1–GFP
transgenic schizont by time-lapse cell imaging will help
resolve this issue.

Pfark-1 is essential for P. falciparum blood-stage cycle

The ability to generate Pfark-1–GFP transgenic parasites
using a homologous recombination strategy demon-
strates that the Pfark-1 locus is amenable to genetic
manipulation. To investigate whether Pfark-1 plays an
essential function in erythrocytic stages, we targeted the

Pfark-1 gene with a KO construct lacking sequences
coding for residues essential for the catalytic activity.
Single-cross-over integration of the KO construct would
generate a pseudo-diploid configuration with both trun-
cated Pfark-1 copies lacking sequences coding for essen-
tial regions of the kinase domain (Fig. S1); this strategy
has been used to generate a number of kinase knockouts
in P. falciparum (Doerig et al., 2010). Four independent
transfections were performed and blasticidin (BSD)-
resistant populations were obtained in each case. PCR
analyses of the parasite genotypes did not reveal any
disruption of the Pfark-1 locus, even after maintaining the
transfectants for more than 6 months in culture (Fig. S1)
(in comparison, integration of the GFP-tagging construct
was evident 4 weeks post transfection). Instead, the wild-
type locus appeared to remain unmodified and the knock-
out construct remained episomal, indicating that targeting
of the Pfark-1 gene with a KO construct either is lethal or
severely impairs growth rate.

Discussion

Aurora kinases play pivotal roles in the control of cell
division. The deregulation of Aurora kinase functions and
their contribution to tumorigenesis has led to a major
interest in the development of Aurora kinase inhibitors for

Fig. 8. Pfark-1–GFP expression in early and late schizogony.
A. Live images of Pfark-1–GFP transgenic parasite undergoing the first mitotic division of schizogony. A single Hoechst-stained nuclear body
(blue) is associated with two discrete paired dots (green) representing the Pfark-1–GFP protein.
B. Live images of post-mitotic Pfark-1–GFP transgenic parasite. In late schizogony, the parasites have completed their mitotic divisions and
are in a differentiation phase leading to the formation of new merozoites. At this stage, the Hoechst-stained nuclear bodies (blue) become
much more sharply defined. No concentrated dotted Pfark-1–GFP fluorescence is detectable.
All images were acquired, processed and analysed as in legend to Fig. 6. Scale bars, 2.5 mm.
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cancer therapy (Andrews, 2005). Here, we provide struc-
tural and functional evidence for the presence of
members of this important mitotic kinase family in the
kinome of Apicomplexa. The finding that at least one of
these, Pfark-1, appears to be essential for P. falciparum
blood stage cycle, and hence validated as a potential drug
target, indicates that such inhibitors might be considered
for the development of new antimalarial. In this regard, a
high-throughput screening for P. falciparum inhibitors
using a 2-million compound library has been recently
reported (Gamo et al., 2010). Very remarkably, a high
proportion of protein kinases, including Pfark-1 and
Pfark-2, were identified by chemoinformatics as potential
targets.

During the erythrocytic schizogony, malaria parasites
undergo multiple rounds of DNA replication and asynchro-
nous nuclear division without cytokinesis. Overall our
study reveals that mitotic control mechanisms implicate
the finely tuned and transient recruitment to SPBs of an
Aurora-related kinase, Pfark-1, during P. falciparum
schizogony. An important finding is that the Pfark-1–GFP
protein can be observed in the form of paired dots (we
never saw single dots) in juxtaposition of either paired MT
spots or short intranuclear MT spindles. This strongly
suggests association of Pfark-1 with duplicated and sepa-
rated SPBs beginning to nucleate the mitotic MT spindle.
Cytoplasmic centrioles adjacent to the nuclear membrane
SPBs are sometimes present in other Apicomplexa but

Fig. 9. Asynchrony in P. falciparum
schizogony.
A. Z-stack live images of a schizont-stage P.
falciparum transgenic parasite expressing
Pfark-1–GFP. Images z1 to z9 represent
0.2 mm z-stacks of a single multinucleate
schizont showing that the paired dots of
Pfark-1–GFP fluorescence (green) are
restricted to two out of seven Hoechst-stained
nuclear bodies (blue). Scale bar, 2.5 mm.
B. Distribution of Pfark-1–GFP positive
(Ark-1–GFP+) nuclear bodies plotted against
total number of nuclear bodies within single
parasites undergoing schizogony. Bars
indicate median of Ark-1–GFP+ nuclear bodies
per schizont containing one or up to 10
nuclear bodies. This analysis supports and
extends the tubulin immunofluorescence
showing asynchrony of nuclear multiplication
in a single P. falciparum parasite undergoing
schizogony. The average occurrence of one
Ark-1–GFP+ nuclear body in parasites with
two nuclear bodies indicates that asynchrony
is occurring already at an early stage.
All images were acquired, processed and
analysed as in legend to Fig. 6.
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not in malaria parasites which lack these structures and
construct MT spindles using only the SPBs (Morrissette
and Sibley, 2002). During yeast nuclear division, a fibrous
link connecting the duplicated SPBs, called the inter-SPB
bridge, is severed in late S phase. The separated SPBs
then move apart until they come face to face and
assemble a characteristic short intranuclear spindle (Lim
et al., 2009). If a similar mechanism operates during Plas-
modium nuclear division, this would imply that by the time
Pfark-1 is recruited at the SPBs, the SPBs are already
duplicated and separated. This would imply a recruitment
of Pfark-1 at SPBs upon initiation of M phase of the cell
cycle. A clear correlation between Plasmodium erythro-
cytic developmental stages and the classical eukaryotic
cell cycle phases is not established. It has been sug-
gested that the ring and early trophozoite stages corre-
spond to G1, and the S phase is initiated in late
trophozoites. During the erythrocytic schizogony, nuclei
are thought to undergo successive rounds of S/M phases
without gap phases, since g-irradiation of schizonts does
not result in a reduction of DNA synthesis despite DNA
damage. In response to DNA damage, eukaryotic organ-
isms activate G1/S, intra-S and G2/M cell cycle
checkpoints. Despite an apparent lack of this checkpoint
in malaria parasite, the cores of eukaryotic nucleotide
excision and homologous recombination repairs are
present, suggesting the availability of DNA repair path-
ways (Gardner et al., 2002). Whether the nuclei are back
in G1 in late segmenter is unclear as well. An intriguing
observation, provided by the quantitative analysis of
nuclei associated with the Pfark-1–GFP protein, is that a
maximum of four Pfark-1–GFP-positive nuclei can be
observed in individual schizonts. Interestingly, a consis-
tently even number of daughter merozoites in mature
segmenters, with an average of 16–20 per parasite, has
been reported by Reilly et al. (2007). How asynchronous
schizogony results in an even number of daughter mero-
zoites might be explained by our present study suggesting
that four nuclei are undergoing S/M cycle at a given time.
This further suggests that although the nuclear divisions
appear asynchronous, strict checkpoint mechanisms may
control how many nuclei can re-enter the cell cycle. Moni-
toring individual nuclei within a single Pfark-1–GFP trans-
genic schizont by time-lapse cell imaging will be of crucial
importance in clarifying this matter.

The defining characteristic of Aurora A subfamily
members is their association with centrosomes and
regions of MTs that are proximal to the centrosome (Maru-
moto et al., 2005). Given its MT spindle pole localization,
Pfark-1 might therefore be a functional homologue of
metazoan Aurora A. The emerging picture of centrosomes
and their fungal SPB equivalent is that these structures
can exert a control over the cell cycle by providing a
scaffold for cell cycle regulators (Doxsey et al., 2005).

During G2-M progression in metazoans, major mitotic
regulators, including cyclin B–Cdk1 complex, Polo-like
kinase Plk1, as well as Aurora A, accumulate at cen-
trosomes, allowing their co-ordinated and efficient
co-activation and promoting entry of cells into mitosis. Our
observation that in malaria parasites an essential Aurora-
related kinase is recruited at mitotic spindle poles during
nuclear divisions is the first evidence supporting a con-
served mechanism of cell cycle control by mitotic kinases
at the SPB in malaria parasites. In fact, in other organisms
mitotic entry is essentially controlled by Cdk1, whose
activity is regulated directly by activators such as mitotic
cyclins and the phosphatase Cdc25, and indirectly by
Plk1 and Aurora A. Of the six P. falciparum CDK-related
kinases, PfPK5 is that which displays the closest similarity
and phylogenetic relatedness to Cdk1 homologues, Cdk1,
Cdk2 and Cdk3, of higher eukaryotes (Le Roch et al.,
2000; Ward et al., 2004). The expression pattern of
PfPK5, with a peak of mRNA, protein levels and activity in
late trophozoites and schizonts (Graeser et al., 1996), is
compatible with a role in nuclear division cycle and make
PfPK5 a good candidate for being a major cell cycle
regulator. In human cells, Aurora A is required for the initial
recruitment of cyclin B–Cdk1 at the centrosome. Since
PfPK5 localizes as discrete spots at the periphery of the
DNA in parasites in the process of nuclear division
(Graeser et al., 1996), it will be of great interest to inves-
tigate its localization with respect to that of Pfark-1. Inter-
estingly, in malaria parasites there are no candidates for
Polo-like kinases, neither are there strong candidates for
the network of proteins regulating the activation of the
cyclin B–Cdk1 complex such as the mitotic cyclin-CDK
inhibitory kinases Wee1 and Myt1 and the Cdc25 phos-
phatase (Ward et al., 2004; Wilkes and Doerig, 2008).
Pfmrk, a putative cyclin-CDK activator kinase (CAK),
appears not to possess CAK activity towards PfPK5 (Le
Roch et al., 2000; Chen et al., 2006). This is consistent
with observations that PfPK5 regulation differs in impor-
tant aspects from that of homologues in human and yeast
(Le Roch et al., 2000). However, the Thr and Tyr residues
that are the targets of Wee1 and Myt1 whose phosphory-
lation inactivates Cdk1 in other eukaryotes are conserved
in PfPK5 and other P. falciparum Cdk-related kinases,
suggesting the possibility that unidentified functional
homologues of these regulators may be present in
malaria parasites. Another key player in mitosis entry is
the Aspergillus Nima/mammalian Nek-2, which is required
for centrosome separation at G2/M transition, and in
Aspergillus also controls nuclear pore complex disassem-
bly so that tubulin can get access to the nucleus to
assemble the mitotic spindle (in fungi, like in Apicomplexa,
the nuclear membrane does not break down during
mitosis). We have previously shown that the P. falciparum
kinome includes four Nima-related kinases; one of these,
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Pfnek-1, is expressed in asexual stages and clusters
within the Aspergillus Nima/human Nek-2 branch in phy-
logenetic trees (Reininger et al., 2005). The Toxoplasma
gondii orthologue TgNek-1 seems to exhibit spindle pole
association during mitosis (Gubbels et al., 2008a), sup-
porting partial conservation of regulatory mechanisms
for mitotic entry in Apicomplexa and other eukaryotes.
In agreement with this conclusion, a forward genetic
approach in Toxoplasma identified a TgNek1 mutation
causing severe mitotic defects as evidenced by disorga-
nized mitotic spindle apparatus and DNA over-replication
(Gubbels et al., 2008b).

After they duplicate and separate, centrosomes (and
most likely Plasmodium SPBs) must recruit a number of
different proteins in a process known as maturation. This
process occurs at the G2/M transition and promotes
mitotic spindle assembly. In the absence of Aurora A, the
recruitment to the centrosome of several components of
the pericentriolar matrix (PCM), including g-tubulin, is defi-
cient. It will be therefore of great interest to determine
whether the recruitment of the Pfark-1–GFP protein at
SPBs during the schizogony coincides with an accumula-
tion of g-tubulin at these sites. The recruitment of Pfark-1 at
duplicated SPBs also raises the questions of how Pfark-1
is targeted to the SPBs, and whether and how is it acti-
vated. The targeting of Aurora A to mammalian cen-
trosomes requires the Polo-like kinase 1 (Plk1), which is
also implicated in centrosome maturation and in the
control of mitotic entry (Archambault and Glover, 2009).
Aurora A and a Plk1-interacting protein, Bora, have been
shown to cooperatively activate Plk1, hence Plk1 and
Aurora A are forming a positive feedback loop for mitotic
entry (Seki et al., 2008). A direct Aurora A regulator at the
centrosome is the protein phosphatase type 1 (PP1),
which forms a complex with Aurora A and inhibits its kinase
activity (Katayama et al., 2001). P. falciparum contains a
PP1 protein phosphatase with high sequence similarity to
PP1 members in other species (Wilkes and Doerig, 2008).
Studies in other eukaryotes have demonstrated the ability
of Aurora A substrates to contribute to the localization
and activation of Aurora A through phosphorylation-
independent mechanisms ensuring spatial and temporal
control of the Aurora A kinase activity. The mechanism is
best understood for the localization and activation of
Aurora A at spindle MTs, both of which have been shown
to depend on a substrate of Aurora A, the microtubule-
associated protein (MAP) termed Tpx2 (Kufer et al., 2002;
Eyers et al., 2003). A study by Bayliss et al. (2003) has
revealed how the binding of Tpx2 to Aurora A induces a
conformational change of Aurora A. Proteins associating
and interacting with Aurora A at the centrosome such as
the centrosomal protein centrosomin (Terada et al., 2003),
the LIM domain-containing protein Ajuba (Hirota et al.,
2003) and the transforming acidic coiled coil protein TACC

(Giet et al., 2002), however, are not identifiable on the
basis of sequence homology. Future work on Pfark-1 will
be to dissect out its substrate specificity and regulation by
immmunoprecipitation analyses. Immunoprecipitation
from cellular extracts of metazoans has identified multiple
Aurora A-binding proteins such as PP1, Ajuba and Tpx2.
The identification and characterization of molecules
involved in P. falciparum centrosome (SPB) function will
provide insight into the mechanistic details of parasite
multiplication. In this context, four P. falciparum centrins
have been recently identified and characterized (Mahajan
et al., 2008), providing a significant progress towards our
understanding of the cell cycle machinery in malaria
parasites. Furthermore, in an attempt to investigate the
biochemical and enzymological properties of Pfark-1,
we have expressed Pfark-1 as a GST fusion protein in
Escherichia coli, and found that the purified recombinant
protein, unlike other Aurora family members, is unable to
autophosphorylate and is not active in vitro (L. Reininger
and C. Doerig, unpubl. results). We here report that the
conserved Thr residue in the activation loop of Aurora
members, critically involved in human Aurora A activation
(Ohashi et al., 2006), is substituted by a histidine in
Pfark-1 and its apicomplexan orthologues (Table S2 and
Fig. 3); we cannot exclude that this His residue is a phos-
phorylation site in vivo, as some P. falciparum genes (e.g.
PFD0685c and PF14-0326) display regions with low-level
similarity to the histidine kinase domain (Ward et al.,
2004). Site-directed mutagenesis of the adjacent Ser
residue to an acidic residue did not produce an active
GST–Pfark-1 fusion protein (L. Reininger and C. Doerig,
unpubl. results). However, the presence of a kinase activ-
ity in Pfark-1–GFP immunoprecipitates suggests that the
protein is activated in vivo. Future work aiming at identify-
ing Pfark-1 substrates/regulators may make the Pfark-1
protein kinase amenable to high-throughput screening of
chemical libraries.

In conclusion, we have provided phylogenetic and func-
tional evidence for the presence of Aurora kinase homo-
logues in Apicomplexa. Whether Pfark-2 and Pfark-3 are
cell cycle stage-dependent and function in mitotic spindle
dynamics remains to be determined. Evolutionary analy-
sis of all known Aurora kinases favours a lineage-specific
expansion of Aurora kinases in metazoans and plants
(Brown et al., 2004). Likewise, our present phylogenetic
analysis favours a model of independent Aurora kinase
gene duplication in Apicomplexa. The different number of
Aurora kinases found in Apicomplexa may be related to
the various modes of division, malaria parasites undergo-
ing schizogony having an apparent higher level of com-
plexity than parasites undergoing binary fission such as
Babesia and Theileria. Clearly, the identification of
members of a major mitotic kinase family is an important
step towards a better understanding of the molecular
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control of mitosis and budding in Apicomplexa. Questions
remain in explaining how mitotic kinases regulate pro-
gression through the cell cycle and how the cell cycle is
linked to parasite development.

Experimental procedures

Parasite culture and transfections

The 3D7 clone of P. falciparum, its F12 subclone and the 3D7
transfectants described in this article were grown in human
erythrocytes as described previously, using 0.5% Albumax II
(Invitrogen) instead of human serum (Walliker et al., 1987).
Parasites were synchronized twice using sorbitol according
to Lambros and Vanderberg (1979). To obtain enriched
preparations of schizont-stage parasites, mature trophozoi-
tes were enriched by using the VarioMACS separator and CS
MACS columns (Miltenyi Biotec), resuspended in complete
medium and returned to culture conditions for 1–10 h prior to
harvesting. Development of schizont stages was monitored
by Giemsa-stained thin blood smears. For transfections, syn-
chronized ring-stage parasites (3D7 clone) were electropo-
rated with 50–100 mg of plasmid DNA using standard
procedures (Sidhu et al., 2005). Transformed parasites were
selected in presence of 2.5 mg ml-1 blasticidin (Calbiochem),
then cloned by limiting dilution.

Bioinformatics

Origin of genomic peptide sets. A canonical set of conceptual
translations derived from the published genomes of six
eukaryotic species were acquired. The species utilized (and
source of the protein sequences) were: Homo sapiens
(Opisthokonts) ftp://ftp.ensembl.org/pub/release-30/human-
30.35c/data/fasta/pep/Homo_sapiens.NCBI35.apr.pep.fa.gz;
D. discoideum (amoebazoa) http://www.dictybase.org/db/cgi-
bin/dictyBase/download/download.pl?area=blast_databases
&ID=dicty_primary_protein.gz; A. thaliana (viridiplantae) ftp://
ftp.tigr.org/pub/data/a_thaliana/ath1/SEQUENCES/ATH1.
pep.gz; P. falciparum (alveolates) http://www.plasmodb.org/
common/downloads/release-5.5/; T. pseudonana (heter-
okonts) ftp://ftp.jgi-psf.org/pub/JGI_data/Diatom/thaps1/
thaps1Prots.fasta.gz; T. brucei (discicristates) ftp://ftp.
sanger.ac.uk/pub/databases/T.brucei_sequences/T.brucei_
genome_latest; G. lamblia (excavates) http://gmod.mbl.edu/
perl/site/giardia?page=download_tool&file=orfs_aa&type=
orfs&noheader=T. In addition conceptual translation
sequence sets were obtained for apicomplexan species
as follows: Plasmodium species (P. berghei, P. chabaudi,
P. falciparum, P. knowelsi, P. vivax, P. yeoli ) from Plas-
moDB http://plasmodb.org/common/downloads/release-6.3/;
Cryptosporidium species (C. hominis, C. parvum) from Cryp-
toDB http://cryptodb.org/common/downloads/release-4.2/;
Theileria species (T. annulata ftp://ftp.sanger.ac.uk/pub/
pathogens/T_annulata/TANN.GeneDB.pep) (T. parvum,
ftp://ftp.ncbi.nih.gov/genomes/Protozoa/Theileria_parva/); T.
gondii and Neospora caninum sequences from ToxoDB
http://toxodb.org/common/downloads/release-6.0/Neospora
Caninum/, http://toxodb.org/common/downloads/release-6.0/
Tgondii/; Babesia bovis from NCBI – ftp://ftp.ncbi.nih.gov/

genomes/. These sequence sets were combined as
appropriate (a canonical eukaryote set and an apicomplexan
set) and BLAST (Altschul et al., 1997) databases created.

Identification of homologues, multiple sequence analysis and
phylogenetic analysis. P. falciparum sequences of interest
were aligned under the guidance of the Pfam profile
PF00069 (Finn et al., 2006) using the hmmalign facility of
HMMER (Eddy, 1998). Alignment output in CLUSTALW format
was trimmed down to those blocks encompassing match
states to the profile and ungapped Fasta formatted
sequences extracted from this subset of the alignment
(t-coffee seq_reformat option; Notredame et al., 2000),
effectively extracting the kinase domains. These were sub-
mitted as queries to a BLASTP search (Altschul et al., 1997)
of the databases above with an expectation threshold of
10-30. All conformant sequences were selected from the
canonical sequence set and kinase domains extracted. For
the apicomplexan sequences a set of reciprocal best hits to
the three P. falciparum sequences were determined, and
kinase domains extracted. Multiple sequence analysis
(MSA) was performed by three independent methods:
CLUSTALW (Thompson et al., 1994), t-coffee (Notredame
et al., 2000) and hmmalign (Eddy, 1998) guided by the Pfam
kinase profile (PF00069). The alignments used the default
settings for each method. Alignments were combined under
t-coffee, and quality of alignment assessed. Columns dis-
playing low consistency (score < 5) or significant numbers of
gaps (> 15%) were removed. Phylogenies were determined
either using the appropriate option of SplitsTree version 4
(Huson and Bryant, 2006) or with MEGA version 4 (Tamura
et al., 2007).

Molecular cloning, plasmid constructs

Genomic and cDNA sequence data were accessed via Plas-
moDB (http://www.plasmodb.org). Pfark-1 (gene identifier
PFF0260w) entire 1062 bp open reading frame was PCR-
amplified from a P. falciparum cDNA library (kindly provided
by A. Craig) using primers (forward-OL7 GGGGGATCCAT
GAACGATTCAATC and reverse-OL6 GGGGGTCGACTCAT
TTGTTGTGAAACCA) designed to contain the start and stop
codons as well as BamHI and SalI restriction sites (under-
lined) respectively. The Pfark-1 gene fragments of the GFP
and KO constructs were amplified from P. falciparum genomic
DNA (3D7) using primers (forward-OL729 CCCGGGGGTT
TATCAGCACATATAGGATC and reverse-OL730 GGATCC
TTTGTTGTGAAACCATATGGGTG) designed to contain
XmaI and BamHI restriction sites and primers (forward-OL48
GGGGGGATCCGCACATGGTAGTGTATTC and reverse-
OL49 GGGGCGGCCGCAGGAGACCAATAATCATG) de-
signed to contain BamHI and NotI restriction sites
respectively. The 769 bp Pfark-1-KO fragment was cloned
into the pCam-BSD transfection plasmid (Mamoun et al.,
1999), and the 536 bp Pfark-1–GFP-tag fragment was cloned
into a modified pCam-BSD plasmid containing the open
reading frame of the gfp gene version II subcloned from
pHH2 (Waller et al., 2000), followed by the 3′ UTR of the P.
berghei dihydrofolate reductase gene (3′ Pb DHFR) down-
stream of the multicloning site. All constructs were sent to the
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Dundee Sequencing Service, University of Dundee, UK, for
sequence verification before being used.

Genotype analysis of 3D7 transfectants

Genomic DNA from transfectants and 3D7 control parasites
were extracted from saponin lysis pellets by standard protein-
ase K digestion in presence of SDS, phenol/chloroform/
isoamyl alcohol extraction and ethanol precipitation.
Integration of the GFP-tag construct in the Pfark-1 locus was
monitored by a diagnostic PCR using primer pair (forward-
OL793 GTCATGATAAAAGAATAGCAC complementary to
Pfark-1 codons 146–153, and reverse-OL635 CAGG-
TAGTTTTCCAGTAGTGC complementary to codons of the
gfp coding sequence) amplifying a predicted 0.66 kb PCR
product. For analysis of Pfark-1 KO transfectants, a PCR
using the primer pair OL167 (TATTCCTAATCATGTAAATCT-
TAAA) and OL168 (CAATTAACCCTCACTAAAG) specific for
the pCam-BSD vector backbone produced a 0.93 kb frag-
ment corresponding to the episome only in pCam-Pfark-1-KO
transfectants. A PCR using primer pair OL7 and OL6
described above amplifying a 1.55 kb fragment correspond-
ing to the wild-type Pfark-1 locus was used as a control of the
DNA samples. Primer pairs OL7/OL168 and OL167/OL6
were used to tentatively amplify across the integration site
giving rise to expected 1.25 kb and 1.30 kb products should
the Pfark-1 locus been disrupted respectively.

Western blotting

Western blot analysis of transfectants and wild-type 3D7 P.
falciparum parasites was performed on protein extracts pre-
pared by resuspending parasite pellets in M-PER Mammalian
Protein Extraction Reagent (Pierce) supplemented with 1 mM
phenylmethylsulphonyl fluoride and ComplexTM mixture pro-
tease inhibitor tablet from Roche Applied Science. The
lysates were cleared by centrifugation (15 000 r.p.m. for
15 min at 4°C), and the total amount of proteins in the super-
natant was measured by a Bio-Rad protein assay. Ten micro-
grams of each extract was boiled in Laemmli reducing
sample buffer, separated on a 12% SDS-polyacrylamide gel,
and subsequently electrotransferred to nitrocellulose mem-
brane (Bio-Rad). The blot was blocked in 5% skim milk and
Tris-buffered saline containing 0.05% Tween 20 overnight at
4°C. Immunoblotting was performed using mouse mono-
clonal anti-GFP antibody (1:5000 dilution) (Roche) and
horseradish peroxidase-conjugated sheep anti-mouse IgG
antiserum (1:5000 dilution) (Sigma). The membrane was
stripped using the RestoreTM Western blot Stripping Buffer
(Thermo Scientific) according to the manufacturer’s protocol,
then re-blocked and probed with rabbit anti-P. falciparum 2
Cys-Peroxiredoxin antibodies kindly provided by Dr Sylke
Müller (WCMP, University of Glasgow, UK).

Immunoprecipitation and kinase assays

Pfark-1–GFP was immunoprecipitated from parasite protein
extracts using the GFP-Trap_A kit (Chromotek). Briefly,
protein extracts (~0.5 mg) in M-PER lysis buffer and protease
inhibitors obtained from equal numbers of synchronized sch-

izont stage 3D7 or Pfark-1–GFP transfectant parasites were
incubated with anti-GFP-Trap beads for 2 h at 4°C, washed
four times with RIPA buffer (Merckx et al., 2003) containing
0.5% Triton X-100, 0.5% Nonidet P40 and 0.5% deoxycho-
late, once with RIPA buffer containing 0.1% SDS and once
with kinase buffer (25 mM Tris-HCl, pH 7.5, 15 mM MgCl2,
15 mM ATP). Kinase assays were performed in a standard
reaction containing kinase buffer supplemented with 5 mCi of
[g-32P]-ATP (3000 Ci mmol-1, Amersham Biosciences) using
immunoprecipitates bound to the anti-GFP beads and 5 mg of
substrate, a- and b-casein, or histone H1 and MBP (pur-
chased from Sigma). The reaction proceeded for 30 min at
30°C and was stopped by the addition of Laemmli buffer,
boiled for 3 min, and analysed by electrophoresis on 12%
SDS-polyacrylamide gel. The gels were dried and submitted
to autoradiography.

Fluorescence microscopy

Imaging was performed on a Delta vision deconvolution fluo-
rescence microscope (100¥/1.4 oil immersion objective
Olympus IX-70). Images were processed using IMARIS

version 7.0. Expression of the Pfark-1–GFP fusion protein
was analysed through direct detection of the green fluores-
cence in live parasites. Parasite nuclei were stained by incu-
bation 10 min at 37°C in complete medium containing
1 mg ml-1 Hoechst 3342 (Invitrogen). For ER staining, the
parasite cultures were incubated 30 min at 37°C in complete
medium containing 0.5 mM ER-Tracker (Invitrogen). Stained
parasites were diluted and placed on a slide and coverslip
prior to fluorescence microscopy examination. For immunof-
luorescence analysis, thin smears of parasite cultures were
air-dried and fixed using 4% paraformaldehyde (EMS) in
phosphate-buffered saline (PBS) for 20 min at room
temperature. Cells were permeabilized with 0.1% Triton
X-100 in PBS for 10 min followed by blocking in 3% BSA in
PBS overnight at 4°C. The samples were stained by subse-
quent incubations with a mouse monoclonal antibody specific
to chicken brain a-tubulin (clone DM1A, purchased from
Sigma) (1:500 dilution), and a secondary TRITC-labelled goat
anti-mouse IgG (Southern Biotech, Birmingham, AL) (1:250
dilution) for 1 h at room temperature. All washes used PBS.
Slides were stained with DAPI to visualize parasite nuclei and
mounted with a DAPCO (Sigma) anti-fading solution.

Acknowledgements

This work is based on gene identification made possible by
the availability of genome sequences of malaria and other
apicomplexan parasites, and the PlasmoDB database.

The authors would like to thank Drs Kerry Wood and
Daniela Ton for their very kind help in fluorescence micros-
copy, Dr Sylvain Eschenlauer and Mr Jean Halbert for gen-
erating the pCam-BSD–GFP II vector, and Dr Abdirahman
Abdi for helpful discussions during the course of this study.
We are grateful to Dr Sylke Müller for sharing unpublished
reagents. Work in the CD laboratory is supported by
INSERM, the Wellcome Trust core funding towards the
Wellcome Trust Centre for Molecular Parasitology, which also
supports J.W., and the European Commission (FP6
ANTIMAL and FP7 MALSIG projects, and EviMalar FP7
Network of Excellence).

P. falciparum Aurora-related protein kinases 219

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 79, 205–221



References

Altschul, S.F., Madden, T.L., Schaffer, A.A., Zhang, J., Zhang,
Z., Miller, W., and Lipman, D.J. (1997) Gapped BLAST and
PSI-BLAST: a new generation of protein database search
programs. Nucleic Acids Res 25: 3389–3402.

Anamika, Srinivasan, N., and Krupa, A. (2005) A genomic
perspective of protein kinases in Plasmodium falciparum.
Proteins 58: 180–189.

Andrews, P.D. (2005) Aurora kinases: shining lights on the
therapeutic horizon? Oncogene 24: 5005–5015.

Archambault, V., and Glover, D.M. (2009) Polo-like kinases:
conservation and divergence in their functions and
regulation. Nat Rev Mol Cell Biol 10: 265–275.

Bannister, L.H., Hopkins, J.M., Fowler, R.E., Krishna, S., and
Mitchell, G.H. (2000) A brief illustrated guide to the ultra-
structure of Plasmodium falciparum asexual blood stages.
Parasitol Today 16: 427–433.

Bayliss, R., Sardon, T., Vernos, I., and Conti, E. (2003) Struc-
tural basis of Aurora-A activation by TPX2 at the mitotic
spindle. Mol Cell 12: 851–862.

Brown, J.R., Koretke, K.K., Birkeland, M.L., Sanseau, P., and
Patrick, D.R. (2004) Evolutionary relationships of Aurora
kinases: implications for model organism studies and the
development of anti-cancer drugs. BMC Evol Biol 4: 39.

Carmena, M., and Earnshaw, W.C. (2003) The cellular geog-
raphy of Aurora kinases. Nat Rev Mol Cell Biol 4: 842–854.

Chen, Y., Jirage, D., Caridha, D., Kathcart, A.K., Cortes, E.A.,
Dennull, R.A., et al. (2006) Identification of an effector
protein and gain-of-function mutants that activate Pfmrk, a
malarial cyclin-dependent protein kinase. Mol Biochem
Parasitol 149: 48–57.

Doerig, C., Endicott, J., and Chakrabarti, D. (2002) Cyclin-
dependent kinase homologues of Plasmodium falciparum.
Int J Parasitol 32: 1575–1585.

Doerig, C., Abdi, A., Bland, N., Eschenlauer, S., Dorin-
Semblat, D., Fennell, C., et al. (2010) Malaria: targeting
parasite and host cell kinomes. Biochim Biophys Acta
1804: 604–612.

Doxsey, S., Zimmerman, W., and Mikule, K. (2005) Cen-
trosome control of the cell cycle. Trends Cell Biol 15: 303–
311.

Eddy, S.R. (1998) Profile hidden Markov models. Bioinfor-
matics 14: 755–763.

Eyers, P.A., Erikson, E., Chen, L.G., and Maller, J.L. (2003) A
novel mechanism for activation of the protein kinase Aurora
A. Curr Biol 13: 691–697.

Finn, R.D., Mistry, J., Schuster-Bockler, B., Griffiths-Jones,
S., Hollich, V., Lassmann, T., et al. (2006) Pfam: clans, web
tools and services. Nucleic Acids Res 34: D247–D251.

Fowler, R.E., Smith, A.M., Whitehorn, J., Williams, I.T., Ban-
nister, L.H., and Mitchell, G.H. (2001) Microtubule associ-
ated motor proteins of Plasmodium falciparum merozoites.
Mol Biochem Parasitol 117: 187–200.

Francisco, L., and Chan, C.S. (1994) Regulation of yeast
chromosome segregation by Ipl1 protein kinase and type 1
protein phosphatase. Cell Mol Biol Res 40: 207–213.

Gamo, F.J., Sanz, L.M., Vidal, J., de Cozar, C., Alvarez, E.,
Lavandera, J.L., et al. (2010) Thousands of chemical start-
ing points for antimalarial lead identification. Nature 465:
305–310.

Gardner, M.J., Hall, N., Fung, E., White, O., Berriman, M.,
Hyman, R.W., et al. (2002) Genome sequence of the
human malaria parasite Plasmodium falciparum. Nature
419: 498–511.

Giet, R., McLean, D., Descamps, S., Lee, M.J., Raff, J.W.,
Prigent, C., and Glover, D.M. (2002) Drosophila Aurora A
kinase is required to localize D-TACC to centrosomes and
to regulate astral microtubules. J Cell Biol 156: 437–451.

Glover, D.M., Leibowitz, M.H., McLean, D.A., and Parry, H.
(1995) Mutations in Aurora prevent centrosome separation
leading to the formation of monopolar spindles. Cell 81:
95–105.

Graeser, R., Wernli, B., Franklin, R.M., and Kappes, B.
(1996) Plasmodium falciparum protein kinase 5 and the
malarial nuclear division cycles. Mol Biochem Parasitol 82:
37–49.

Gubbels, M.J., White, M., and Szatanek, T. (2008a) The cell
cycle and Toxoplasma gondii cell division: tightly knit or
loosely stitched? Int J Parasitol 38: 1343–1358.

Gubbels, M.J., Lehmann, M., Muthalagi, M., Jerome, M.E.,
Brooks, C.F., Szatanek, T., et al. (2008b) Forward genetic
analysis of the apicomplexan cell division cycle in Toxo-
plasma gondii. PLoS Pathog 4: e36.

Halbert, J., Ayong, L., Equinet, L., Roch, K.L., Hardy, M.,
Goldring, D., et al. (2010) A Plasmodium falciparum
transcriptional CDK-related kinase with a crucial role in
parasite proliferation associates with histone deacetylase
activity. Eukaryot Cell 9: 952–959.

Hirota, T., Kunitoku, N., Sasayama, T., Marumoto, T., Zhang,
D., Nitta, M., et al. (2003) Aurora-A and an interacting
activator, the LIM protein Ajuba, are required for mitotic
commitment in human cells. Cell 114: 585–598.

Hodges, M.E., Scheumann, N., Wickstead, B., Langdale,
J.A., and Gull, K. (2010) Reconstructing the evolutionary
history of the centriole from protein components. J Cell Sci
123: 1407–1413.

Huson, D.H., and Bryant, D. (2006) Application of phyloge-
netic networks in evolutionary studies. Mol Biol Evol 23:
254–267.

Jaspersen, S.L., and Winey, M. (2004) The budding yeast
spindle pole body: structure, duplication, and function.
Annu Rev Cell Dev Biol 20: 1–28.

Katayama, H., Zhou, H., Li, Q., Tatsuka, M., and Sen, S.
(2001) Interaction and feedback regulation between
STK15/BTAK/Aurora-A kinase and protein phosphatase 1
through mitotic cell division cycle. J Biol Chem 276:
46219–46224.

Kufer, T.A., Sillje, H.H., Korner, R., Gruss, O.J., Meraldi, P.,
and Nigg, E.A. (2002) Human TPX2 is required for target-
ing Aurora-A kinase to the spindle. J Cell Biol 158: 617–
623.

Lambros, C., and Vanderberg, J.P. (1979) Synchronization of
Plasmodium falciparum erythrocytic stages in culture.
J Parasitol 65: 418–420.

Le Roch, K., Sestier, C., Dorin, D., Waters, N., Kappes, B.,
Chakrabarti, D., et al. (2000) Activation of a Plasmodium
falciparum cdc2-related kinase by heterologous p25 and
cyclin H. Functional characterization of a P. falciparum
cyclin homologue. J Biol Chem 275: 8952–8958.

Leete, T.H., and Rubin, H. (1996) Malaria and the cell cycle.
Parasitol Today 12: 442–444.

220 L. Reininger et al. �

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 79, 205–221



Leverson, J.D., Huang, H.K., Forsburg, S.L., and Hunter, T.
(2002) The Schizosaccharomyces pombe Aurora-related
kinase Ark1 interacts with the inner centromere protein
Pic1 and mediates chromosome segregation and
cytokinesis. Mol Biol Cell 13: 1132–1143.

Lim, H.H., Zhang, T., and Surana, U. (2009) Regulation of
centrosome separation in yeast and vertebrates: common
threads. Trends Cell Biol 19: 325–333.

Mahajan, B., Selvapandiyan, A., Gerald, N.J., Majam, V.,
Zheng, H., Wickramarachchi, T., et al. (2008) Centrins, cell
cycle regulation proteins in human malaria parasite Plas-
modium falciparum. J Biol Chem 283: 31871–31883.

Mamoun, C.B., Gluzman, I.Y., Goyard, S., Beverley, S.M.,
and Goldberg, D.E. (1999) A set of independent selectable
markers for transfection of the human malaria parasite
Plasmodium falciparum. Proc Natl Acad Sci USA 96:
8716–8720.

Marumoto, T., Zhang, D., and Saya, H. (2005) Aurora-A – a
guardian of poles. Nat Rev Cancer 5: 42–50.

Merckx, A., Roch, K.L., Nivez, M.P., Dorin, D., Alano, P.,
Gutierrez, G.J., et al. (2003) Identification and initial char-
acterization of three novel cyclin-related proteins of the
human malaria parasite Plasmodium falciparum. J Biol
Chem 278: 39839–39850.

Moore, J., and Sinden, R.E. (1974) Fine structure of Plasmo-
dium mexicanum. J Parasitol 60: 825–834.

Morrissette, N.S., and Sibley, L.D. (2002) Cytoskeleton of
apicomplexan parasites. Microbiol Mol Biol Rev 66: 21–38,
table of contents.

Nigg, E.A. (2001) Mitotic kinases as regulators of cell division
and its checkpoints. Nat Rev Mol Cell Biol 2: 21–32.

Notredame, C., Higgins, D.G., and Heringa, J. (2000)
T-Coffee: a novel method for fast and accurate multiple
sequence alignment. J Mol Biol 302: 205–217.

Ohashi, S., Sakashita, G., Ban, R., Nagasawa, M., Mat-
suzaki, H., Murata, Y., et al. (2006) Phospho-regulation of
human protein kinase Aurora-A: analysis using anti-
phospho-Thr288 monoclonal antibodies. Oncogene 25:
7691–7702.

Read, M., Sherwin, T., Holloway, S.P., Gull, K., and Hyde,
J.E. (1993) Microtubular organization visualized by immu-
nofluorescence microscopy during erythrocytic schizogony
in Plasmodium falciparum and investigation of post-
translational modifications of parasite tubulin. Parasitology
106 (Part 3): 223–232.

Reilly, H.B., Wang, H., Steuter, J.A., Marx, A.M., and Ferdig,
M.T. (2007) Quantitative dissection of clone-specific growth
rates in cultured malaria parasites. Int J Parasitol 37:
1599–1607.

Reininger, L., Billker, O., Tewari, R., Mukhopadhyay, A.,
Fennell, C., Dorin-Semblat, D., et al. (2005) A NIMA-
related protein kinase is essential for completion of the
sexual cycle of malaria parasites. J Biol Chem 280: 31957–
31964.

Ridley, R.G. (2002) Medical need, scientific opportunity and
the drive for antimalarial drugs. Nature 415: 686–693.

Schrevel, J., Asfaux-Foucher, G., and Bafort, J.M. (1977)
[Ultrastructural study of multiple mitoses during sporogony

of Plasmodium b. berghei]. J Ultrastruct Res 59: 332–
350.

Seki, A., Coppinger, J.A., Jang, C.Y., Yates, J.R., and Fang,
G. (2008) Bora and the kinase Aurora a cooperatively
activate the kinase Plk1 and control mitotic entry. Science
320: 1655–1658.

Sidhu, A.B., Valderramos, S.G., and Fidock, D.A. (2005)
pfmdr1 mutations contribute to quinine resistance and
enhance mefloquine and artemisinin sensitivity in Plasmo-
dium falciparum. Mol Microbiol 57: 913–926.

Singh, S., Plassmeyer, M., Gaur, D., and Miller, L.H. (2007)
Mononeme: a new secretory organelle in Plasmodium fal-
ciparum merozoites identified by localization of rhomboid-1
protease. Proc Natl Acad Sci USA 104: 20043–20048.

Tamura, K., Dudley, J., Nei, M., and Kumar, S. (2007) MEGA4:
Molecular Evolutionary Genetics Analysis (MEGA) software
version 4.0. Mol Biol Evol 24: 1596–1599.

Terada, Y., Uetake, Y., and Kuriyama, R. (2003) Interaction of
Aurora-A and centrosomin at the microtubule-nucleating
site in Drosophila and mammalian cells. J Cell Biol 162:
757–763.

Thompson, J.D., Higgins, D.G., and Gibson, T.J. (1994)
CLUSTAL W: improving the sensitivity of progressive multiple
sequence alignment through sequence weighting, position-
specific gap penalties and weight matrix choice. Nucleic
Acids Res 22: 4673–4680.

Vader, G., Medema, R.H., and Lens, S.M. (2006) The chro-
mosomal passenger complex: guiding Aurora-B through
mitosis. J Cell Biol 173: 833–837.

Van Damme, D., Bouget, F.Y., Van Poucke, K., Inze, D., and
Geelen, D. (2004) Molecular dissection of plant cytokinesis
and phragmoplast structure: a survey of GFP-tagged
proteins. Plant J 40: 386–398.

Waller, R.F., Reed, M.B., Cowman, A.F., and McFadden, G.I.
(2000) Protein trafficking to the plastid of Plasmodium fal-
ciparum is via the secretory pathway. EMBO J 19: 1794–
1802.

Walliker, D., Quakyi, I.A., Wellems, T.E., McCutchan, T.F.,
Szarfman, A., London, W.T., et al. (1987) Genetic analysis
of the human malaria parasite Plasmodium falciparum.
Science 236: 1661–1666.

Ward, P., Equinet, L., Packer, J., and Doerig, C. (2004)
Protein kinases of the human malaria parasite Plasmodium
falciparum: the kinome of a divergent eukaryote. BMC
Genomics 5: 79.

Wilkes, J.M., and Doerig, C. (2008) The protein-
phosphatome of the human malaria parasite Plasmodium
falciparum. BMC Genomics 9: 412.

Supporting information

Additional supporting information may be found in the online
version of this article.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.

P. falciparum Aurora-related protein kinases 221

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 79, 205–221


