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Abstract

Clinical malaria is associated with the proliferation of Plasmodium parasites in human
erythrocytes. The coordinated processes of parasite egress from and invasion into erythrocytes are
rapid and tightly regulated. Here we found that the plant-like calcium-dependent protein kinase
PfCDPKS5, which is expressed in invasive merozoite forms of Plasmodium falciparum, was
critical for egress. Parasites deficient in PFCDPKS5 arrested as mature schizonts with intact
membranes, despite normal maturation of egress proteases and invasion ligands. Merozoites
physically released from stalled schizonts were capable of invading new erythrocytes, separating
the pathways of egress and invasion. The arrest was downstream of cGMP-dependent protein
kinase (PfPKG) function and independent of protease processing. Thus PFCDPKS plays an
essential role of PFCDPKS5 during the blood-stage of malaria replication.

Plasmodium falciparum malaria remains a leading cause of morbidity and mortality
worldwide, and resistance to existing antimalarials is a growing problem. Signal
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One sentence summary:
The Plasmodium falciparum calcium-dependent protein kinase PFCDPKS5 is essential for blood-stage proliferation of the human
malaria parasite.
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transduction plays a major role in key transitions of the parasite life-cycle. Calcium is
thought to be a regulator of parasite egress from and invasion into host cells. Multiple
calcium-dependent protein kinases (CDPKSs), a sub-family absent from the human genome,
have been identified in apicomplexan organisms (1-8).

The PfCDPKS5 gene (PF13_0211) is transcribed in mature blood-stage schizonts and
invasive merozoites (9) suggesting a role in egress and/or erythrocyte invasion (Fig. S1).
PFCDPKS5 exhibits a canonical multi-domain structure with a serine/threonine kinase domain
followed by a C-terminal calmodulin-like domain comprising four Ca%*-binding EF hands
(Fig. 1A) (10). This structure is predicted to facilitate rapid kinase activation following
locally increased Ca2* concentration. Recombinant PFCDPK5 phosphorylated an artificial
target protein in the presence of Ca2*, and this was inhibited by the calcium chelator EGTA,
demonstrating that PFCDPKS5 is a bona fide CDPK (Fig. 1B) (11). In the absence of
substrate, recombinant PFCDPKS5 auto-phosphorylated itself.

We used the destabilizing domain (DD) system to regulate the level of PFCDPKS5 expression
in P. falciparum (12-15). DD-fusion proteins are expected to be rapidly degraded in the
absence of the ligand Shield-1 (Shld1) and stabilized in its presence (Fig. 1C). We
genetically fused DDy, a strongly destabilizing DD derivative (16) to the C-terminus of
PfCDPKS5, generating the D10-PfCDPK5-DDy and D10-PfCDPK5-HA-DDy parasite
lines (Fig. S2), which expressed PFCDPKS in schizonts (Fig. 1D). PFCDPKS5 has potential
palmitoylation sites but no myristoylation site like its paralog PFCDPK1 (17). Carbonate
extraction, which separates soluble from membrane-associated proteins, showed that
PfCDPKS5 was associated with parasite membranes (Fig. 1E). This may be important for
maintaining the kinase in close proximity to its substrate(s).

Newly invaded ring-stage D10-PfCDPK5-DDy, and D10-PfCDPK5-HA-DDy parasites
were maintained in the presence or absence of Shld1 until the mature schizont stage.
PfCDPKS5 levels were decreased ~60-80% in the absence of Shld1 (Fig. 1F) in the
detergent-insoluble fraction. To evaluate the requirement for PFCDPKS5 for P. falciparum
growth, we examined replication rates of D10-PfCDPK5-DD), parasites in the presence
and absence of Shld1 (Fig. 1G). As a control, we created parasites with DDy, fused to
PfCDPK4 (D10-PfCDPK4-DDy,), a paralog not essential for asexual replication (1, 6).
Without Shld1, the D10-PfCDPK5-DD)\ parasites failed to proliferate, demonstrating that
PfCDPKS5 is essential. In contrast, D10-PfCDPK4-DDry parasites grew normally in the
absence of Shld1, despite a >90% drop in PFCDPK4 levels (Fig. S3). D10-PfCDPK5-DDy
parasitemia levels remained <0.2% for >10 days after Shld1 removal. However, after 10-12
days, a Shld1-independent revertant population emerged (D10-PfCDPK5-DDypy-Rev, Fig.
S4A) with a concomitant genomic alteration at the PFCDPKS5 locus (Fig. S2B). We
generated PFCDPK5-deficient parasites in the 3D7 strain, demonstrating a similar arrest in
proliferation in a different strain of P. falciparum (Fig. S4B).

Morphological analysis over the 48 h blood-stage asexual cycle (Fig. 2A) revealed healthy
rings 6+2 hours post-invasion (h.p.i.) and trophozoites 26+2 h.p.i. irrespective of the
presence of Shild1. At 48+2 h.p.i., schizonts were observed both [+] and [—] Shld1. New
rings were observed in the presence of Shid1 but were >95% reduced in the [-]Shld1
cultures. 8 h later, the majority of [+]Shld1 parasites had reinvaded to form rings, but the
[-]Shld1 parasites, deficient for PFCDPKS5, remained stalled as late schizonts, with a >90%
reduction in new ring formation. Thus PFCDPKS5 plays an essential role in parasite
proliferation and egress from the erythrocyte. Functional knockout of PFCDPKS5 did not
affect the number of merozoites per schizont (Fig. S5). Arrested schizonts were
ultrastructurally normal and the erythrocyte plasma membrane (PM), parasitophorous
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vacuole membrane (PVM), and parasite PM were intact (Fig. 2B). The block thus occurred
after schizont differentiation but prior to PVM rupture.

To test whether PFCDPKS5-deficient schizonts had undergone aberrant differentiation or
were irreversibly prevented from egress and/or invasion, we performed Shld1 rescue
experiments (Fig. 2C). Upon observation of reinvaded rings in the [+]Shld1 parasites (48
h.p.i.), we allowed parallel [-]Shld1 parasites to incubate for an additional 1, 4, or 8 h prior
to adding back Shld1; new ring formation and levels of non-ruptured schizonts were
measured 4 h after the addition of Shid1. Newly invaded rings were observed, albeit at lower
levels, even in parasites that had been PFCDPK5-deficient for 52 h.p.i and 56 h.p.i.. Thus,
PfCDPK5-deficient arrested schizonts had differentiated normally and retained the ability to
egress and reinvade. Gene expression profiles in PFCDPK5-deficient parasites at 46+2 h.p.i.
correlated most closely with the expression pattern for late schizonts (r = 0.83) (9). Focusing
on a subset of 30 differentially expressed genes between late schizonts and early rings, the
expression pattern of the arrested parasites progressed towards the early ring phenotype (Fig.
2D, file S1).

Recent studies have identified a parasite protease cascade required for egress from
erythrocytes (18, 19) and maturation of merozoite surface proteins. PfSUB1, released from
specialized secretory organelles called exonemes, cleaves several proteins including the
protease PFSERAS and the invasion ligand merozoite surface protein 1 (PfMSP1) (19, 20).
In our egress-blocked parasites, processing of PFSUB1 (mature form: ~47 kDa), PFSERAS
(mature form: ~50 kDa), and PfMSP1 (mature form: ~42 kDa) were all unaffected (Fig.
3A), and in the PFCDPKJ5-deficient arrested parasites, PFfSUB1 discharge and enzyme
activity was unaffected. While PFSERAS processing is necessary for parasite egress, it is not
sufficient. PFCDPK5 mediates a separate and downstream signal to the protease cascade
required for parasite egress.

Selective inhibition of the cGMP-dependent kinase PFPKG wit h 4-[2-(fluorphenyl)-5-(1-
methylpiperidine-4-yl)-1H pyrrol-3-yl]pyridine (compound 1) blocks egress (21). Treatment
of schizonts with compound 1 inhibited processing of PFIMSP1 by PfSUB1 (Fig. S6A).
However, compound 1 did not inhibit PFSUB1 enzyme activity directly (Fig. S6B),
suggesting that compound 1 treatment interferes with access of PfSUBL to its endogenous
substrates, perhaps by preventing exoneme discharge.

To test if PFCDPK5-deficient merozoites are capable of erythrocyte invasion, we
mechanically disrupted arrested schizonts by needle-shearing. Newly invaded rings were
observed at a significantly higher rate in the sheared cultures compared with unsheared
controls (Fig. 3B). Thus the egress trigger may be distinct from the erythrocyte invasion
trigger. Isolation of viable PFCDPKJ5-deficient merozoites provides a valuable source for
studies of erythrocyte invasion. In contrast to the invasion-competent PFCDPK5-deficient
merozoites, mechanically disrupted compound 1-treated parasites did not generate newly
invaded rings (Fig. 3B), consistent with these parasites being blocked at an earlier step.

We propose a modified model of P. falciparum egress from erythrocytes (Fig. S7). The
protease cascade is necessary but not sufficient for parasite egress. Following an egress
trigger, a transient increase in Ca2* concentration activates PFCDPKS5 to amplify and
transmit the signal for parasite egress. The final stages of PVM and erythrocyte PM rupture
probably involve molecules downstream of PFCDPKS5 activation, such as perforin-like
proteins, membrane channels, and/or proteases (22, 23).

Supplementary Material
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Figure 1. PFCDPKS5 is an essential calcium-dependent protein kKinase

A) Schematic of PFCDPKS5. Scale bar, 100 amino acids. B) Recombinant GST-PfCDPK5-
6His (94 kDa) was incubated with or without substrate (myelin basic protein, 18 kDa), with
1.1 mM Ca2* or 1 mM EGTA, and 32P-g-ATP. In the presence of Ca2*, PfCDPK5
phosphorylates itself (double arrowhead) and substrate (arrowhead). C) PFCDPKS5 fused to
DD\ is targeted for degradation, but is stabilized by Shld1. D) Protein lysates from D10-
PfCDPK5-HA-DD\ ring (0-20h), trophozoite (20-36h), and schizont-stage (36—48h)
parasites cultured with Shid1 and probed with anti-HA (PfCDPK5) or anti-Histone H3
(loading control). E) Na,COg3-extracted schizonts were probed with anti-PfLDH
(cytoplasmic fraction), anti-PFAMAL (membrane fraction), or anti-HA. F) D10- PFCDPK5-
HA-DD, parasites were grown [+] or [-] Shld1 until 44 h, incubated with E- 64 for 10 h,
harvested, fractionated with 0.6% NP-40, and probed with anti-HA and anti- Histone H3. G)
Representative replication curves. D10-PfCDPK5-DD) and D10- PfCDPK4-DDy\
parasites were cultured [+] and [—] Shid1.
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Figure 2. PFCDPK5-deficient parasite arrest prior to egress

A) Light microscopy of synchronized D10-PfCDPK5-DDy, parasites grown [+] or [—]
Shld1 at indicated hours post invasion (h.p.i.). Pie charts show relative proportions of rings,
trophozoites, and schizonts (N=100). B) D10-PfCDPK5-DD) parasites were grown
[—=]Shld1 until 56 h.p.i. and visualized by electron microscopy. The erythrocyte PM (black
triangle), PVMe), and the parasite PM (grey triangle) were intact. C) Ring-stage D10-
PfCDPK5-DD)\ parasites were grown [+] or [—] Shid1 until 48 h.p.i.. In parallel
[-1Shld1cultures, Shid1 was added back at the indicated times (49, 52, 56 h.p.i). Rings and
schizonts were counted 4 h later (mean +/— S.D., N=4). D) RNA expression patterns from
3D7-PfCDPK5-DD)\ parasites at 48 h.p.i. [+] and [] Shld1 and 54 h.p.i. [-]Shld1. Log,-
transformed expression pattern shown for 15 late schizont-stage and 15 early ring-stage
genes.
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Figure 3. PFCDPKS5-deficient parasites are fully mature and invasion-competent

A) D10-PfCDPK5-HA-DD), parasites were grown [+] and [—] Shld1, harvested by
Percoll-purification at 48 h.p.i., and analyzed by western blot with anti-PfSUB1, anti-
PfSERADS, and anti-PfMSP1,,. B) D10-PfCDPK5-DDy parasites were grown until 48
h.p.i. ([+)/[-]0.5 uM Shid1, [+]/[-] 4 uM compound 1). Subsets of parasites were sheared
through a 28.5G needle. Ring parasitemia was determined 4 h later. (mean, +/— S.D. [or data
range], N=2-7, *p < 0.05, unpaired t-test.)
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