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The role of cGMP signalling in regulating life cycle progression
of Plasmodium
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Abstract
The 30-50-cyclic guanosine monophosphate (cGMP)-dependent protein kinase (PKG) is the main mediator of cGMP signalling in the malaria
parasite. This article reviews the role of PKG in Plasmodium falciparum during gametogenesis and blood stage schizont rupture, as well as the
role of the Plasmodium berghei orthologue in ookinete differentiation and motility, and liver stage schizont development. The current views on
potential effector proteins downstream of PKG and the mechanisms that may regulate cyclic nucleotide levels are presented.
� 2012 Institut Pasteur. Published by Elsevier Masson SAS.
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1. Guanylyl cyclases and cGMP-phosphodiesterases

The intracellular second messenger cGMP regulates
downstream targets, thereby influencing diverse cellular
functions, ranging from smooth muscle contractility [1], to
retinal phototransduction [2]. cGMP is synthesised by gua-
nylyl cyclases (GCs) and hydrolysed by phosphodiesterases
(PDEs). In mammalian cells, natriuretic peptides ANP, BNP
and CNP activate membrane-bound GCs, while the soluble
GC is believed to be the main intracellular receptor of nitric
oxide (NO) [3]. Signalling mechanisms upstream of malaria
parasite GCs and the identity of potential membrane receptors
that may be able to react to environmental cues and initiate
intracellular signalling, remain largely unknown. It is possible
that rather than being coupled to receptors, the membrane-
bound GCs themselves may be able to receive an extra- or
intracellular signal. In Plasmodium, there is no soluble GC and
the membrane-bound GCs do not appear to contain an NO-
binding domain and so it is unclear, whether NO impacts on
cGMP signalling in the parasite.
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Due to evolutionary early branching, the apicomplexan
components of cGMP signalling are much diverged from the
mammalian enzymes. In Plasmodium falciparum, two
membrane-associated GC isoforms (PfGCa and PfGCb) have
been identified [4]. These are unusual predicted bifunctional
enzymes with up to 22 transmembrane domains; comprising
an N-terminal P-type ATPase-like domain (resembling
a calcium pump) and a paired C-terminal GC domain that has
a similar topology to mammalian G protein coupled adenylyl
cyclases [4,6]. Recombinant expression of the two catalytic
domains of PfGCb demonstrated guanylyl cyclase activity, but
no adenylyl cyclase activity [4]. Low levels of PfGCa mRNA
expression have been detected in sexual and asexual blood
stages by microarray analysis [5,7]. Immunoelectron micros-
copy using an antibody raised to the catalytic domain of
PfGCa suggested that the enzyme may be located in the
parasitophorous vacuole membrane (PVM) or the plasma
membrane of gametocytes [4]. GCa orthologues from P. fal-
ciparum and Plasmodium berghei are both refractory to
deletion and are therefore likely to have an essential function
in the development of erythrocytic asexual stages [4,8]. PfGCb
is transcribed at relatively high levels in mature gametocytes,
but not in asexual blood stages. The gene was successfully
disrupted implying no essential function in the blood stages.
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PfGCb-ko lines also exhibited no significant effects on the
development of gametocytes or gametogenesis [8], consistent
with results obtained by deleting the P. berghei orthologue [9].

In P. falciparum, four genes encode cyclic nucleotide PDEs
(PfPDEa, PfPDEb, PfPDEg and PfPDEd). PfPDEa is
expressed as two alternatively spliced isoforms (PfPDEaA and
PfPDEaB). All four PfPDEs are predicted to comprise 4e6
transmembrane domains, consistent with the finding that most
of the PDE activity is present in crude membrane fractions of
blood stage parasites [10,11]. This is in contrast to mammalian
cells, where few PDEs contain a transmembrane domain [12].
There is biochemical and genetic evidence that PfPDEa and
PfPDEd hydrolyse cGMP [8,10,11,13]. Deletion of PfPDEa
showed that it is not an essential gene in blood stages, since
parasites had no aberrant phenotype. However, cGMP-
hydrolysing activity in PfPDEa-ko parasites was reduced by
20%, while cAMP-hydrolysis was unaffected [11], consistent
with data showing that the catalytic domain of PfPDEa as
a recombinant protein has cGMP-PDE activity [10,11]. These
data also suggest that at least one other PDE breaks down
cGMP in P. falciparum blood stages. The most plausible
candidate is PfPDEb, since this is the only other PfPDE highly
expressed in blood stages [14]. High levels of cAMP-specific
PDE activity have been measured in the asexual blood stages
of P. falciparum, suggesting that PfPDEb may be a dual
specificity phosphodiesterase [11,15]. PfPDEg mRNA
expression is detectable at low levels in asexual blood stage
parasites [11], but was successfully knocked out in P. falci-
parum, without obvious morphological effects in asexual or
sexual blood stages [8]. PfPDEd mRNA is expressed at high
levels in gametocytes and while a knockout was also possible,
indicating a non-essential role in asexual stages, severe effects
on gametogenesis and a 50% reduction of cGMP-PDE activity
were observed [8].

While the cGMP-dependent protein kinase (PKG) is
believed to be the main target of cGMP, mammalian cells have
other proteins that are directly regulated by cGMP, such as
cyclic nucleotide-gated ion channels and proteins containing
a small molecule and nucleotide binding GAF domain, which
in some cases binds to cGMP [16]. Plasmodium genomes,
each have a single gene encoding PKG, but no cGMP-
responsive ion channel was identified [17,18]. An additional
protein has been identified (PlasmoDB identifier: PF14_0173,
PBANKA_102530) with five putative cyclic nucleotide
binding domains, of which the most C-terminal domain is
predicted to have cGMP-specificity [13]. The predicted
>400 kDa protein is conserved among apicomplexan parasites
and its expression has been detected in P. falciparum [19,20].
No conserved effector function can be annotated, but inter-
estingly the protein has homology with reticulocyte binding
proteins. The remainder of this review will focus on the only
characterised cGMP regulated protein in Plasmodium, PKG.

2. The apicomplexan cGMP-dependent protein kinase

Two genes encode mammalian PKG, type I and II, and two
PKG I isoforms are generated by alternative splicing (PKG-Ia
and PKG-Ib) [21]. PKG-I is cytosolic, whereas PKG-II
undergoes myristoylation at an N-terminal glycine residue
that facilitates anchoring to the plasma membrane [21].
Mammalian PKG is a homodimer, with each monomer
comprising both a regulatory and a catalytic domain. An
autoinhibitory domain, that is part of the regulatory subdomain
of PKG, interacts with and inhibits the catalytic subunit in the
absence of cGMP. Upon cGMP-binding to the regulatory
domain, a conformational change releases the catalytic
domain, leading to activation of the kinase [21,22]. No 3D
structural data exist for full length PKG to date, however,
crystallographic data are available for the leucine zipper and
GKAP docking site of PKG-Ib [23] and the N-terminal cyclic
nucleotide binding domain [24].

The apicomplexan parasites Toxoplasma gondii and Eime-
ria tenella both have a single PKG gene copy, but express two
isoforms as a result of alternative translation start sites. The
shorter isoform localises to the cytosol, while the full length
protein undergoes N-terminal myristoylation and palmitoyla-
tion, reminiscent of the mammalian PKG II [18]. The single
copy P. falciparum PKG (PfPKG; PlasmoDB identifier
PF14_0346) lacks the consensus motifs for N-terminal myr-
istoylation and palmitoylation [25]. There are structural
features, distinct from mammalian cells that are conserved
across the apicomplexan PKGs. First, they lack the N-terminal
leucine zipper motif present in mammalian PKG, which is
thought to mediate homodimerisation, as well as interaction
with other proteins, including some substrates. Evidence
suggests that the apicomplexan PKGs are monomeric, in
contrast to the mammalian isoforms [18]. Interestingly, the P.
falciparum PKG does have a motif towards the N-terminus of
the protein that resembles the pseudosubstrate sequence of
mammalian autoinhibitory domains [26], although a regula-
tory role for this has not been demonstrated.

Another distinction concerns the number of cGMP-binding
sites in the regulatory domain. Mammalian PKGs contain two
cGMP-binding sites whereas apicomplexan isoforms contain
an additional, third, cGMP-binding site and a degenerate
fourth which lacks key cGMP-binding residues. Mutation of
the third cGMP-binding site had the greatest effect on the
Ka(cGMP) [27]. In the same study mutation of the fourth,
degenerate, site was shown to cause a decrease in the
maximal enzymatic rate, but with no corresponding decrease
in Ka(cGMP). This led to the conclusion that this site is
required for full activation, but does not bind cGMP [27]. For
the E. tenella PKG (EtPKG) and PfPKG expressed in T.
gondii, as well as for TgPKG, a relatively high degree of
cooperativity of cGMP-dependent activation of PKG has been
measured [25].

The behaviour with respect to cGMP analogues is also
different. In contrast to mammalian PKGs, 8-substituted
cGMP analogues are only weak activators of the EtPKG
[28] and P. falciparum PKG [27]. Since apicomplexan PKGs
were found to require binding to all three cGMP-binding
domains for full activation, a restricted binding of the 8-
substituted analogue to the unusual additional (third)
cGMP-binding site was assumed [28]. PET-cGMP proved
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to be a relatively good activator of apicomplexan PKG
enzymes [27,28] and this cGMP analogue may potentially be
used as a molecular tool to trigger PKG activity in these
systems.

There are differing reports on the stage specificity of
PfPKG protein expression. Initially peak expression was
documented in P. falciparum ring stage parasites as well as in
gametocytes [8,17,25]. More recent work has found maximal
asexual blood stage expression of PfPKG protein in late
trophozoites and schizonts [29,30].

3. PfPKG mediates the initiation of P. falciparum
gametogenesis

A small percentage of erythrocytic malaria parasites
develop into gametocytes, the sexual stages, which are taken
up by feeding mosquitoes and are responsible for transmission
from the human to the mosquito host. As soon as the game-
tocytes are inside the insect, environmental changes are
believed to immediately trigger gametogenesis; the differen-
tiation to the mature gamete stage. Both male and female
gametocytes change their morphology from crescent-shaped
to spherical by rounding up, following which the male
undergoes three rounds of genome replication to produce
eight flagellated gametes, which then egress in a process
termed exflagellation. This process can be stimulated in vitro
by a temperature-decrease combined with either a rise in pH
or addition of the mosquito-derived factor xanthurenic acid
(XA) [31,32]. It is unclear how the stimulatory XA-signal is
received by gametocytes. Pharmacological evidence sug-
gested that increased cGMP levels could stimulate exfla-
gellation in P. berghei and P. falciparum [33]. Furthermore
a link between the stimulation of exflagellation by XA and
cGMP-synthesis was identified, when addition of XA to P.
falciparum gametocyte membrane preparations was found to
stimulate GC activity [34]. This suggests that the signal for
exflagellation might be transduced via a cGMP-mediated
pathway [34] and that the membrane-associated GCs might
directly or indirectly be involved in the reception of the XA-
signal.

Since gametogenesis (and asexual blood stage develop-
ment) was apparently normal in GCb-ko parasites despite
a decrease in GC activity in both P. falciparum [8] and P.
berghei [9] parasites, this suggests that the critical cGMP-
generating enzyme in both these stages is PfGCa [8,35,36],
which was refractory to knockout approaches. Upon disruption
of PfPDEd, which is expressed in gametocytes, the cGMP-
PDE activity was decreased by approximately 50% and the
ability of gametocytes to round up and undergo exflagellation
in the presence of XA was severely reduced [8]. Interestingly,
it appeared that egress of the PfPDEd-ko gametes from the
RBC was significantly inhibited [8]. It was concluded that
disruption of cGMP-PDE activity likely disturbs gametogen-
esis as a result of premature activation of PfPKG [8]. This
indicated that a tight temporal regulation of cGMP levels by
GC and PDE activities is crucial for successful sexual stage
development [8].
3.1. A chemical genetic tool to demonstrate a role for
PKG in gametogenesis
Since both PfPKG and PbPKG have proved refractory to
deletion, an essential role for the enzyme in the asexual blood
stages was assumed [8]. However, the lack of availability of
a gene knockout has required the development of an alterna-
tive set of chemical genetic tools to study PKG function in the
blood stages.

Valuable data have been generated using the PKG selective
small molecules, compound 1 and compound 2 in combination
with inhibitor-resistant transgenic parasites. The trisubstituted
pyrrole 4-[2-(4-fluorophenyl)-5-(1-methylpiperidine-4-yl)-1H-
pyrrol-3-yl]pyridine (compound 1) was identified in a whole-
cell screen by Merck Research Laboratories and inhibits the
growth of the coccidian parasites E. tenella and T. gondii both
in vitro and in vivo [18,37]. In a chemical pull-down assay
with compound 1, PKG was identified as a molecular target of
compound 1 in E. tenella parasites [18]. In a subsequent
medicinal chemistry effort, a more potent PKG inhibitor, the
imidazopyridine compound 4-[7-[(dimethylamino) methyl]-2-
(4-fluorophenyl) imidazo[1,2-a] pyridin-3-yl] pyrimidin-2-
amine (compound 2) was developed and had greater efficacy
in both in vitro and in vivo assays [38]. The selectivity of
compound 1 for apicomplexan PKGs, has been attributed to
interaction of a fluorophenyl group with a hydrophobic pocket
that is part of the ATP-binding site. This pocket is accessible
as a result of a relatively small residue threonine in the gate-
keeper position, which is present in apicomplexan PKGs, but
not in the mammalian isoforms [39]. An approach first used to
investigate ‘off-target’ effects of the PKG inhibitors in the
T. gondii parasite [39] was also employed to study the malarial
enzyme. The gatekeeper residue of the endogenous PfPKG
(threonine 618) was mutated to a bulkier glutamine. This
single substitution increased the IC50 of compound 1 more
than 3000 fold in kinase assays using recombinant enzyme.
The mutant PKG was then introduced into P. falciparum by
allelic replacement to allow investigation of the function of
PKG in the various life cycle stages by comparison of mutant
and wild-type parasites after treatment with compound 1 and
2 [35].

Selective chemical inhibition of PfPKG function by
compound 1 and compound 2 [18] has allowed evaluation of
the role of PfPKG during gametogenesis [35]. These PKG
inhibitors were found to prevent both rounding up and exfla-
gellation in P. falciparum gametocytes in the low micromolar
range. Use of the genetically derived gatekeeper mutant of
PKG confirmed that PfPKG is the primary target of compound
1 and 2 during the initiation of gametogenesis and showed that
activation of gametocytes is mediated by PfPKG [35].

4. Function of cGMP signalling in the regulation of
ookinete development and motility

Following fertilisation of the gamete in the mosquito
midgut, the zygote develops into an ookinete which requires
gliding motility to traverse the midgut epithelium. An essential
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role for cGMP signalling has been demonstrated for P. berghei
ookinete motility. In two separate studies, the PbGCb gene
was disrupted [13,9]. The observations were similar: ookinetes
appeared morphologically normal, but had a severe defect in
gliding motility and a drastically reduced ability to invade the
mosquito midgut, suggesting a role for cGMP-mediated sig-
nalling at this life cycle stage [13,9]. In accordance with this,
disruption of the PbPDEd gene resulted in initially normal
sexual development, but instead of developing to the normal
‘banana’ shape, ookinetes gradually became spherical with
a defect in motility and a greatly reduced midgut infection rate
[40]. The similarities between these two phenotypes point to
a requirement for tight control of cGMP levels to regulate
ookinete development and motility. Low levels of cGMP as
a result of a lack in GC activity, as well high cGMP levels due
to a lack of PDE-mediated degradation, both could lead to
a misregulation of PKG activity and cause the motility defect
in ookinetes. Evidence of a direct link to PKG was obtained
using compound 1, which is able to block ookinete gliding at
sub- to low micromolar concentrations, indicating that the
cGMP-pathway, through the actions of PKG, is crucial for
ookinete motility [13]. Further evidence for this link comes
from the ability of compound 1 to rescue PbPDEd-ko parasites
at this life cycle stage. It is hypothesised that PKG is over-
activated in the PbPDEd-ko parasites and therefore the
compound 1-mediated inhibition of PKG activity allows
normal development [13]. The PbPDEd-ko phenotype is also
reversed in P. berghei ookinetes, in which both PbGCb and
PbPDEd were disrupted simultaneously, possibly because the
decrease in cGMP-degradation can compensate for reduced
cGMP-synthesis [13]. Interestingly, in the P. berghei parasite,
a PbCDPK3-ko ookinete was found to mimic the reduced
gliding speed phenotype of the PbGCb-ko [9,36,40,41], sug-
gesting that calcium- and cGMP-dependent pathways might
overlap [13]. In accordance with this was the observation that
the increased cytosolic cGMP level in the PbPDEd-ko was
able to rescue the phenotype of PbCDPK3-ko, resulting in
normal motility, possibly because overstimulation of PbPKG
can compensate for the loss of PbCDPK3 signalling [13].

5. PbPKG function is involved in merosome release at the
liver stage of P. berghei

After invasion of a liver cell, the malarial sporozoite
replicates and eventually merozoites exit the infected hepa-
tocyte in vesicles called merosomes, containing hundreds of
parasites, which bud off the membrane. An elegant genetic
knockout of PbPKG has been described in the liver stages of
the parasite life cycle. In this approach, flippase recognition
sites were introduced into the PbPKG locus, allowing
a temperature-dependent flippase to be expressed under
control of the stage-specific PbTRAP promoter. This leads to
disruption of the locus only upon reaching the sporozoite
stage, when infected mosquitoes were transferred to a lower
temperature, in the range of 25e30 �C, prior to a blood-feed
[42]. These PbPKG-ko sporozoites were capable of infecting
hepatocytes and developing to the mature schizont stage, but
merosome release was dramatically reduced [42], suggesting
that similar to asexual blood stage schizonts, liver stage
schizont egress is regulated through the actions of PKG.

The PKG inhibitor compound 1 was used to investigate the
role of PbPKG during hepatocyte invasion by sporozoites [43].
Since PbPKG-ko sporozoites were capable of invading hepa-
tocytes [42], an inhibitory effect of compound 1 on sporozoite
invasion was unexpected [42], and together with the obser-
vation that PbPKG-ko sporozoites remained susceptible to
compound 1, strongly indicated alternative targets of the
inhibitor at this life cycle stage [43]. Pre-treatment of hepa-
tocytes with the inhibitor had no effect, which pointed to the
presence of compound-targets in the sporozoite, rather than
the host cell. Interestingly, E. tenella sporozoite invasion was
also prevented by compound 1 [44].
6. PfPKG is essential for merozoite egress from the blood
stage schizont

The relevance of cGMP signalling in Plasmodium asexual
blood stages has been assessed by studying the primary
effector molecule PKG and both GC and PDE enzymes using
genetic approaches. It was concluded that in asexual blood
stages, GCa may be responsible for cGMP-synthesis [4,8], and
PfPDEa and PfPDEb are thought to be the primary cGMP-
hydrolysing enzymes [14]. The PKG gene is refractory to
deletion in both P. falciparum and P. berghei [8] and together
with data from a chemical genetic approach [30], a crucial role
for PfPKG in the late stages of blood stage schizont matura-
tion became evident. The PKG inhibitor compound 1 was
found to inhibit growth of P. falciparum asexual blood stages
in vitro in the low mM range (IC50 of 2.70 mM � 0.17) [30] and
it was active against recombinant and native PfPKG enzyme in
the low nanomolar range [25,35]. Parasites treated with either
this inhibitor or compound 2 were able to form mature
schizonts, but they were unable to rupture [30]. Direct
evidence that PfPKG is the primary target of the inhibitors was
generated using the T618Q gatekeeper mutant transgenic line
described earlier [30]. The subcellular locations of the several
schizont/merozoite proteins (merozoite surface protein 1
[PfMSP1] and rhoptry neck protein 4 [PfRON4, Pf225] [30],
apical membrane antigen 1 [PfAMA1], erythrocyte binding
antigen 175 [PfEBA175] and glideosome associated protein 45
[PfGAP45] [29]) involved in invasion and egress appeared
normal after compound 1 treatment, suggesting a function for
PfPKG very late in schizont development.
7. Potential molecular mechanisms regulated by PfPKG

PKG appears to have a crucial role in preparing the parasite
for egress from the host cell at the asexual and sexual blood
stage as well as the liver stage of the Plasmodium parasite.
However, the downstream targets of PfPKG are unclear and
the question remains as to how cGMP signalling (through
PKG) is interwoven with the mechanisms known to regulate
egress of apicomplexan parasites.
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7.1. Interaction between cGMP and calcium signalling
pathways
Many of the processes that are regulated by cGMP are also
regulated by calcium and the two pathways are likely inter-
sected at more than one point. A family of plant like calcium-
dependent protein kinases (CDPKs) has been implicated in
the processes downstream of the intracellular calcium release
in Plasmodium. PfCDPK5 is believed to be involved in
regulating egress from late blood stage schizonts, since upon
inducible knockdown of PfCDPK5, rupture of mature
schizonts was blocked at a very late stage, but prior to PVM
and RBC membrane rupture, since these were still found
intact [45]. While both PfCDPK5-knockdown, as well as
pharmacological disruption of PfPKG, resulted in schizonts
unable to rupture, merozoites released from PfCDPK5-
knockdown schizonts were found to be viable, whereas
those released from PfPKG-inhibited schizonts were not
invasive [45], indicating that PfCDPK5 likely acts down-
stream of or in parallel to the egress cascade [45]. PfCDPK1
is also believed to have crucial functions in the maturation
and segmentation of asexual P. falciparum blood stage
parasites [46], although its position in any cascade is unclear.
In T. gondii, calcium signalling may act together with the
cGMP-dependent pathway in the regulation of microneme
secretion, where PKG was thought to be acting downstream
of calcium [44], since calcium ionophores were not able to
reverse the PKG inhibitor-dependent block of microneme
release.

Similar to the asexual schizont stage, interaction between
calcium- and cGMP-dependent signalling during gametogen-
esis has been suggested. In the current model of gametocyte
activation, XA was hypothesised to directly or indirectly
activate a membrane-bound GC, resulting in increased cGMP
levels which then stimulate gametogenesis through the actions
of PfPKG [34]. While intracellular calcium mobilisation
appeared to be required for exflagellation, raising intracellular
calcium with an ionophore was found not to be sufficient to
activate P. falciparum gametocytes [33]. It has also been
observed that compound 1 blocked rounding up of gameto-
cytes, while the calcium-chelator BAPTA-AM did not [35].
This suggested that cGMP signalling and PfPKG activity may
be mediating the initiation of gametogenesis and acting
upstream or independently of calcium release and likely
activation of CDPK4 [35]. Interestingly, XA-dependent
cGMP-synthesis in membrane fractions was inhibited by
addition of calcium [34], which might indicate a direct link
from calcium- to cGMP-mediated signalling. These examples
illustrate that the interaction between these two signalling
cascades is likely to be complex, but the molecular details are
unknown.
7.2. Involvement of PfPKG in regulation of the egress
protease cascade
While T. gondii tachyzoites replicate by endodyogeny,
which continuously produces invasive parasites, P.
falciparum replicates by schizogony, and as the intermediate
stages are not invasive, merozoite release must be tightly
controlled, since premature egress would be fatal. The
mechanisms of permeabilisation of the two enclosing
membranes, the PVM and host cell membrane, are still
largely unresolved, although discharge of secretory organ-
elles, the action of several proteases [47e49] and perforin-
like proteins [50] have been implicated. The subtilisin-like
serine protease PfSUB1 is thought to have an essential
function, since a gene deletion attempt was unsuccessful,
which is in line with the observation that pharmacological
inhibition of PfSUB1 activity blocks egress and ablates the
invasive capacity of merozoites [48]. PfSUB1 localises to
dense granule-like structures, termed exonemes, which are
present at the apical end of the individual merozoite [51].
Prior to egress, PfSUB1 is discharged into the PV lumen,
where it is believed to mediate proteolytic activation of
a family of papain-like serine rich antigen proteases
(SERAs), which have further roles in completing the egress
cascade [48]. Additional PfSUB1 substrates include PfMSP1,
6 and 7 [52] and proteomic and bioinformatic approaches
have implicated many more [53]. Inhibition of PKG with
compound 1 was found to completely block proteolytic
processing of PfMSP1 [45], but the compound did not have
a direct effect on PfSUB1 activity [45]. It was concluded that
PfPKG is likely involved in the initiation of the proteolytic
cascade that results in egress [45]. Interestingly, in contrast
to schizonts treated with the PKG inhibitors, processing of
PfMSP1 appeared unchanged in schizonts in which expres-
sion of PfCDPK5 had been knocked down, which also
pointed to PfCDPK5 acting downstream of PfPKG or in
a parallel pathway [45]. In immunofluorescence studies,
PfSUB1 and PfMSP1 appeared to localise normally to the
apical tip of the individual merozoites in P. falciparum
schizonts treated with the PKG inhibitor compound 1 [29],
suggesting that PfPKG is not involved in the trafficking of
the protease or its substrate to their respective compartments.
In T. gondii tachyzoites, compound 1 blocked secretion of
micronemal adhesins, which the parasite uses to attach to
host cells for gliding and invasion, and as a result motility
and cell invasion were also inhibited at a similar efficiency to
that of the protein kinase inhibitor staurosporine [44]. Since
this phenotype was absent in parasites that express the
gatekeeper mutated TgPKG, which is resistant to inhibition
by compound 1, TgPKG was verified as the primary target of
compound 1 in this process, providing clear evidence for an
involvement of TgPKG in micronemal secretion [44],
although the molecular mechanism is still unresolved.
Investigation of a role for PfPKG in invasion is technically
difficult due to the block in egress resulting from PKG
inhibition. A role for the P. falciparum orthologue in the
regulation of exoneme discharge into the PV lumen has been
hypothesised [45,54]. It is of note that in Toxoplasma, there
is little information on the potential role of TgPKG in egress,
perhaps supporting the crucial role that PfPKG has in regu-
lating the correct timing of egress in Plasmodium, that may
not be essential in Toxoplasma.
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8. Concluding remarks

Evidence suggests that PKG regulates merozoite egress
from P. falciparum blood stage schizonts [30] and P. berghei
liver stage schizonts [42,43]. Regulatory roles have also been
found for PKG in the changes that take place in preparation for
gamete egress [35], as well as in P. berghei ookinete devel-
opment and motility [13]. The intracellular targets of PfPKG,
which as a consequence are key players in the progression of
the parasite life cycle, remain unknown. PKG probably has
numerous downstream substrates and since it is acting at
multiple stages of the parasite life cycle, it is likely to have
some functionally distinct, stage-specific substrates. As
advances are made in the field of phosphoproteomics and
specific analyses of PKG-dependent phosphoproteomes are
assembled we will be able to build a clearer picture of the
consequences, at the protein level, that arise from inhibition of
PKG, and how these relate to the phenotypic observations that
have arisen from genetic and chemical knockdown of PKG.
The reader is referred to a number of related articles on
Plasmodium biology in this special issue [55e64].

Acknowledgements

DB is grateful to the Wellcome Trust (ref 094752), MRC
(ref G10000779), EC FP7 MALSIG (ref 223044) and the
EVIMalaR European Network of Excellence for funding this
work.

References

[1] J.A. Carvajal, A.M. Germain, J.P. Huidobro-Toro, C.P. Weiner, Molec-

ular mechanism of cGMP-mediated smooth muscle relaxation, J. Cell.

Physiol. 184 (2000) 409e420.

[2] X. Zhang, R.H. Cote, cGMP signaling in vertebrate retinal photoreceptor

cells, Front. Biosci. 10 (2005) 1191e1204.

[3] L.R. Potter, Guanylyl cyclase structure, function and regulation, Cell.

Signal. 23 (2011) 1921e1926.

[4] D.J. Carucci, A.A. Witney, D.K. Muhia, D.C. Warhurst, P. Schaap,

M. Meima, J.L. Li, M.C. Taylor, J.M. Kelly, D.A. Baker, Guanylyl

cyclase activity associated with putative bifunctional integral membrane

proteins in Plasmodium falciparum, J. Biol. Chem. 275 (2000)

22147e22156.
[5] J.A. Young, Q.L. Fivelman, P.L. Blair, P. de la Vega, K.G. Le Roch,

Y. Zhou, D.J. Carucci, D.A. Baker, E.A. Winzeler, The Plasmodium

falciparum sexual development transcriptome: a microarray analysis

using ontology-based pattern identification, Mol. Biochem. Parasitol. 143

(2005) 67e79.

[6] J.U. Linder, P. Engel, A. Reimer, T. Kruger, H. Plattner, A. Schultz,

J.E. Schultz, Guanylyl cyclases with the topology of mammalian ade-

nylyl cyclases and an N-terminal P-type ATPase-like domain in Para-

mecium, Tetrahymena and Plasmodium, EMBO J. 18 (1999) 4222e4232.

[7] C. Aurrecoechea, J. Brestelli, B.P. Brunk, J. Dommer, S. Fischer,

B. Gajria, X. Gao, A. Gingle, G. Grant, O.S. Harb, M. Heiges,

F. Innamorato, J. Iodice, J.C. Kissinger, E. Kraemer, W. Li, J.A. Miller,

V. Nayak, C. Pennington, D.F. Pinney, D.S. Roos, C. Ross,

C.J. Stoeckert Jr., C. Treatman, H. Wang, PlasmoDB: a functional

genomic database for malaria parasites, Nucleic Acids Res. 37 (2009)

D539eD543.

[8] C.J. Taylor, L. McRobert, D.A. Baker, Disruption of a Plasmodium fal-

ciparum cyclic nucleotide phosphodiesterase gene causes aberrant

gametogenesis, Mol. Microbiol. 69 (2008) 110e118.
[9] M. Hirai, M. Arai, S. Kawai, H. Matsuoka, PbGCbeta is essential for

Plasmodium ookinete motility to invade midgut cell and for successful

completion of parasite life cycle in mosquitoes, J. Biochem. 140 (2006)

747e757.

[10] K. Yuasa, F. Mi-Ichi, T. Kobayashi, M. Yamanouchi, J. Kotera, K. Kita,

K. Omori, PfPDE1, a novel cGMP-specific phosphodiesterase from the

human malaria parasite Plasmodium falciparum, Biochem. J. 392 (2005)

221e229.
[11] L. Wentzinger, S. Bopp, H. Tenor, J. Klar, R. Brun, H.P. Beck,

T. Seebeck, Cyclic nucleotide-specific phosphodiesterases of Plasmo-

dium falciparum: PfPDEalpha, a non-essential cGMP-specific PDE that

is an integral membrane protein, Int. J. Parasitol. 38 (2008) 1625e1637.

[12] M. Conti, J. Beavo, Biochemistry and physiology of cyclic nucleotide

phosphodiesterases: essential components in cyclic nucleotide signaling,

Annu. Rev. Biochem. 76 (2007) 481e511.

[13] R.W. Moon, C.J. Taylor, C. Bex, R. Schepers, D. Goulding, C.J. Janse,

A.P. Waters, D.A. Baker, O. Billker, A cyclic GMP signalling module

that regulates gliding motility in a malaria parasite, PLoS Pathog. 5

(2009) e1000599.

[14] M.K. Gould, H.P. de Koning, Cyclic-nucleotide signalling in protozoa,

FEMS Microbiol. Rev. 35 (2011) 515e541.

[15] R.M. Cummings, Studies on Cyclic Nucleotide Phosphodiesterases in the

Human Malaria Parasite Plasmodium falciparum, PhD thesis, Depart-

ment of Pathogen and Molecular Biology, London School of Hygiene

and Tropical Medicine, University of London, 2005.

[16] L. Aravind, C.P. Ponting, The GAF domain: an evolutionary link

between diverse phototransducing proteins, Trends Biochem. Sci. 22

(1997) 458e459.

[17] W. Deng, D.A. Baker, A novel cyclic GMP-dependent protein kinase is

expressed in the ring stage of the Plasmodium falciparum life cycle, Mol.

Microbiol. 44 (2002) 1141e1151.

[18] A.M. Gurnett, P.A. Liberator, P.M. Dulski, S.P. Salowe, R.G. Donald,

J.W. Anderson, J. Wiltsie, C.A. Diaz, G. Harris, B. Chang, S.J. Darkin-

Rattray, B. Nare, T. Crumley, P.S. Blum, A.S. Misura, T. Tamas,

M.K. Sardana, J. Yuan, T. Biftu, D.M. Schmatz, Purification and

molecular characterization of cGMP-dependent protein kinase from

Apicomplexan parasites. A novel chemotherapeutic target, J. Biol. Chem.

277 (2002) 15913e15922.
[19] M. Treeck, J.L. Sanders, J.E. Elias, J.C. Boothroyd, The phosphopro-

teomes of Plasmodium falciparum and Toxoplasma gondii reveal unusual

adaptations within and beyond the parasites’ boundaries, Cell Host

Microbe 10 (2011) 410e419.

[20] L. Florens, M.P. Washburn, J.D. Raine, R.M. Anthony, M. Grainger,

J.D. Haynes, J.K. Moch, N. Muster, J.B. Sacci, D.L. Tabb, A.A. Witney,

D. Wolters, Y. Wu, M.J. Gardner, A.A. Holder, R.E. Sinden, J.R. Yates,

D.J. Carucci, A proteomic view of the Plasmodium falciparum life cycle,

Nature 419 (2002) 520e526.

[21] F. Hofmann, D. Bernhard, R. Lukowski, P. Weinmeister, cGMP regulated

protein kinases (cGK), Handb. Exp. Pharmacol. (2009) 137e162.
[22] P.M. Conn, A.R. Means, Principles of Molecular Regulation, Humana

Press, New Jersey, 2000.

[23] D.E. Casteel, E.V. Smith-Nguyen, B. Sankaran, S.H. Roh, R.B. Pilz,

C. Kim, A crystal structure of the cyclic GMP-dependent protein kinase I

{beta} dimerization/docking domain reveals molecular details of

isoform-specific anchoring, J. Biol. Chem. 285 (2010) 32684e32688.

[24] J.J. Kim, D.E. Casteel, G. Huang, T.H. Kwon, R.K. Ren, P. Zwart,

J.J. Headd, N.G. Brown, D.C. Chow, T. Palzkill, C. Kim, Co-crystal

structures of PKG Ibeta (92e227) with cGMP and cAMP reveal the

molecular details of cyclic-nucleotide binding, PLoSOne 6 (2011) e18413.

[25] C.A. Diaz, J. Allocco, M.A. Powles, L. Yeung, R.G. Donald,

J.W. Anderson, P.A. Liberator, Characterization of Plasmodium falci-

parum cGMP-dependent protein kinase (PfPKG): antiparasitic activity of

a PKG inhibitor, Mol. Biochem. Parasitol. 146 (2006) 78e88.

[26] D.A. Baker, W. Deng, Cyclic GMP-dependent protein kinases in

protozoa, Front. Biosci. 10 (2005) 1229e1238.

[27] W. Deng, A. Parbhu-Patel, D.J. Meyer, D.A. Baker, The role of two novel

regulatory sites in the activation of the cGMP-dependent protein kinase

from Plasmodium falciparum, Biochem. J. 374 (2003) 559e565.



837C.S. Hopp et al. / Microbes and Infection 14 (2012) 831e837
[28] S.P. Salowe, J. Wiltsie, P.A. Liberator, R.G. Donald, The role of a para-

site-specific allosteric site in the distinctive activation behavior of

Eimeria tenella cGMP-dependent protein kinase, Biochemistry 41 (2002)

4385e4391.

[29] C.S. Hopp, Functional Analysis of the Plasmodium falciparum cGMP-

dependent Protein Kinase, PhD thesis, Department of Pathogen and

Molecular Biology, London School of Hygiene and Tropical Medicine,

University of London, 2011.

[30] H.M. Taylor, L. McRobert, M. Grainger, A. Sicard, A.R. Dluzewski,

C.S. Hopp, A.A. Holder, D.A. Baker, The malaria parasite cyclic GMP-

dependent protein kinase plays a central role in blood-stage schizogony,

Eukaryot. Cell 9 (2010) 37e45.
[31] O. Billker, V. Lindo, M. Panico, A.E. Etienne, T. Paxton, A. Dell,

M. Rogers, R.E. Sinden, H.R. Morris, Identification of xanthurenic acid

as the putative inducer of malaria development in the mosquito, Nature

392 (1998) 289e292.
[32] O. Billker, M.K. Shaw, G. Margos, R.E. Sinden, The roles of tempera-

ture, pH and mosquito factors as triggers of male and female gameto-

genesis of Plasmodium berghei in vitro, Parasitology 115 (1) (1997) 1e7.
[33] F. Kawamoto, R. Alejo-Blanco, S.L. Fleck, Y. Kawamoto, R.E. Sinden,

Possible roles of Ca2þ and cGMP as mediators of the exflagellation of

Plasmodium berghei and Plasmodium falciparum, Mol. Biochem. Para-

sitol. 42 (1990) 101e108.
[34] D.K. Muhia, C.A. Swales, W. Deng, J.M. Kelly, D.A. Baker, The

gametocyte-activating factor xanthurenic acid stimulates an increase in

membrane-associated guanylyl cyclase activity in the human malaria

parasite Plasmodium falciparum, Mol. Microbiol. 42 (2001) 553e560.
[35] L. McRobert, C.J. Taylor, W. Deng, Q.L. Fivelman, R.M. Cummings,

S.D. Polley, O. Billker, D.A. Baker, Gametogenesis in malaria parasites

is mediated by the cGMP-dependent protein kinase, PLoS Biol. 6 (2008)

e139.

[36] O. Billker, S. Lourido, L.D. Sibley, Calcium-dependent signaling and

kinases in apicomplexan parasites, Cell Host Microbe 5 (2009)

612e622.
[37] B. Nare, J.J. Allocco, P.A. Liberator, R.G. Donald, Evaluation of a cyclic

GMP-dependent protein kinase inhibitor in treatment of murine toxo-

plasmosis: gamma interferon is required for efficacy, Antimicrob. Agents

Chemother. 46 (2002) 300e307.

[38] R.G. Donald, T. Zhong, H. Wiersma, B. Nare, D. Yao, A. Lee, J. Allocco,

P.A. Liberator, Anticoccidial kinase inhibitors: identification of protein

kinase targets secondary to cGMP-dependent protein kinase, Mol. Bio-

chem. Parasitol. 149 (2006) 86e98.
[39] R.G. Donald, J. Allocco, S.B. Singh, B. Nare, S.P. Salowe, J. Wiltsie,

P.A. Liberator, Toxoplasma gondii cyclic GMP-dependent kinase:

chemotherapeutic targeting of an essential parasite protein kinase,

Eukaryot. Cell 1 (2002) 317e328.

[40] I. Siden-Kiamos, A. Ecker, S. Nyback, C. Louis, R.E. Sinden, O. Billker,

Plasmodium berghei calcium-dependent protein kinase 3 is required for

ookinete gliding motility and mosquito midgut invasion, Mol. Microbiol.

60 (2006) 1355e1363.

[41] T. Ishino, Y. Orito, Y. Chinzei, M. Yuda, A calcium-dependent protein

kinase regulates Plasmodium ookinete access to the midgut epithelial

cell, Mol. Microbiol. 59 (2006) 1175e1184.
[42] A. Falae, A. Combe, A. Amaladoss, T. Carvalho, R. Menard, P. Bhanot,

Role of Plasmodium berghei cGMP-dependent protein kinase in late liver

stage development, J. Biol. Chem. 285 (2010) 3282e3288.
[43] D. Panchal, P. Bhanot, Activity of a trisubstituted pyrrole in inhibiting

sporozoite invasion and blocking malaria infection, Antimicrob. Agents

Chemother. 54 (2010) 4269e4274.

[44] H.I. Wiersma, S.E. Galuska, F.M. Tomley, L.D. Sibley, P.A. Liberator,

R.G. Donald, A role for coccidian cGMP-dependent protein kinase in

motility and invasion, Int. J. Parasitol. 34 (2004) 369e380.

[45] J.D. Dvorin, D.C. Martyn, S.D. Patel, J.S. Grimley, C.R. Collins,

C.S. Hopp, A.T. Bright, S. Westenberger, E. Winzeler, M.J. Blackman,

D.A. Baker, T.J. Wandless, M.T. Duraisingh, A plant-like kinase in
Plasmodium falciparum regulates parasite egress from erythrocytes,

Science 328 (2010) 910e912.

[46] N. Kato, T. Sakata, G. Breton, K.G. Le Roch, A. Nagle, C. Andersen,

B. Bursulaya, K. Henson, J. Johnson, K.A. Kumar, F. Marr, D. Mason,

C. McNamara, D. Plouffe, V. Ramachandran, M. Spooner, T. Tuntland,

Y. Zhou, E.C. Peters, A. Chatterjee, P.G. Schultz, G.E. Ward, N. Gray,

J. Harper, E.A. Winzeler, Gene expression signatures and small-molecule

compounds link a protein kinase to Plasmodium falciparummotility, Nat.

Chem. Biol. 4 (2008) 347e356.

[47] S. Arastu-Kapur, E.L. Ponder, U.P. Fonovic, S. Yeoh, F. Yuan,

M. Fonovic, M. Grainger, C.I. Phillips, J.C. Powers, M. Bogyo, Identi-

fication of proteases that regulate erythrocyte rupture by the malaria

parasite Plasmodium falciparum, Nat. Chem. Biol. 4 (2008) 203e213.

[48] S. Yeoh, R.A. O’Donnell, K. Koussis, A.R. Dluzewski, K.H. Ansell,

S.A. Osborne, F. Hackett, C. Withers-Martinez, G.H. Mitchell,

L.H. Bannister, J.S. Bryans, C.A. Kettleborough, M.J. Blackman,

Subcellular discharge of a serine protease mediates release of invasive

malaria parasites from host erythrocytes, Cell 131 (2007) 1072e1083.

[49] R. Chandramohanadas, P.H. Davis, D.P. Beiting, M.B. Harbut,

C. Darling, G. Velmourougane, M.Y. Lee, P.A. Greer, D.S. Roos,

D.C. Greenbaum, Apicomplexan parasites co-opt host calpains to facil-

itate their escape from infected cells, Science 324 (2009) 794e797.

[50] B.F. Kafsack, J.D. Pena, I. Coppens, S. Ravindran, J.C. Boothroyd,

V.B. Carruthers, Rapid membrane disruption by a perforin-like protein

facilitates parasite exit from host cells, Science 323 (2009) 530e533.

[51] C.J. Janse, A.P. Waters, The exoneme helps malaria parasites to break out

of blood cells, Cell 131 (2007) 1036e1038.

[52] K. Koussis, C. Withers-Martinez, S. Yeoh, M. Child, F. Hackett,

E. Knuepfer, L. Juliano, U. Woehlbier, H. Bujard, M.J. Blackman, A

multifunctional serine protease primes the malaria parasite for red blood

cell invasion, EMBO J. 28 (2009) 725e735.

[53] N.C. Silmon de Monerri, H.R. Flynn, M.G. Campos, F. Hackett,

K. Koussis, C. Withers-Martinez, J.M. Skehel, M.J. Blackman, Global

identification of multiple substrates for Plasmodium falciparum SUB1,

an essential malarial processing protease, Infect. Immun. 79 (2011)

1086e1097.

[54] M.S. Roiko, V.B. Carruthers, New roles for perforins and proteases in

apicomplexan egress, Cell. Microbiol. 11 (2009) 1444e1452.
[55] A. Budu, C.R.S. Garcia, Generation of second messengers in Plasmo-

dium, Microbes Infect. 14 (2012) 787e795.

[56] S.M. Huber, Purinoceptor signaling in malaria-infected erythrocytes,

Microbes Infect. 14 (2012) 779e786.
[57] S. Singh, C.E. Chitnis, Signaling mechanisms involved in apical organ-

elle discharge during invasion of apicomplexan parasites, Microbes

Infect. 14 (2012) 820e824.
[58] Y. Zhang, Y. Xia, Adenosine signaling in normal and sickle erythrocytes

and beyond, Microbes Infect. 14 (2012) 863e873.

[59] E. Lasonder,M. Treeck,M.Alam,A.B. Tobin, Insights in to theP. falciparum

schizont phospho-proteome, Microbes Infect. 14 (2012) 811e819.
[60] A.A. Holder, M.A.M. Ridzuan, J.L. Green, Calcium dependent protein

kinase 1 and calcium fluxes in the malaria parasite, Microbes Infect. 14

(2012) 825e830.

[61] R.M. Fairhurst, C.D. Bess, M.A. Krause, Abnormal PfEMP1/knob

display on Plasmodium falciparum-infected erythrocytes containing

hemoglobin variants: fresh insights into malaria pathogenesis and

protection, Microbes Infect. 14 (2012) 851e862.
[62] N.M. Haste, H. Talabani, A. Doo, A. Merckx, G. Langsley, S.S. Taylor,

Exploring the Plasmodium falciparum cyclic-adenosine monophosphate

(cAMP)-dependent Protein kinase (PfPKA) as a therapeutic target,

Microbes Infect. 14 (2012) 838e850.
[63] D.Miranda-Saavedra, T.Gabaldón,G.J.Barton,G.Langsley,C.Doerig, The

kinomes of apicomplexan parasites, Microbes Infect. 14 (2012) 796e810.
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