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Background: Calcium-dependent protein kinase (CDPK) regulate key processes in malaria parasite. However, the role of

PfCDPK?7 has remained unclear.

Results: PfCDPKY is an effector of PI(4,5)P, and regulates key parasitic processes.
Conclusion: PfCDPK? is a target of PI(4,5)P, and is critical for parasite development.
Significance: The data provides novel insights into the role of PECDPK?7, a key kinase of P. falciparum.

Second messengers such as phosphoinositides and calcium
are known to control diverse processes involved in the devel-
opment of malaria parasites. However, the underlying molec-
ular mechanisms and pathways need to be unraveled, which
may be achieved by understanding the regulation of effectors
of these second messengers. Calcium-dependent protein
kinase (CDPK) family members regulate diverse parasitic
processes. Because CDPKs are absent from the host, these
kinases are considered as potential drug targets. We have dis-
sected the function of an atypical CDPK from Plasmodium
falciparum, PfCDPK?7. The domain architecture of PfCDPK?7
is very different from that of other CDPKs; it has a pleckstrin
homology domain adjacent to the kinase domain and two cal-
cium-binding EF-hands at its N terminus. We demonstrate
that PfCDPK7 interacts with PI(4,5)P, via its pleckstrin
homology domain, which may guide its subcellular localiza-
tion. Disruption of PfCDPK?7 caused a marked reduction in
the growth of the blood stage parasites, as maturation of rings
to trophozoites was markedly stalled. In addition, parasite
proliferation was significantly attenuated. These findings
shed light on an important role for PCDPK? in the erythro-
cytic asexual cycle of malaria parasites.

Malaria continues to be a major global health burden as it
inflicts morbidity and mortality on millions every year. Despite
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recent promises exhibited by some of the vaccine candidates,
there are no approved malarial vaccines on the horizon (1). The
rapid rise in resistance of malaria parasites against existing anti-
malarial drugs has emerged as a major problem in the treatment
of the disease. The life cycle of Plasmodium falciparum, the
most virulent species of malaria parasites, alternates between
the human and the mosquito host. The sporozoites injected
into the host during the mosquito bite invade hepatocytes and
undergo schizogony, leading to the formation of thousands of
merozoites. Subsequently, merozoites invade erythrocytes to
initiate the asexual erythrocytic cycle, which causes disease
pathogenesis. Following invasion, the parasite first displays ring-
like morphology, and “starts” to feed on host cell hemoglobin and
other nutrients from the extracellular milieu, maturing into a tro-
phozoite. Finally, the parasite divides via the process of schizogony
resulting in the formation of up to 30 merozoites. Some of the
parasites undergo sexual differentiation into male or female game-
tocytes, which after ingestion by the Anopheles mosquito, com-
plete the sexual cycle that ultimately leads to the generation of
sporozoites that accumulate in the salivary glands of the insect,
where they are primed for infection of a new human host.

The involvement of signaling pathways in various stages of
malaria parasite development has become increasingly clear, as
several protein (2, 3) and lipid kinases (4 — 6) have been demon-
strated to play critical roles in parasite biology. Protein kinases,
many of which are regulated by second messengers like cyclic
nucleotides and calcium, mediate important parasitic events
such as host cell invasion, egress, and sexual differentiation
(7-9). The dissection of signaling mechanisms will shed light
on novel aspects of parasite biology and may also aid the design
of novel intervention strategies.

Second messengers like calcium and phosphoinositides play
diverse roles in signaling and trafficking in most eukaryotes
(10). Calcium release in Plasmodium is tightly regulated, nota-
bly by phospholipase C, and in turn triggers signaling events
involved in processes like host cell invasion and sexual devel-
opment (9, 11).
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Recent studies have indicated that phosphoinositides may be
generated by various phosphatidylinositol phosphate (PIP)°
kinases expressed by the parasite (4, 5, 12). Although PIPs like
PI3P have been implicated in hemoglobin trafficking and
export of proteins to the host erythrocyte (4, 13), the role of
PIPs in parasite biology remains overall poorly understood. In
the present study, we have identified a novel and unexpected
effector of PIP signaling, an as yet uncharacterized member of
the calcium-dependent protein kinase (CDPK) family. We pro-
vide evidence that this enzyme, PfCDPK?7, binds to PI(4,5)P,
and controls parasite development in the erythrocyte.

EXPERIMENTAL PROCEDURES
Antibodies

The dilution used for immunofluorescence assays (IFA) is
indicated in parentheses: anti-PfCDPK?7: rabbit (1:100); anti-
BiP: rabbit (1:200) or mouse (1:100); anti-EBA175: rabbit, MR4:
(1:100); anti-RAP1 7H8/50 MR4, mouse (1:200 mAb or culture
supernatant); anti-RAP2: rabbit (1:100) and anti-MSP1(1-19):
mouse and rabbit (1:100), a gift from Dr. Pawan Malhotra; anti-
AMAT1: rabbit (1:100), a gift from Dr. Chetan Chitnis; anti-GFP:
mouse (1:100), Roche Applied Science; and anti-MBP: rabbit
(1:1000), Santa Cruz Inc.

Parasite Culture, Transfections, and Generation of Transgenic
Parasites

P. falciparum 3D7 strain was cultured in complete RPMI
1640 medium with 0.5% Albumax II (Invitrogen) or human
serum at 37 °C as described previously (14). Parasite synchro-
nization was achieved by using 5% sorbitol (15). Typically,
60-100 pg of plasmid DNA was transfected in the parasite
by electroporation. Transfected parasites were selected by
treatment with blastidicine or WR99210 at ~2.5 ug/ml and
~3.5 nM, respectively (16). Parasites transfected with the
PfCDPK7-KO plasmid were initially genotyped by PCR to
check for integration at the expected locus. These uncloned
populations yielded PCR products diagnostic of both disrupted
and intact CDPK?7 loci. Subsequently, PFCDPK7-KO parasites
were cloned by limiting dilution in 96-well plates, and several
clones were selected for genotyping. The PfCDPK7-KO para-
site clone used in the present study appeared after more than 3
months of drug selection. The information related to various
DNA constructs and generation of transgenic parasites is pro-
vided below.

Plasmid Constructs

The information related to PCR primers used for all con-
structs and PCR is provided in Table 1.

® The abbreviations used are: PIP, phosphatidylinositol phosphate; BSD, blas-
tidicine S-deaminase; CDPK, calcium-dependent kinase; CDPK7, calcium-
dependent kinase 7; IFA, immunofluorescence assay; MBP, maltose-bind-
ing protein; Pf, Plasmodium falciparum; PH domain, pleckstrin homology
domain; PI(4,5)P,, phosphatidylinositol 4,5-bisphosphate; PVM, parasito-
phorous vacuole membrane; RBC, red blood corpuscles; Tg, Toxoplasma
gondii; MSP1, merozoite surface protein 1; RAP, rhoptry-associated
protein.
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TABLE 1
Description of PCR primers used in the indicated studies

Oligo Forward (5°-3)
MBP-fusion protein expression in E.Coli

Reverse (5°-3°)

PH-MBP  GCGGATCCGATATGATAAAA CGCTGCAGTAAATTATATAATGTATT
AAGAAT

PH+KD- ~ GCGGATCCGATATGATAAAA CGCTGCAGATATATAAATGAATTTTC

MBP AAGAAT

GFP-fusion protein expression in Plasmodium falciparum

KD-GFP GGGGTACCCCATGGAATTAC CGGCCTAGGTTGATTTTCATTATTATGA
ATGAACAGTTAGGG TGAGG

PH+KD- CGGGTACCATGAAGAATTCT CGGCCTAGGTTGATTTTCATTATTATGA

GFP CTTAAGGAA TGAGG

Knock-out construct

PfCDPK7- GCAGCCCGGGGGATCAAGTT TAGAACTAGTGGATCTTATGGTGCTACA

KO TTCAACTGTTTATAGAGG TAGGCTAAGGTTCC

Southern Blotting

Southern ~ AAGTTTTCAACTGTTTATAG TGGTGCTACATAGGCTAAGGTT

Probe A

Genotyping of transgenic parasites

Wild type  GAACATATTTATTAAACAGG CATATGGATAGGATCTTTATCATGTTCT
GATGAATGGGTACAAGCG TTATTTGTATTATCATTTATTTGGAC

57 GAACATATTTATTAAACAGG CAATTAACCCTCACTAAAG

Integration GATGAATGGGTACAAGCG

3 TATTCCTAATCATGTAAATC  CATATGGATAGGATCTTTATCATGTTCT

Integration TTAAA TTATTTGTATTATCATTTATTTGGAC

Episome TATTCCTAATCATGTAAATC CAATTAACCCTCACTAAAG
TTAAA

PfCDPK7-KO Construct

The plasmid for PFCDPK7-KO was generated by cloning an
amplicon corresponding to the core of the kinase domain of
PfCDPK?7 in pCAM-BSD vector (2), which has a BSD resistance
gene.

Expression Constructs

PH+KD fragment (PH, KD, and a short C-terminal exten-
sion, amino acids 1711-2212) and the KD (kinase domain with
short C-terminal extension, amino acids 1820-2212), were
cloned in Kpnl and AvrlI sites of pARL vector, which has genes
for dihydrofolate reductase and GFP (17) for generating C ter-
minus GFP fusion proteins in the parasite. For expression in
Escherichia coli as MBP fusion protein, PH (amino acids 1708 —
1817) and PH+KD (amino acids 1708 -2091) domains were
cloned in pMALc2x vector.

Southern Blotting and Genotyping

Southern Blotting—5 pg of genomic DNA prepared from
PfCDPK7-KO or 3D7 trophozoites was digested with HindIII
followed by agarose gel electrophoresis and transfer on
HyBond N* (Amersham Biosciences) membrane using 6 X
SSC buffer. Subsequently, the DNA was UV cross-linked. A
probe was prepared by PCR using a ANTP mixture supple-
mented with radioactive [a->?P]dCTP. The radiolabeled
PCR product was denatured at 95 °C for 5 min followed by
cooling at 4 °C for 5 min and was used for hybridization for
12 h. After washing the membrane with 20X SSC buffer, the
membrane was exposed to phosphoimager film, which was
read using a Fuji phosphorimager.

Genotyping—For confirmation of 5" and 3’ integration and
detection of the episome, standard PCR was performed using
various primer sets (Table 1) and genomic DNA isolated from
various parasite lines.
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FIGURE 1. PfCDPK?7 is an atypical CDPK expressed in blood stages of malaria parasites. A, schematic representation of PfCDPK7. Unlike typical PFCDPKs,
CDPK7 has a PH domain adjacent to the kinase domain (KD) at the C terminus and two EF-hand motifs near its N-terminal end. Please note that schematics are
not drawn to scale, PfCDPK7 is a much larger protein in comparison to other CDPKs. Band C, antisera raised against a C-terminal region of PfCDPK7 and not the

preimmune sera recognized a band corresponding to ~250 kDa, the expected

size of the protein (B). Western blot on protein lysates of various asexual blood

stages of P. falciarum was performed using anti-PfCDPK7 antisera. Actin was used as a loading control (C).

Parasitemia Growth Rate

3D7 and PfCDPK7-KO parasites were synchronized 2-3
times as described above and ring stage parasites were cultured
in the presence or absence of blastidicine. For microscopic eval-
uation, Giemsa-stained thin blood smears were prepared after
every 24 h and the number of rings, trophozoites, and schizonts
were counted at each time point. In some cases, the number of
merozoites per schizont was calculated. For quantitation by
FACS, a previously described method was used with minor
modifications (18).

Immunofluorescence, Live Cell Imaging, and Inmunoelectron
Microscopy

Immunofluorescence assays (IFA) were performed on thin
blood smears or on parasite suspensions as described previ-
ously (19). Typically, cold methanol was used for fixation for
smears and permeabilization was performed using 0.05% sapo-
nin in PBS followed by blocking with 3% BSA at room temper-
ature. Subsequently, incubation with relevant primary anti-
bodies/antisera and Alexa Fluor 488/594-labeled secondary
antibodies (Invitrogen) was done. Finally, Vectashield mount-
ing medium (Vector Laboratories inc.) containing DAPI was
used for mounting. For IFAs on parasite suspensions, 4% para-
formaldehyde and 0.0075% glutaraldehyde in PBS, pH 7.4, was
used as a fixative and the parasites were typically permeabilized
with 0.1% Triton X-100 prepared in PBS and fixed parasites
were treated with 0.1 mg/ml of solution of NaBH,/PBS. Para-
sites were visualized using a AxioObserver microscope (Carl
Zeiss) with a HRm camera or a Zeiss LSM confocal microsope.
Typically, 20-30 Z stacks were collected. The processing of
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images was done using either Axiovision 4.8.2 or Zen software.
For deconvulated images in Fig. 2, A and B, the constrained
iterative or inverse algorithms in the deconvolution module of
Axiovision Software were used.

For immunolocalization by electron microscopy, infected
RBCs were fixed in 4% paraformaldehyde, 0.05% glutaralde-
hyde for 1 h at 4 °C. Samples were subsequently embedded in
10% gelatin and infiltrated overnight with 2.3 M sucrose, 20%
polyvinyl pyrrolidone in PIPES/MgCl, at 4 °C. Samples were
frozen in liquid nitrogen before sectioning with a Leica Ultracut
UCT cryo-ultramicrotome (Leica Microsystems Inc., Bannock-
burn, IL). Sections of 50 nm thickness were blocked with 5%
FBS, 5% normal goat serum for 30 min, and subsequently incu-
bated with CDPK7 antisera followed by secondary anti-rabbit
antibody conjugated to 18-nm colloidal gold (Jackson Immuno-
Research Laboratories, Inc., West Grove PA). Sections were
washed in PIPES buffer followed by a water rinse, and stained
with 0.3% uranyl acetate, 2% methyl cellulose. A JEOL 1200EX
transmission electron microscope was used for analyzing the
sections. All labeling experiments were performed in parallel
with controls by excluding the primary antibody, which were
generally negative at the concentration of colloidal gold-conju-
gated secondary antibodies used in these studies.

Immunoblotting and Antisera Generation

Unless indicated otherwise, cell-free protein extracts from
specific parasite stages were prepared in a buffer containing (10
mM Tris, pH 7.5, 100 mMm NaCl, 5 mm EDTA, 1% Triton X-100,
20 mMm sodium fluoride, 20 mm B-glycerophosphate, 100 um
sodium orthovanadate, and Complete Protease inhibitor mix-
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FIGURE 2. PFCDPK7 may be present in the ER and vesicles. A, IFA was performed to localize PFCDPK? in various asexual stages of the parasite using antisera against
PfCDPK?7.R, rings; T, trophozoites; S, schizonts; M, merozoites. B, co-staining was done using antisera against PfCDPK7 and BiP on ring and trophozoites (a) or anti-RAP1
mADb on free merozoites (b). , immuno-EM performed on a trophozoite-stage parasite indicated the presence of PFCDPK7 in ER and vesicular compartments (arrows).
Various parasite organelles are indicated: FV, food vacuole; PM/PVM, parasite membrane/parasite vacuolar membrane; ER, endoplasmic reticulum; N, nucleus.

ture (Roche Applied Science)). After separation of lysate pro-
teins on SDS-PAGE gels, proteins were transferred to a nitro-
cellulose membrane. Immunoblotting was performed using
various primary antibodies and antisera and HRP-labeled anti-
rabbit IgG. WestPico enhanced chemiluminescence (ECL) sub-
strate (Pierce) was used to develop blots following the manufa-
cturer’s instructions. Anti-PfCDPK7 antisera was raised by
immunizing rabbits with a keyhole limpet hemocyanin-conju-
gated peptide (QNVRDQNDTTPHHNNENQN) correspond-
ing to the C terminus of PfCDPK7 using standard protocols.

Recombinant Protein Expression and PIP-binding Assay and
Kinase Assay

The kinase, PH+KD, and PH domains of PfCDPK7 were
expressed as MBP fusion proteins and purified using amylose
resin (New England Biolabs) following the manufacturer’s
instructions. For dot blot assays, various phosphoinsositides
(100 wm, Avanti Polar or Calbiochem) were spotted onto nitro-
cellulose membrane and air dried for 2 h. Subsequently, the
membrane was blocked with 3% BSA in buffer A (50 mm Tris-
HCI, pH 7.4, 150 mm sodium chloride, 0.1% Tween 20) for 3 h
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followed by incubation with recombinant MBP-PH or MBP
(0.5 pg/ml) for 12 h at 4 °C. The membrane was washed 5 times
with buffer A prior to 3 h incubation with anti-MBP antibody
(Santa Cruz Biotechnology). Subsequently, the membrane was
incubated with HRP-labeled anti-rabbit IgG and PIP-bound
protein was detected by chemiluminescence.

Kinase assays using recombinant MBP-PH+KD were per-
formed using Kinase-Glo kit from Promega following the man-
ufacturer’s instructions. In this assay, the amount of ATP con-
sumption is measured, which is facilitated by the luciferase
enzyme provided with the kit. The assays were performed in a
buffer containing 50 mm Tris, pH 7.5, 10 mm magnesium chlo-
ride, 20 um ATP and myelin basic protein. In some cases, lipid
vesicles (20) containing PI(4,5)P, were included in the assay.

RESULTS

PfCDPK7, an Atypical CDPK with a PH Domain—Phospho-
inositides interact with specific protein domains like the pleck-
strin homology (PH) and FYVE zinc finger domains (named
after the four cysteine-rich proteins Fab 1, YOTB, Vac 1, and
EEALI in which they were first described) (21). Our in silico
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FIGURE 3. PfCDPK?7 interacts with PI(4,5)P, via its PH domain, which may be important for its subcellular localization. A, recombinant MBP-PH fragment
of PFCDPK?7 exhibited interaction with PI(4,5)P, in a dot blot assay, MBP was used as a control. B and C, parasites overexpressing GFP fusion proteins of the KD
or PH+KD were generated. Panel B, live imaging of the KD-GFP overexpressing parasites suggested that the KD is present in the parasite cytoplasm. Panel C,
IFA was performed and PH+KD-GFP was detected using anti-GFP antibody (red) and antisera against ER marker PfBiP. PH+KD-GFP were localized to vesicular
compartments in proximity to the ER. D, the PH-+KD domain of PfCDPK7 was expressed as a MBP fusion protein and in vitro kinase assays were performed in
the presence or absence of lipid vesicles containing PI(4,5)P, as described under “Experimental Procedures.” Data (S.E. of duplicates from the indicated
experiment with S.E.), which is representative of 3 independent experiments is shown.

studies lead to the identification of proteins containing PIP-
binding FYVE (22) or PH domains®. One of the PH domain-
containing proteins possessed a protein kinase domain and an
N-terminal EF-hand calcium-binding motif (Fig. 1A4). This pro-
tein kinase (PLASMODB ID PF11_0242; new GenDB ID
PF3D7_1123100) was subsequently annotated as calcium-de-
pendent protein kinase 7 (CDPK?7). PfCDPK?7 diverges from the
canonical architecture of CDPKs (Fig. 14). Typically, CDPKs
have 4 EF-hand motif bearing a C-terminal calmodulin-like
domain connected to their kinase domain via a short regulatory
junction domain, and have a short and variable N-terminal
region. In contrast, PfCDPK7 has two N-terminal calcium-
binding EF-hand domains separated by several hundred amino
acids from a PH domain, which is immediately N-terminal to
the kinase domain present at the C-terminal end.

An antiserum was raised against a PfCDPK7-derived C-ter-
minal peptide, which recognized a ~250 kDa band, close to the
expected size of PfCDPK7 (Fig. 1B). PfCDPK7 protein is

6 R.Ranjan and P. Sharma, unpublished data.
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expressed throughout the blood stage life cycle of the parasite
as indicated by Western blot performed on protein lysates from
various parasitic stages (Fig. 1C).

Localization of PfFCDPK7 during Parasite Development—IFA
were performed to determine the localization of PFCDPK7 dur-
ing parasite development. The signal was perinuclear at early
stages of development (Fig. 24, R). As the parasite matured,
PfCDPK?7 exhibited punctate staining indicative of its presence
in vesicular structures (Fig. 24, T and S). Co-staining with the
ER marker BiP suggested that these vesicles may be in close
proximity of ER (Fig. 2B, 4). Immunoelectron microscopy
(immuno-EM) of trophozoites (Fig. 2C) suggested that it may
be present in the vesicles and possibly ER exit sites. Although
co-staining with additional markers for cis- and trans-Golgi did
not reveal significant co-localization, PFCDPK7 appeared to be
in close proximity of these secretory organelles (data not
shown). Various markers for apical organelles whose ontogeny
begins in schizonts were used in IFA to evaluate their proximity
to PICDPK7. Co-staining with rhoptry bulb protein RAP1/2
(Fig. 2B, b), neck, and microneme proteins (data not shown)
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FIGURE 4. Generation of PFCDPK7 knockout parasite line. A, strategy to knock out PfCDPK7. pCAM-BSD-PfCDPK7KO construct contains a fragment of
PfCDPK7 kinase domain, which spans the ATP-interacting glycine triad (subdomain 1) and the PE di-peptide in subdomain VIl in which the Glu residue is
important for conformational stability of the kinase, blastidicine resistance gene (BSD) (2). The location of primers (“Experimental Procedures,” Table 1) used for
the detection of integration events is indicated by arrowheads. B, PCR analysis of the PfCDPK7 locus. Parasites were transfected with the indicated construct and
selected with blastdicine as described under “Experimental Procedures.” Subsequently, drug-resistant parasites were genotyped for 5’ and 3’ integration
followed by limiting dilution cloning. Genomic DNA from wild-type 3D7, PfCDPK7-KO clone was isolated and PCR amplification was performed using the
indicated primers. Primer pairs 1/4 and 3/2 were used for integration at the 5" and 3’ end, respectively, primers 1/2 and 3/4 detect the wild-type PfCDPK7 locus
and the episome, respectively. The expected size of PCR products is indicated. C, Southern blot analysis of PFCDPK7 locus in 3D7 and PfCDPK7-KO parasites.
After digestion with Hindlll, the genomic DNA was transferred to nitrocellulose membrane followed by incubation with a-*?P-labeled probe. The sizes of the
bands are indicated, which correspond to the expected sizes, are indicated in panel A. In the case of PFCDPK7-KO, two bands of expected size (7.2 and 1.3 kb)
indicating the integration at expected locus were observed, an additional 5-kb band corresponding to the episome was also observed. A single band of an
expected size of 3.5 kb, which indicated intact PfCDPK7 locus was observed in the case of 3D7 parasites. D, Western blotting using PfCDPK7 antisera was
performed on lysates prepared from 3D7 (lane 1), another unrelated modified 3D7 (lane 2), or PFCDPK7-KO (lane 3) line, which confirmed the loss of PFCDPK7
in PFCDPK7-KO parasites. Actin was used as a loading control.

suggested that it is present in vesicles but may not be present in
these organelles.

Interaction of PfCDPK7 with PI(4,5)P, via its PH Domain
May Be Critical for Its Subcellular Targeting—The recombi-
nant PH domain of PfCDPK7 was expressed as recombinant
maltose-binding protein (MBP) fusion protein to evaluate its
interaction with PIPs. A nitrocellulose membrane on which
various phosphoinositides were spotted was incubated with the
recombinant proteins. Both PH (Fig. 34) and PH+KD (data not
shown) proteins interacted specifically with PI(4,5)P,, without
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exhibiting detectable binding to any other PIP. These data sug-
gested that PfCDPK7 may be a target of PI(4,5)P,. Next, we
tested if this domain could target the kinase to subcellular com-
partments. To this end, transgenic parasites expressing GFP
fusion of PH+KD or KD were generated. The GFP-KD exhib-
ited diffused expression in the parasite cytoplasm (Fig. 3B).
Because the GFP fluorescence for PH+KD lines was not strong
enough for live imaging, IFA were performed using an anti-GFP
antibody (Fig. 3C). The results suggested that the PH+KD con-
struct was in close proximity of the nucleus and ER (Fig. 3C) as
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attheindicated time points and represented as % of total number of parasites. Although most 3D7 parasites (column 1) matured to trophozoites (72 and 120 h),
a significant number of PFCDPK7-KO (column 2) parasites failed either to mature to trophozoites and/or exhibited abnormal morphology (violet). C, number of
nuclei per schizont/segmenter of 3D7 (blue) or PFCDPK7-KO (red) was counted from Giemsa-stained blood smears. The number of schizonts containing more
than 20 merozoites was significantly lower in the case of PfCDPK7-KO. Top panel (B and C), light microscopy of Giemsa-stained thin blood smears (left) revealed

abnormal morphology of PfCDPK7-KO parasites (right).

observed for PfCDPK7 (Fig. 2, A and B). Based on these data, we
conclude that the interaction between PI(4,5)P, and its PH
domain may contribute to subcellular localization of PECDPK?7.
Attempts to express and purify the full-length PfCDPK7 pro-
tein were not successful, precluding investigations on the role
of calcium on its activity. Recombinant PH+KD was expressed
and its activity was assayed. The activity of PH+KD was almost
unchanged in the presence of PI(4,5)P, (Fig. 3D). It appears
from these results that PI(4,5)P, may not influence PH+KD
activity.

Disruption of PfCDPK7 in P. falciparum—Gene disruption
studies were attempted to elucidate the function of PfCDPK?7.
Attempts to knock out the homologue of this kinase in Plasmo-
dium berghei were unsuccessful, suggesting that PbCDPK7 may
be essential for blood-stage growth of the rodent parasite and
therefore may also be important for P. falciparum growth (3). In
the context of a kinome-wide reverse genetics study, a single
crossover homologous recombination strategy was employed
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to disrupt PfCDPK7 (2). A fragment corresponding to the core
region of the kinase domain was cloned in pCAM-BSD vector
for this purpose (Fig. 44). The blastidicine-resistant parasites
obtained after transfection were genotyped by PCR. The drug-
resistant parasites at this stage contained a subpopulation in
which integration had occurred at the expected locus along
with parasites with an intact PACDPK7 locus (2). The knock-out
parasites were cloned by limiting dilution. PCR and Southern
blotting (Fig. 4, B and C) confirmed a clone (PfCDPK7-KO) in
which the PfCDPK?7 locus was disrupted. Western blotting per-
formed using PfCDPK7 antisera confirmed the loss of
PfCDPK7 protein in PfCDPK7-KO parasites (Fig. 4D).
PfCDPK7 Regulates Parasite Development—To examine if
the disruption had an impact on parasite growth, the parasite-
mia of synchronized PfCDPK7-KO or 3D7 parasites was
assessed for more than two cycles. The parasitemia of 3D7 par-
asites increased consistently after each life cycle as expected.
PfCDPK7-KO parasites propagated at a significantly slower
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FIGURE 6. PfCDPK7-KO parasites exhibit abnormal morphology post-invasion. A-C, IFA were performed on parasites 6 -12 h post-invasion (A-C) to detect
rhoptry bulb proteins RAP1 (A and C) and RAP2 (B), which are transferred to PV post-invasion, and PVYM was stained with MSP1. The 3D7 parasites exhibited
round or amoeboid shape with MSP1 and RAP1 staining in close proximity. The CDPK7-KO abnormal parasites exhibited significantly smaller vaculoar space
and often MSP1 or RAP1 staining was at distinct locations. C, typically, RAP1 is confined to the parasite/PV as seen in the 3D7 parasites. In contrast, several
PfCDPK7-KO parasites exhibited extra-vacuolar RAP1 (arrow). D, parasites exhibiting abnormal morphology were counted from IFAs described in panels A and

B and are represented as % of total parasites. Values are mean = S.E. from three experiments.

rate (Fig. 5A), the difference between the two parasite lines
being enhanced after each cycle.

The observed reduced growth rate could be due to (i) an
extended duration of the asexual cycle; (ii) reduced viability of
PfCDPK7-KO parasites; (iii) reduced invasion rate; or (iv)
smaller progeny of schizonts. To gain insight into the basis for
the attenuated growth of PfCDPK7-KO parasites, we moni-
tored the appearance of developmental stages during asexual
proliferation. It was striking that the maturation of ~50% of
PfCDPK?7-KO rings into trophozoites was abrogated in subse-
quent cycles (Fig. 5B). A close examination of parasites revealed
abnormal stunted morphology of the PfCDPK7-KO parasites
(Fig. 5B, Giemsa-stained parasites), which most likely were
rings or early trophozoites with aborted development (Fig. 5B).
The number of these abnormal parasites was not significant in
the first cycle (Fig. 5B, 24h). Because the experiments were initi-
ated with sorbitol-synchronized parasites, it is possible that due to
altered PVM and other defects (discussed below) these abnormal
parasites were unable to survive sorbitol treatment. As a result they
were excluded from the parasite population, which was used to
initiate the assay. Therefore, mainly normal parasites were
observed after 24 h. Because abnormal PfCDPK7-KO rings
formed in the next cycle continued to be present in the assay, a
significant number of parasites with stunted growth were
observed in subsequent cycles (72 and 120 h). This was confirmed
by using parasites without sorbitol treatment. In this case, ~40%
CDPK7-KO rings that did not successfully mature to trophozoites
were observed even in the first cycle.

To ascertain the effect of PfCDPK7 on parasite division,
merozoites per schizont were counted. The number of schi-
zonts with 21-25 merozoites was significantly smaller (and
with 11-15 merozoites much larger) in PfCDPK7-KO in com-
parison to the wild-type parasites (Fig. 5C). These data sug-
gested that the PfCDPK7 may regulate the number of progeny
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merozoites, which would also contribute to the observed slower
growth rate. Thus, the slow growth phenotype appears to result
from both a smaller progeny for each schizont, and defects in
ring to trophozoite development.

PfCDPK7-KO Parasites Exhibit Abnormal Morphology—
Erythrocyte invasion assays carried out with PFCDPK7-KO par-
asites did not suggest a major change in invasion efficiency
(data not shown). The growth and morphology of parasites
post-invasion was monitored by IFA for RAP1/2 and MSP1,
which are located in PV and PVM, respectively (23). The rhop-
try bulb proteins such as the low molecular weight rhoptry bulb
complex proteins RAP1 and 2 are transferred to the PV post-
invasion (23), (24). The staining of parasites with MSP1 and
RAP1/2 revealed a significant number of parasites with abnor-
mal morphology. Typically, 3D7 parasites attained “round” or
“amoeboid” shape 3—-12 h post-invasion (Fig. 6, A and B) with
MSP1 and RAP1/2 in close proximity as described previously
(23). In contrast, a significant number of PfCDPK7-KO para-
sites possessed “abnormal” shapes in which fragmented (and
discontinuous) MSP1 staining was observed (Fig. 6, A, B, and
D). In addition, strikingly, blobs and extensions containing
RAP1 were found in the host RBC outside the PV (Fig. 6C) in
erythrocytes infected with PfCDPK7-KO parasites. These
defects corroborate well with stalled ring to trophozoite matu-
ration observed in growth assays (Fig. 5B). It is possible that the
formation of PV and/or PVM may have been impaired, result-
ing in unusual structures observed in PfCDPK7-KO parasites.

DISCUSSION

To our knowledge, PECDPK?7 is the only protein kinase in
Plasmodium to have been demonstrated to interact with a
phosphoinositide. PFCDPK7 may be transiently localized to the
ER early in development and as the parasite develops it may be
incorporated in the budding vesicles. IFA performed with
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markers of other secretory organelles like GRASP and Rab6 did
not reveal a significant co-localization, even though PfCDPK?7
was present in close proximity (data not shown). The interac-
tion between the PH domain and PI(4,5)P, may guide the local-
ization of the enzyme to the ER and associated vesicles, which is
supported by the observed punctate staining of the PH domain
constructs. Most PH domain probes that interact with P1(4,5)P,
mainly localize to the plasma membrane (25). Therefore, the
vesicular localization of PfCDPK7 and its PH domain con-
structs was surprising. It is possible that these organelles may be
enriched in PI(4,5)P,, and/or additional interactions may
recruit the kinase to these locations.

The analysis of PfCDPK7-KO parasites suggested severe
defects in the growth of the parasite, indicating the importance
of PfCDPK?7 for blood stage life cycle. Gene disruption of the
CDPK?7 homologue in P. berghei was not possible indicating
that it is essential for the rodent parasite (3). It took prolonged
efforts to clone the PFCDPK7-KO parasites as they propagated
extremely slowly. It is likely that CDPK?7 has a similar deleteri-
ous effect on the blood stage growth of P. berghei. As a result,
PbCDPK7-KO parasites could not be obtained, presumably due
to rapid clearance by the rodent immune system.

A close examination of PfCDPK7-KO parasites suggested
that the development of rings was markedly affected, which was
indicated by stunted parasite morphology. In addition, the
number of merozoites per PFCDPK7-KO schizont was signifi-
cantly lower than in the wild-type parasites. It is indeed possible
that developmental defects in early life cycle stages, such as
inefficient nutrient uptake, affected parasite division and/or
PfCDPK?7 may have a direct role in cell division. These possi-
bilities need to be examined by performing further studies. A
recent study reported gene disruption of the PfCDPK7 ortho-
logue in Toxoplasma gondii, TgCDPK?7, suggested that it is
essential for parasite growth. Using a conditional knock-out
strategy, TgCDPK7-KO parasites were obtained that exhibited
significant defects in parasite division, asynchronous develop-
ment, and impaired centrosome duplication (26). Because Plas-
modium and Toxoplasma divide via the rather divergent pro-
cesses of schizogony and endodyogeny, respectively, CDPK7
may regulate the division in these parasites via different mech-
anisms. TgCDPK7—KO parasites (26) do not seem to share any
other phenotypic trait with PECDPK7-KO parasites.

A reduced growth rate caused by a decrease in the average
number of nuclear bodies per segmenter has been reported for
two other plasmodial protein kinases, PfPK7 (16) and Pfcrk-5
(27). It will be interesting to explore if PFCDPK?7 functions in a
pathway that also includes one of these kinases. The identifica-
tion of PfCDPK?7 substrates will shed light on how this kinase
controls parasitic processes. Given the importance of PfCDPK7
demonstrated here, it will also be worth evaluating this kinase
as an anti-malarial drug target.
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