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Abstract
One of the prototype mammalian kinases is PKA and various roles have been defined for PKA in
malaria pathogenesis. The recently described phospho-proteomes of Plasmodium falciparum
introduced a great volume of phospho-peptide data for both basic research and identification of
new anti-malaria therapeutic targets. We discuss the importance of phosphorylations detected in
vivo at different sites in the parasite R and C subunits of PKA and highlight the inhibitor sites in
the parasite R subunit. The N-terminus of the parasite R subunit is predicted to be very flexible
and we propose that phosphorylation at multiple sites in this region likely represent docking sites
for interactions with other proteins, such as 14-3-3. The most significant observation when the P.
falciparum C subunit is compared to mammalian C isoforms is lack of phosphorylation at a key
site tail implying that parasite kinase activity is not regulated so tightly as mammalian PKA.
Phosphorylation at sites in the activation loop could be mediating a number of processes from
regulating parasite kinase activity, to mediating docking of other proteins. The important
differences between Plasmodium and mammalian PKA isoforms that indicate the parasite kinase
is a valid anti-malaria therapeutic target.
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1. Introduction
Of the nearly 2000 new drugs brought to market in the twenty-year period between the mid
1970s and 1990s, only 3 of these were anti-malarial therapies [1]. The emergence of drug-
resistant malaria has further intensified the need for novel therapies. Commonly used
treatments such as chloroquine and sulphadoxine/pyrimethamine are now less useful [2].
Today, the most effective treatment is artemisinin combination therapy (ACT) [3],
combining arteminisin, a natural-product peroxide-containing compound, with a second
anti-malarial therapy of a different class. Although ACTs have been shown to be effective
[3], resistance has been recently observed [4].

1.1. Importance of phosphorylation and cAMP signaling in Plasmodium falciparum
pathogenesis

A mechanism for the ability of P. falciparum to invade, adapt to and significantly modify
host cells is through controlling protein phosphorylation [5,6]. Strict regulation of cellular
events during various life cycle stages relies heavily on phosphorylation [6–10]. The
malarial protein kinome has been previously described and different bioinformatics analyses
have identified between 60 and 90 putative protein kinases in the Plasmodium genome [11–
20].

1.2. The importance of cyclic-nucleotide signaling in malarial pathogenesis
Cyclic nucleotides like cyclic-adenosine monophosphate (cAMP) are intracellular signaling
molecules that allow for cellular communication. These molecules are commonly referred to
as “ancient signaling molecules.” In fact, cAMP is a signal for stress organisms from
humans to bacteria [21]. In Plasmodium cyclic nucleotides like cAMP and cGMP can
manage many functions, for example, inducing chemotaxis and sexual commitment [22]. A
genome-encoded adenylate cyclase generates cAMP in P. falciparum [23] and cAMP-
dependent protein kinase has been implicated in a number of processes in malarial
pathogenesis. The parasite can modify the movement of sugars, peptides, amino acids,
nucleotides, waste, and cation/anions across the red blood cell membrane for survival in the
host, establishing intracellular anion channels and “new permeation pathways” (NPPs) [24–
26].

1.3. P. falciparum PKA R-subunit (PfPKA-R) in malaria disease
Tight regulation of cAMP signaling is critical, as over expression of the regulatory subunit
led to decreased PKA activity and reduced parasite growth [26]. An evaluation of the
importance of apical membrane antigen-1 (AMA-1) found that its function in parasite
invasion of red blood cells depends on phosphorylation by PKA [27]. Specifically, Ser610
on the C-terminal cytoplasmic tail of AMA-1 is phosphorylated by PfPKA, and both
mutation of Ser610Ala, or pharmacological inhibition of PKA phosphorylation (using H89
inhibition), elicits a dramatic reduction in the parasite’s ability to invade the RBC [27]. A
recent phospho-proteome study identified 919 P. falciparum schizont phospho-proteins 425
(46%) of which share an extended PKA phosphorylation motif [5]. It indicated the potential
involvement of PKA-mediated signaling in regulating phosphatase and kinase activities,
membrane lipid metabolism, chromatin remodeling, actin cytoskeleton organization, and
locomotion/entry into the host cell. These data highlight the importance of PfPKA-R in the
study of malarial pathogenesis, and thus establish a key platform for investigating protein
specific features and considering it as a valid therapeutic target.
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1.4. The catalytic-subunit of PKA
The mammalian PKA-C subunit is a member of the AGC kinase family. Members of this
family, including Protein kinase C, Akt (Protein Kinase B), cGMP-dependent protein kinase
(PKG), S6 Ribosomal Kinase, and others share similar structural and sequence motifs [28].
The kinase core, residues 40–300 in PKA (Fig. 1), is conserved in every eukaryotic protein
kinase and harbors many conserved sequence motifs [29]. If one looks more closely at
features that are uniquely conserved within the AGC subfamily, however, one finds that
there are AGC-specific residues in the core and these interact very specifically with the C-
terminal tail, which is now recognized to be a unique feature of every AGC kinase (Figs. 1
and 2) [28]. Although the N- and C-terminal tails (N-Tail and C-Tail) of PKA are both
highly dynamic and play roles in binding and recognizing protein substrates, the N-Tail is
unique to PKA (Figs. 1 and 2A) and even more specifically to the mammalian PKAs.

The C-Tail (residues 301–350) (Figs. 1, 2C and 2D) is conserved in all members of the AGC
subfamily, where it functions as an essential cis-regulatory element [28]. The enzyme is not
active without this C-Tail even though it is not part of the core. Several motifs are harbored
within this C-Tail. The C-terminal PxxP motif, for example, provides a unique protein-
binding site for other proteins such as Hsp60 [30], while the hydrophobic capping motif
(HF-motif) at the C-terminus (Fig. 2B–D), consisting of a consensus FXXF, interacts with
resides in the N-lobe of the core [31,32]. The HF-motif is thought to be a docking site for
PDK1, the activating kinase for most AGC kinases (Fig. 2B). The FDDY motif (residues
327–330 of mammalian PKA (mPKA)) (Fig. 2B–D) is an essential part of the ATP binding
site [33]. The C-Tail also has an essential phosphorylation site that is highly regulated. In
PKA this phosphate is added co-translationally and primes the enzyme for post-translational
phosphorylation of the activation loop [34]. This activation loop phosphate is essential for
activity [35]. The other AGC kinases also have a “turn motif” phosphorylation site in this
region, which is somewhat different from the PKA site. This site is also highly regulated and
in the case of PKC is a site for regulation by the proline isomerase, Pin1 [36]. Most other
AGC kinases, with the exception of PKG and PKA, have an additional and highly regulated
phosphorylation site that lies just beyond the HF motif. PKA and PKG, however, end with
the HF motif [28].

The N-Tail of mammalian PKA (residues 1–39) (Figs. 1 and 2A) is also a cis-regulatory
element that is essential for activity [37], but it is unique to PKA and is not even conserved
in different PKAs such as in yeast. In addition to playing a dynamic role in mediating cross
talk between the different domains in the core, the N-Tail carries a glycine that serves as a
myristylation site that anchors to a hydrophobic pocket in C-lobe in the dissociated C-
subunit. However, when the C-subunit associates with RII subunits, but not RI subunits, the
myristyl moiety becomes flexible and promotes association of the holoenzyme with
membranes. The N-Tail is thus a dynamic switch that mediates isoform-specific interactions
with lipid membranes [38]. A conserved Trp30 is seen in all mammalian PKA N-termini and
functions to stabilize the small and large lobes of the C-subunit [37]. In addition, Ser10 is a
conserved phosphorylation site that also mobilizes the myristyl moiety [37,39]. Asn2 can be
deaminated in cells, and this promotes localization of the C-subunit to the nucleus [40]. The
A helix is a dominant motif that flanks both the N-lobe and the C-lobe. It is also a docking
site for the A Kinase Interacting Protein, AKIP1, which is important for PKA localization to
the nucleus [41,42].

1.5. Comparison of mammalian and Plasmodium PKA-C
In comparing mammalian C-subunits to the Plasmodium counterpart (Fig. 1) a high degree
of conservation is noted. On further assessment, specific differences can be noted that may
specifically impact on the activity, regulation, and/or targeting of the parasite C-subunit.
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Many of the key differences are localized to the tails. As discussed above, the N-Tail is
variable in most PKAs (Figs. 1 and 2A), as evidenced by the PKA subunits expressed in
yeast (Tpk1, 2 and 3) (not shown), whereas the C-Tail is highly conserved in all PKA-C-
subunits. Even the different mammalian C-subunit isoforms vary at the N-terminus, and
there are a number of splice variants in the first exons that correspond to residues 1–4 [43].
The N-terminus is the region where the mammalian and PfPKA-C-subunits diverge the
most. The N-Tail myristylation site conserved in mammalian forms is absent in the parasite
C-subunit (Figs. 1 and 2A), and the A-helix, including Trp30, noted above for its important
interactions in the hinge region of the kinase core and as a docking site for AKIPa (Fig. 2A)
[41,42], is also missing. The region that interfaces with the hinge region in the PfPKA-C-
subunit will be completely different just as it is different for other AGC kinases. Phe100
(PKA) in mammals and other species such as worms and flies is conserved in this position,
whereas PfPKA-C differs from mammalian PKA-C by having a histidine like mammalian
Akt, PKC and RSK [28]. Phe108, conserved in mammalian C-subunits, is glycine in
Plasmodium spp, an observation also seen in PKN; however, the biological significance of
this mutation is not clear.

Overall the C-Tail is conserved in mammalian and PfPKA-C-subunits; however, the
phosphorylated Ser338 in PKA is mutated to an acidic Asp in Plasmodium (Fig. 2C,D). The
phosphorylation of the tails in AGC kinases is highly regulated and coordinated with the
activation loop phosphorylation, and the absence of this site is thus likely to be significant.
This C-Tail phosphorylation site is also missing in PKG and in PRKX, a distant relative of
PKA [44]. The FDDYmPKA motif is also different (Fig. 2D). The Phe, which interacts with
the adenine ring of ATP in the closed conformation, is present, but the Tyr that interacts
with the ribose ring is replaced with a Val. An Arg replaces one of the aspartic acids. Two
residues that flank Trp30 in the hinge region, Arg93 in the C Helix and R190 in β strand 9,
are also changed emphasizing that this interface is different when the N-terminal tail is
altered.

1.6. Activation loop phosphorylation sites
Thr197 in the activation loop is a major regulatory site for the mammalian PKA catalytic (C)
subunit and this is true for all of the AGC kinases. Thr197 is autophosphorylated in trans
when the C-subunit is expressed in bacteria and it can be phosphorylated in trans by PDK1,
which is the master activator for AGC kinases in mammalian cells [45]. Phosphorylation of
this site creates a very stable enzyme that has full catalytic activity. A recent structure of the
C-subunit that lacks this phosphate shows the activation loop and the C-terminal tail to be
highly disordered [35]. Phosphorylation of this site requires Arg194, which defines a classic
PKA recognition site. An equivalent Arg is present in the PfPKA-C subunit, so Thr197
(mammalian PKA-C numbering, see Fig. 1) is likely to be an essential phosphorylation site
in the parasite enzyme [8]. Phosphorylation of Thr195 that is found in vivo for PfPKA-C has
not been observed in mammalian C subunits, but phosphorylation of this residue could be
easily accommodated, since in resolved structures this hydroxyl moiety binds to one of the
phosphate oxygens of phospho-Thr186 [35]. Thr201 is phosphorylated in PfPKA-C in vivo,
but in mammalian C subunits phosphorylation of Thr201 would inactivate the enzyme, as it
is a key residue at the active site. The role of Thr201 phosphorylation in malaria parasite C
subunits must therefore remain speculative.

1.7. The N-terminus of PfPKA regulatory subunit is unique
There are also significant differences when the mammalian and Plasmodium spp. subunits
are compared (Fig. 3). Mammalian R-subunits all have a highly conserved domain
organization (Figs. 3A and 4). At the C-terminus are two tandem Cyclic Nucleotide Binding
(CNB) domains, CNB-A and CNB-B (Fig. 3B, turquoise (CNB-A) and blue (CNB-B)).
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These are joined by a flexible linker to a stable N-terminal dimerization domain (Fig. 3A
and B (pink D/D)), which also serves as a docking site for A Kinase Anchoring Proteins
(AKAPs) that target PKA to specific sites in the cell [46]. Within the linker is an Inhibitor
Site (IS) that docks to the active site cleft in the holoenzyme (Fig. 3A). While the IS through
to the C-terminus is highly conserved, just as the kinase core is conserved in the catalytic
subunits, the N-terminus of PfPKA-R is highly divergent from mammalian isoforms (Fig.
3A,B and C). Mammalian R-subunits have a stable N-terminal domain of approximately 50
residues that forms an anti-parallel X-type helical bundle (Fig. 3C). This interaction forms a
stable dimer composed of two R-subunits (Fig. 3C). The hydrophobic surface formed by this
helix bundle forms a docking motif for binding to AKAPs. The domain is thus referred to as
a dimerization/docking (D/D) domain (Fig. 3C). As shown in Figs. 3 and 4, there are four
mammalian isoforms. They have tissue-specific expression, are functionally non-redundant,
they interact with different proteins and they are localized to different subcellular
compartments.

In contrast to the mammalian R-subunits, the N-terminal portion of Plasmodium R-subunits
is very different. It is much longer and does not share the prototypical sequence for forming
a helical bundle (Fig. 3A,C). Instead, we hypothesize, based on the primary sequence, that
the PfPKA-R-subunit is a monomer. Since targeting is one of the principle functions of the
N-terminus, this divergence suggests that the Plasmodium PKA will use a different
mechanism for subcellular targeting. Even within just the Plasmodium spp. one can observe
great variability in the length and sequence characteristics of the N-terminal regions (Fig.
3A). The N-terminus of PfPKA-R is at least 10 or more residues longer than any of the other
compared Plasmodia. In addition, when analyzed for the inherent disorder using DisProt
(Database of Protein Disorder), the N-terminal region of PfPKA-R is highly disordered
compared to that of the mammalian RIα (Fig. 3B).

1.8. Putative N-terminal localization motifs in PfPKA-R
Sequence analyses yielded a key observation regarding the N-terminus of PfPKA-R that
may impact on its localization and function within the cell. The N-terminus contains a motif,
MGxxC, that is a putative myristylation (Gly) site and palmitylation (Cys) site [47] (Fig. 5).
It is only present in P. falciparum, as the other Plasmodium species do not possess this N-
terminal MGxxC motif. BLAST searches with other Apicomplexa, however, indicated that
the regulatory subunit of Toxoplasma gondii also contains a similar N-terminal putative
myristylation and palmitylation motif (Fig. 5). Some of the PKGs also contain this motif.
Myristylation itself is a weak membrane anchor, but the combination of both acylations is a
strong membrane-targeting motif that is found, for example, in many of the non-receptor
tyrosine kinases such as Lck and Hck [48,49]. This motif will almost certainly localize
PfPKA-R to plasma membranes, either its own or the host’s, where it will be strategically
positioned in close proximity to transporters, which are major targets for PKA regulation
[25,26], as well as other signaling proteins.

P. falciparum encodes for both an N-myristyltransferase and for a palmityl transferase. The
N-myristyltransferase in P. falciparum is expressed in asexual blood-stage forms [50], and
sequence alignments with the human counterpart indicate high sequence identity (Fig. 5).
Furthermore, the P. falciparum genome encodes for 13 distinct proteins with a conserved
DHHC-motif (Fig. 5) indicative of an active palmitylation system [51]. We hypothesize that
the N-terminal motifs found in P. falciparum and T. gondii PKA-R subunits (Fig. 5) are
substrates for both N-myristyltransferase and for palmitylation and that these modifications
provide a strong mechanism for parasite R-subunit localization to membranes.
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1.9. Phosphorylations sites in PfPKA-R
Eleven different phosphorylation sites have been recently identified in P. falciparum
PfPKA-R, and most of these are localized to the N-terminal segment that is divergent from
the mammalian R-subunits (Fig. 6) [5,9]. Analyses of PfPKA-R for ordered regions predict
that the N-terminus is highly disordered making it accessible to many modifications. Some
of these sites may introduce a docking site for another protein such as parasite 14-3-3 that
was recently shown to be a substrate for PKA [52], or for Rab7 that has been shown to bind
PfPKA-C [53]. Clearly, N-terminal binding of non-AKAP proteins could introduce an
alternative mechanism for R subunit dimerization. According to a recent phosphoproteomic
analyses, Ser19 in PfPKA-R was identified as a phosphorylated residue [5,9], and this has
the potential to weaken interactions with membranes. Many myristylated proteins, for
example, such as Src have a phosphorylation site close to the N-terminus, and this inhibits
docking to membranes [54]. Thus, in Plasmodium parasites myristylation-mediated
membrane association of PfPKA-R could be regulated by the phosphorylation status of
Ser19. In comparing the given R-subunit alignment, Ser19 of P. falciparum aligns with a
threonine residue in Plasmodium berghei (Thr12). This suggests that P. berghei may also be
phosphorylated at the same position (Fig. 6). Sequence homology between the two proteins
further supports this hypothesis with homology at Arg8PfR/Arg1PbR, Gly10PfR/Gly3PbR,
Lys11PfR/Lys4PbR, Asp16PfR/Asp9PbR and Asn18PfR/Asn11PbR.

In recent structures of the PKA holoenzymes one finds that the linker region that joins the
D/D domain to the IS is quite disordered even though the C-terminal region from the IS to
the C-terminus binds tightly to the C-subunit and forms a beautiful symmetry related
tetramer [55]. In addition to Ser19 discussed above, PfPKA-R has 10 additional residues
phosphorylated in vivo [5,6,9]. Several of these sites are in the linker region, although their
functional significance is not yet known. In general, many phosphoryaltion sites tend to
cluster in intrinsically disordered regions of signaling proteins and clearly this is true for the
PfPKA-R-subunit.

1.10. The inhibitory sequence of PfPKA-R is a hybrid between “type I” and “type II”
mammalian R-subunits

Mammalian PKA-R subunits are multifunctional and have highly dynamic modular
domains. They exist in two general forms, RI and RII that are distinct in their sequence,
capacity to be autophosphorylated, sensitivity to activation by cAMP and localization within
the cell. RI and RII each have α and β isoforms, and each of these have different expression
profiles in cells and tissues. R-subunits act as competitive inhibitors of PKA. The IS is
located in the linker region between the N-terminus and the two cAMP binding domains,
and in the holoenzyme the IS occupies the active site cleft of the C-subunit and thereby
blocks its activity. RI and RII isoforms have distinct inhibitor sites. RII-subunits always
have a serine in the phosphorylation site (P-site) that is autophosphorylated by the C-
subunit. RI isoforms, however, are distinct in that they contain a pseudosubstrate inhibitor
site, with an alanine, or glycine in the P-site (Fig. 7A). PfPKA-R has a serine in the P-site
and thus appears to be more RII-like, and indeed this serine is phosphorylated by PKA in
vitro (Fig. 7). Just beyond the P-site Ser is another serine at the P + 2 position. This is
actually a characteristic feature of the RI subunits, and in all RII subunits this site is a Cys.
This Ser is not an autophosphorylation site, but instead is a PKG specific site [56]. This site
is also found phosphorylated in vivo in PfPKA-R. Phosphorylation of this site in mammalian
RIα prevents its reassociation with the C-subunit and provides a mechanism for cross talk
between PKA and PKG (unpublished results). Since Plasmodium also encodes for a PKG
[57], this may be a significant mechanism for cross talk between these two kinases. The
conservation of both a P-site Ser and a P + 2 Ser also suggests that PfPKA-R is a hybrid
between RI and RII.
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1.11. Features of the PfPKA-R cAMP binding domains
The cAMP-binding domain is an ancient signaling motif and is conserved throughout all
genomes [21,58]. In mammalian PKA, cAMP binding to the holoenzyme promotes
dissociation of the R- and C-subunits and consequent activation of the C-subunit. Each
cAMP-binding domain is comprised of an A-helix followed by an eight-stranded β-barrel
and two additional helices that form a helical sub-domain with the A Helix [28,59]. Between
β strands 6 and 7 is the conserved cAMP-binding motif, the Phosphate-Binding Cassette
(PBC), which is the hallmark signature motif for this domain (Fig. 7B). The PBC is the
docking site for cAMP. The three-dimensional structure of the PBC is quite conserved and
serves to dock cAMP and protect the phosphate molecule from break down by cellular
phosphodiesterases. As expected, comparison of Plasmodium and mammalian R-subunits
indicate that the PBCs are highly conserved. Within the mammalian PBC are two residues
essential for binding cAMP. The arginine (R209RIa-PBC(A)/R230RIIb-PBC(A), R333RIa-PBC(B)/
R359RIIb-PBC(B) in Fig. 7B) and glutamic acid (E200RIa-PBC(A)/E221RIIb-PBC(A),
E324RIa-PBC(B)/E250RIIb-PBC(B) in Fig. 7B) serve as crucial residues for binding to cAMP.
These residues are conserved in PfPKA-R (Fig. 7B) and moreover, the tyrosine residue that
is known to interact with the C-subunit in holoenzyme formations of RIα (Tyr205RIa, Fig.
7B) is also conserved. One key difference in the A domain PBC, however, is the absence of
a conserved proline. In PfPKA-R, the conserved CNB-A proline (P208RIa/P229RIIb in Fig.
7B) is a lysine (site indicated by an orange circle in Fig. 7B). BLAST searches indicate that
there are numerous species and CNB domains that contain a similar basic residue in this
position.

In addition to the PBC, the cAMP-binding site in each CNB domain has a conserved
hydrophobic shield that surrounds the cyclic nucleotide [21]. The residues that form this
hydrophobic shield are made up of residues from the PBC and allosteric residues that in the
three-dimensional structure form a hydrophobic pocket. A hydrophobic W260RIa (not shown
in Fig. 7B) at the C-terminal end of CNB-A serves as a capping residue for the adenine ring
cAMP. A similar hydrophobic Y371RIa is serves as a CNB-B domain capping residue (Fig.
4, yellow background). Both capping residues are conserved as hydrophobic tyrosines in the
Plasmodium isoforms. The capping of cAMP bound to PBC-A by Trp260RIa is a conserved
and unique feature of RI-subunits. The capping residue and the interface between the PBC-
A and PBC-B domains are different in RIIa and also in Bcy1, the yeast homolog of the
PKA-R subunit. The conformation of the cAMP bound PfPKA-R is therefore most likely to
resemble RIα. Two other residues crucial to the molecular dynamics of the R-subunit helix
are also conserved in Plasmodia. Arg239RIa is important for holoenzyme formation. This
basic residue forms ionic bonds with an aspartic residue of the A-helix, Asp143RIa (Fig. 7C),
which in turn interfaces with Lys213 in the C-subunit (not shown). In PfPKA-R, Arg239RIa

is a basic lysine, thus probably conserving the dynamics of the C-helix. Lys213mPKA is also
replaced with a Val in the PfPKA-C, so this interface will differ somewhat. A second
arginine, Arg 241RIa, is important for C-subunit activation (Fig. 7C). It forms ionic bonds
with the PBC Glu200RIa residue that coordinates cAMP binding. The 241-positionRIa is
conserved in PfPKA-R, thus conserving the electrostatic switch with Glu200RIa. In general,
the core cAMP-binding domains of PfPKA-R are highly conserved among mammalian
isoforms although key residues such at the conservation of Trp260RIa indicate that the
PfPKA-R will fold up similar to RI in its cAMP bound conformation (Fig. 7C). The major
differences between the R-subunits lie mainly in the N-terminus and linker region of
PfPKA-R, and this region is important for localization and is targeted for phosphorylation at
several sites.

The β4–β5 loop in the CNB-A domain of mammalian RIα [60] and RIIβ [55] is a critical
docking site for the assembly of the full-length holoenzymes (Fig. 7C), and these structures
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predict that this β4–β5 loop in the CNB-B domain could also be an important binding site
for another protein. In PfPKA-R, a putative phosphorylation site, Thr370 sits within the β4–
β5 loop and close to PBC-B (indicated by black dot in Fig. 6B in the PfPKA-R sequence)
could either disrupt or promote holoenzyme formation or binding of another unknown
protein.

The cAMP bound states of each PBC domain are likely to be highly conserved; however,
when the R-subunit releases cAMP and binds to C there is a major conformational change in
the cAMP-binding pocket. The capping residue in PBC-A is moved over 40 Å away, and
there is a new pocket that is formed by both the R-subunit and the C-subunit. This pocket is
likely to be different in the Plasmodium and mammalian holoenzymes, and this could be an
excellent target for drug discovery. There are cAMP analogs that are selective for RI versus
RII mammalian C-subunits and the PfPKA holoenzyme also shows specificity for different
analogs of cAMP. There is an excellent high throughput assay for identifying compounds
that can either activate or inhibit PKA [61] and this has recently been adapted to
discriminate between RI and RII isoforms. With purified PfPKA-R and PfPKA-C subunits,
a similar high throughput assay could be used to identify Plasmodium specific activators and
inhibitors of PfPKA.

2. Conclusions
PKA plays a crucial role in a variety of Plasmodia cellular events, including its involvement
in parasite development, as well as merozoite invasion of and survival within RBCs. The C-
subunit shares high sequence conservation between species, although it does not contain a
putative myristylation site at its N-terminus, and the N-terminal Tail is very different. Since
this region flanks both the N-lobe and C-lobe of the kinase core, it is a parasite-specific
region to target. P. falciparum has only one R-subunit isoform that shares both similarities
and contrasting differences between the four mammalian R subunit isoforms. The core
cAMP-binding (PBC) domains of PfPKA-R share features of all isoforms with the exception
of a lysine residue in place of the conserved Pro208 (RIα) in the phosphate-binding cassette.
In contrast, the N-terminus is longer than any mammalian R and does not share the similar
dimerization/docking X-type helix bundle motif that is common to mammalian subunits.
Therefore, we hypothesize that PfPKA-R exists as a monomer, rather than a dimer, and this
implies that if it binds to an AKAP, binding, must involve novel mechanism. The N-terminal
sequence is further unique from mammalian isoforms in that it contains an N-terminal
glycine and cysteine, which are putative myristylation and palmitylation sites. Thus, it may
not need a classical mammalian AKAP for membrane targeting. Such a motif is conserved
in the T. gondii PKA R-subunit, as well as in T. gondii and E. tenella PKG, where it
mediates membrane localization, perhaps localizing it to caveoli and lipid rafts. With great
need for new therapies to treat drug-resistant malaria, PfPKA-R poses a valid therapeutic
target, and by targeting the R-subunit, therapies could possibly have multifold inhibitory
effects on invasion, intra-erythrocyte development, and new permeation pathway activity.
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Fig. 1.
Sequence alignment of C and C mammalian cAMP-dependent protein kinase C-subunits
(PKA) with Plasmodium and Toxoplasma gondii isoforms. Sequences are labeled according
to species and isoform: (h), Homo sapiens, PKA (P17612 KAPCA_HUMAN), PKA
(P22694 KAPCB_HUMAN); (b) = bovine, (Bos taurus) PKA (P00517 KAPCA_BOVIN);
(p), pig (Sus scrofa) PKA (P36887 KAPCA_PIG), PKA (P05383 KAPCB_PIG); (P.f.),
Plasmodium falciparum isolate 3D7 (gene PfPKAc, uniprot Q7K6A0_PLAF7); (P.v.),
Plasmodium vivax (gene PVX_086975, uniprot A5KE97_PLAVI); (P.k.), Plasmodium
knowlesi strain H (gene PKH_073290, uniprot B3L322_PLAKH); (P.y.), Plasmodium yoelii
yoelli (gene PY052325, uniprot Q7RE33_PLAYO); (T.g.) Toxoplasma gondii VEG (gene
TGVEG_066990, uniprot B9Q7X8_TOXGO). The structure of PKA (1ATP) is shown
colored by subdomains as annotated on the sequence.
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Fig. 2.
Unique N and C terminal tails of AGC type kinases. (A) Cartoon illustrating the distinctive
N-terminal tail of PKA kinases highlighting the myristylation site (yellow spheres), the N-
terminal Ser10 phosphorylation site and the Trp30 residue on the A-helix that are conserved
in mammalian isoforms. (B) Illustrates the protein:protein interaction sites of the conserved
AGC-type C-terminal tail. (C) AGC kinases share a distinct C-terminal tail consisting of
putative protein-binding sites and the conserved PxxP and HF-motif. PDB IDs and colors of
each C-tail are indicated in the alignment in panel D. (D) Alignment of representative AGC
C-terminal tails indicate conservation between two representative plasmodia forms (PfPKA
and PyyAKT2) with a variety of mammalian AGC isoforms. Sequences are labeled
according to species and isoform: PfPKA (O15906, Pf), PyyAKT/PKB (Q7RSF6, Pyy),
PKA (P05132, mouse), PKC-iota (P41743, human), PKC-theta (Q04759, human), AKT2
(P31751, human), ROCK1 (Q13464, human), ROCK2 (Q28021, bovine), PDK1 (O15530,
human), GRK2 (P21146, bovine), GRK6 (P43250, human). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 3.
The P. falciparum PKA regulatory subunit N-terminus is highly divergent from mammalian
isoforms. (A) Sequence alignment of various isoforms. (B) Disorder prediction by disprot-
Database of protein disorder (http://www.disprot.org/) for PfPKA-R and mammalian PKA-R
shows significant differences in the N-terminal region. (C) Structural schematics of
mammalian and Plasmodia R-subunits.
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Fig. 4.
Core domain alignment of cAMP-dependent protein kinase (PKA) R-subunits of
mammalian, yeast, Plasmodia and Toxoplasma isoforms. Structure shown is of RI (1RGS)
colored according to the representative sequence. Sequences are labeled according to species
and isoform: RI (P10644, human), RIβ (P31321, human), RII (P13861, human), RIIβ
(P31323, human), bcy1 (P07278, yeast), PfR (Q8T323, P. falciparum), PkR (B3LCL9, P.
knowlesi), PvR (gi 156103253, P. vivax), PbR (gi68068779, P. berghei), PyyR (gi
83318121, P. yoelii yoelli), PccR (gi 70947112, P. chabaudi chabaudi), TgR (gi 12698442,
T. gondii).
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Fig. 5.
Predicted myristylation and palmitylation sites in the P. falciparum R-subunit and P.
falciparum encoded acyltransferases.
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Fig. 6.
Putative phosphorylation sites of the catalytic and regulatory subunits of PfPKA and
TgPKA, as detected by Treeck et al, 2011. (A) Sequences of PfPKA-C and TgPKA-C and
(B) PfPKA-R and TgPKA-R with key conserved residues highlighted by a white circle and
phosphorylation sites indicated by red dots. S149 in PfPKA-R is a bona fide PKA substrate.
Spectra of PfPKA-R peptides, PepR149 (QKKRLSVS) harboring S149, PepR68
(SRGFSLS) harboring S68 and Kemptide (LRRASLG) following in vitro phosphorylation
by bovine PKA. (C) MS trace of Kemptide used as positive control. The presented spectrum
is a composite of two distinct spectra, since the phosho Kemptide (m/z = 852.5) was eluted
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around 1 min before its non-phosphorylated counterpart (m/z = 772.5). (D) MS trace of
pepR68 used as negative control. PepR68 was visible in MS on a few consecutive fractions
at around 28min elution. The presented spectrum shows the non-phosphorylated pepR68 (m/
z = 753.4), while the phosphorylated form was not detected in any of the fractions. (E) MS
trace of pepR149. Non-phosphorylated PepR149 was visible in MS on a few consecutive
fractions at 20min elution. The presented spectrum is an intermediary fraction between the
two elution peaks. Phosphorylated PepR149 (m/z = 1025.55) was eluted 30 s before its non-
phosphorylated counterpart (m/z = 945.59). (D) MS/MS trace of CID-fragmented
phosphoPepR149 (m/z = 1025.55); (F1) full spectrum showing an intense signal
corresponding to H2PO4 (98amu) loss; (F2) zoomed spectrum below neutral loss m/z
showing fragmented ions’ assignation of b and y ions according to Roepstorff and Fohlman
[62], nomenclature correlating to PepR14. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 7.
The inhibitor-site and phosphate (PBC) cassettes of the P. falciparum R-subunit compared
to mammalian isoforms (A) Comparison of mammalian and PfPKA-R inhibitor site. (B)
Alignment of isoform-specific phosphate-binding cassettes. (C) Cyclic-nucleotide bindign
domain A (CNB-A) of RIα and critical residues involved in protein:protein interactions and
the capping of cAMP.
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