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ABSTRACT Malaria is caused by the protozoan parasite Plasmodium, which under-
goes a complex life cycle in a human host and a mosquito vector. The parasite’s cy-
clic GMP (cGMP)-dependent protein kinase (PKG) is essential at multiple steps of the
life cycle. Phosphoproteomic studies in Plasmodium falciparum erythrocytic stages
and Plasmodium berghei ookinetes have identified proteolysis as a major biological
pathway dependent on PKG activity. To further understand PKG's mechanism of ac-
tion, we screened a yeast two-hybrid library for P. falciparum proteins that interact
with P. falciparum PKG (PfPKG) and tested peptide libraries to identify its phosphory-
lation site preferences. Our data suggest that PfPKG has a distinct phosphorylation
site and that PfPKG directly phosphorylates parasite RPT1, one of six AAA+ ATPases
present in the 19S regulatory particle of the proteasome. PfPKG and RPT1 interact in
vitro, and the interacting fragment of RPT1 carries a PfPKG consensus phosphoryla-
tion site; a peptide carrying this consensus site competes with the RPT1 fragment
for binding to PfPKG and is efficiently phosphorylated by PfPKG. These data suggest
that PfPKG's phosphorylation of RPT1 could contribute to its regulation of parasite
proteolysis. We demonstrate that proteolysis plays an important role in a biological
process known to require Plasmodium PKG: invasion by sporozoites of hepatocytes.
A small-molecule inhibitor of proteasomal activity blocks sporozoite invasion in an
additive manner when combined with a Plasmodium PKG-specific inhibitor. Mining
the previously described parasite PKG-dependent phosphoproteomes using the con-
sensus phosphorylation motif identified additional proteins that are likely to be di-
rect substrates of the enzyme.
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espite recent progress, malaria remains a devastating disease that kills over

400,000 people annually (1). Its causative agent, the protozoan parasite Plasmo-
dium, undergoes a complex life cycle in the human host and the Anopheles mosquito
vector (2). Plasmodium organisms are transmitted to humans by mosquitoes in the form
of sporozoites. Sporozoites infect hepatocytes in the liver, within which they differen-
tiate into exo-erythrocytic forms that give rise to hepatic merozoites. Hepatic merozo-
ites invade erythrocytes and commence the symptomatic stage of infection. Some
asexually replicating erythrocytic-stage parasites form dormant sexual stages, termed
gametocytes. Gametocytes develop into gametes in the mosquito midgut when in-
gested in the blood meal. Zygotes, resulting from the fertilization of male and female
gametes, differentiate into ookinetes. Ookinetes invade the midgut epithelium and give
rise to oocysts within which the parasite differentiates to form sporozoites. Sporozoites
invade salivary glands and are transmitted to a new host through the bite of the
infected mosquito.
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Second messenger signaling, especially through cyclic GMP (cGMP), plays a central
role at several steps of this complex life cycle. cGMP signals are transduced primarily
through the cGMP-dependent protein kinase (PKG) of the parasite. PKG is a serine/
threonine kinase whose activity is regulated by cGMP. cGMP binding to the regulatory
domain of the enzyme triggers an allosteric change (3) that activates the catalytic
domain. Plasmodium PKG activity is essential for the parasite’s invasion of and egress
from hepatocytes (4, 5) and erythrocytes (6, 7) and for its differentiation from game-
tocytes to gametes (8). It is also required for ookinete and sporozoite motility (5, 8, 9).
Plasmodium PKG's role in these different processes is likely explained by its regulation
of phosphoinositide metabolism, which generates Ca?* signals critical for merozoite
egress, gametocyte activation, and ookinete motility (10, 11). In addition to phospho-
inositide metabolism, protein proteolysis is a key PKG-dependent process, as revealed
by PKG-dependent phosphoproteomes in both Plasmodium falciparum and Plasmo-
dium berghei (10, 12). Despite the vital function of Plasmodium PKG in a variety of
cellular processes, only a few direct substrates of the kinase have been identified so far
(12). Some Plasmodium PKG-dependent protein sites have been inferred to be direct
substrates of the kinase because they fall within the consensus sequence ascribed to
mammalian PKG. However, it has never been demonstrated that parasite PKG has the
same phosphorylation site preferences as its mammalian homologs, with which it
shares only ~43% sequence identity within the catalytic domain. Here, we define a
consensus sequence for the P. falciparum PKG (PfPKG) preferred phosphorylation site
and report PfPKG's interaction with and potential phosphorylation of the regulatory
subunit of the parasite proteasome.

RESULTS

Recombinant PfPKG interacts in vitro with the RPT1 subunit of the 19S pro-
teasome and HSP90. To better understand PKG's essential role through the Plasmo-
dium life cycle, it is critical to define its mechanism of action, for example, through
identification of its downstream substrates. To identify potential substrates of P.
falciparum PKG (PfPKG), we conducted yeast two-hybrid screens (data not shown) for
P. falciparum proteins that interact with the PfPKG kinase domain (amino acids [aa] 409
to 853) using a previously described prey library encoding fragments of P. falciparum
proteins (13). As bait, we utilized the PfPKG kinase domain (aa 409 to 761) modified to
carry single amino acid substitutions that are predicted to increase the affinity of
eukaryotic kinases for their substrates (PfPKG E,ocA and PfPKG R,g,A) (14). Yeast
two-hybrid screens using PfPKG E,,cA and PfPKG R,4,A as baits identified 17 unique
prey sequences as interacting with PfPKG. Of these, two prey sequences encoded
fragments of annotated Plasmodium proteins: RPT1 (PF3D7_1311500) consisting of
amino acids 114 to 420 (RPT1,,,_450), @ subunit of the 19S regulatory particle of the
proteasome, and heat shock protein 90 (PF3D7_0708400) consisting of amino acids 228
to 518 (HSP90,,5_515). RPT1,14 450 and HSP90,,4 5,5 retested in a split-luciferase
complementation assay, which tests the ability of two proteins to reconstitute active
luciferase when fused to either the amino (N)- or carboxy (C)-terminal fragments of
firefly luciferase (Nfluc and Cfluc, respectively) (15) (Fig. 1A).

The split-luciferase complementation assay confirmed interaction of PfPKG E,ycA
and PfPKG R, ;A with RPT1,,4_450 @and HSP90,,5 5,5 (Fig. 1B and C). Incubating a fusion
of PfPKG E,q¢A and the N-terminal fragment of luciferase (Nfluc-PfPKG E,cA) with a
fusion of RPT1,,,_450 and the C-terminal fragment of luciferase (CAluc-RPT1;,,4_420)
significantly increased luciferase activity. Switching fusion partners, i.e., using Nfluc-
RPT1,14_420 and Cfluc-PfPKG E, oA or Cfluc-PfPKG R4, A, also resulted in a significant
increase in luciferase activity. In contrast, there was minimal reconstitution of luciferase
activity under the following conditions: (i) when Nfluc-PfPKG E, ;A was incubated with
the C-terminal fragment of luciferase without a fusion partner [Cfluc(-)], (i) when
Cfluc-RPT1 14 _420 Was incubated with the N-terminal fragment of luciferase without a
fusion partner [Nfluc(-)], and (iii) when Cfluc-PfPKG E,,cA or Cfluc-PfPKG R,5,A was
incubated with Nfluc(-). Fusions of HSP90 (amino acids 228 to 518) demonstrated
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FIG 1 Recombinant PfPKG interacts with RPT1 and HSP90 in vitro. A split-luciferase protein complementation
assay was used to test interaction between the PfPKG kinase domain (PfPKG E,,A and PfPKG R,5,A) and a
fragment of RPT1 (amino acids 114 to 420) or HSP90 (amino acids 228 to 518). The proteins were expressed

(Continued on next page)

January 2019 Volume 87 Issue 1 e00523-18

Infection and Immunity

iai.asm.org 3

1sanb Aq 6T0Z ‘6T lequwaldas uo /Bio wse rel//:dny wody papeojumod


https://iai.asm.org
http://iai.asm.org/

Govindasamy et al.

similar specific interactions with fusions containing either PfPKG E,cA or PfPKG E,4,A.
These results demonstrated that PfPKG interacts in vitro with fragments of RPT1 and
PfHSP9O.

We reasoned that PKG's interaction with RPT1 predicts that the proteasome partic-
ipates in cellular processes that require parasite PKG, for example, host cell invasion (5).
To examine the role of the parasite proteasome in this process, we tested the effect of
MG132, a proteasomal inhibitor (16), on invasion of HepG2 cells by P. berghei sporo-
zoites. MG132 causes a dose-dependent decrease in the fraction of sporozoites that
become intracellular (Fig. 2A). These data demonstrate a role for the parasite protea-
some in a cellular process that is PKG dependent. Viability of sporozoites after MG132
treatment, as measured by propidium iodide staining, was unaffected (see Fig. S1 in the
supplemental material). Combinatorial treatment with MG132 and TSP, a trisubtituted
pyrolle that is a specific inhibitor of Plasmodium PKG (5, 8, 17), has an additive effect on
sporozoite invasion (Fig. 2B). Next, we tested the effect of proteasomal inhibition on P.
berghei sporozoites that carry a hypomorphic allele of P. berghei PKG (PKG T¢,,Q-HA,
where HA is a hemagglutinin tag) with reduced PKG activity (5). Invasion by Tg,,Q
sporozoites is significantly more sensitive to MG132 than invasion by sporozoites
expressing wild-type PKG (PKG-HA) (Fig. 2C). The additive effect of the MG132 and TSP
combination and the sensitivity of PKG-hypomorph sporozoites to MG132 are consis-
tent with P. berghei PKG (PbPKG) and the proteasome acting in the same pathway
during sporozoite invasion.

Next, we tested if inhibition of PfPKG has a global effect on protein degradation in
the parasite. We quantified levels of ubiquitinated proteins in schizonts treated with a
specific inhibitor of Plasmodium PKG (8) (TSP; termed compound 1 in reference 18).
PfPKG inhibition through TSP treatment did not significantly alter the total level of
ubiquitinated proteins in the parasite (Fig. S2). These data suggest that PKG-mediated
phosphorylation of RPT1 is likely to affect specific, as yet unidentified, client proteins.

Analysis of P. falciparum PKG substrate specificity. As a way to identify specific
sites that are phosphorylated by PfPKG, we determined its phosphorylation site se-
quence specificity. We used a positional scanning peptide library approach in which the
relative rate of phosphorylation is measured on a series of peptides in which each of the
20 amino acids is replaced at each of 9 positions surrounding the phosphorylation site
(19) (Fig. 3A and Fig. S3A). This analysis revealed that PfPKG strongly prefers basic
residues, in particular, Arg, at the —5 and —3 positions relative to the phosphorylation
site. Basic residues (Arg, Lys, and His) were also preferentially phosphorylated at the —2
position. In addition, the kinase preferentially phosphorylated hydrophobic (®) residues
at the +1 position. PfPKG appeared to generally deselect acidic residues at multiple
positions both upstream and downstream of the phosphorylation site. Finally, PfPKG
preferred Thr over Ser as the phosphoacceptor residue. The enhanced signal for

FIG 1 Legend (Continued)

in wheat germ extracts as fusions with the N-terminal domain (Nfluc) or the C-terminal domain (Cfluc) of
luciferase. Reconstitution of functional luciferase was measured as average relative light units (RLU). (A)
Western blotting confirmed expression of fusion proteins in in vitro-transcribed/translated wheat germ
extracts. These fusion proteins were used in subsequent complementation assays. Fusions with Nfluc were
detected using antiserum against the N-terminal domain of firefly luciferase. Fusions with Cfluc were detected
using anti-FLAG antiserum. Smaller antibody-reactive bands are the likely translation products of incomplete
transcripts. Expected molecular weights were as follows: Nfluc-PfPKG E,cA, ~100 kDa; Nfluc-HSP90,,5 515
~85kDa; Nfluc-RPT1,,, 450, ~85kDa; Cfluc-PfPKG E, A, ~85kDa; Cfluc-PfPKG R,4,A, ~85kDa; Cfluc-
HSP90,,¢ 55, ~70 kDa; CAluc-RPT1,,,_4,0 ~60 kDa. (B) Incubation of Nfluc-PfPKG E, A with CAluc-RPT1,,,_450s
Cfluc-PfPKG E,osA with Nfluc-RPT1,,,_ 450, OF CAluc-PfPKG R,4,A with Nfluc-RPT1,,,_ 4,0 Significantly increased
luciferase activity. In contrast, incubation of Nfluc-PfPKG E,,cA with Cfluc without a fusion partner [Cfluc(-)],
Cfluc-PfPKG E,A with Nfluc without a fusion partner [Nfluc(-)], and Cfluc-RPT1,,,_ 45 With Nfluc(-) or
Cfluc-PfPKG R4, A with Nfluc(-) had a minimal effect on luciferase activity. Results shown are average of three
replicates * standard deviations. (C) Incubation of Nfluc-PfPKG E, A with Cfluc-HSP90,,4 5,5 Cfluc-PfPKG
E,o6A With Nfluc-HSP90,,4 5,4, Or Cfluc-PfPKG R,5,A with Nfluc-HSP90,.,_s,4 significantly increased luciferase
activity. In contrast, incubation of Nfluc-PfPKGE, A with Cfluc(-), Cfluc-PfPKGE,ocA with Nfluc(-), Cfluc-
RPT1,,4_420 With Nfluc(-), or Cfluc-PfPKG R4, A with Nfluc(-) had a minimal effect on luciferase activity. Results
shown are average of three replicates = standard deviations. Data were analyzed using an unpaired t test (¥,
P < 0.05; **, P < 0.005).
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FIG 2 Sporozoite invasion requires the proteasome and PKG. (A) Treatment of sporozoites with MG132
leads to a dose-dependent decrease in sporozoite invasion. PbGFP-Luc sporozoites were treated with
different doses of MG132 prior to addition to HepG2 cells. The fraction of sporozoites that are
intracellular 90 min after addition to HepG2 cells was determined. Results shown are from a represen-
tative experiment (average of 4 replicates = standard deviations). The experiment was performed twice.
(B) Treatment of sporozoites with MG132 and TSP has an enhanced effect on sporozoite invasion
compared to treatment with TSP or MG132 alone. PbGFP-Luc sporozoites were treated with either TSP
(0.5 uM) alone or in combination with MG132 (5 uM) prior to addition to HepG2 cells. The fraction of
sporozoites that are intracellular 90 min after addition to HepG2 cells was determined. Results shown are
the average of three experiments, each done in triplicate, = standard errors. (C) Invasion by sporozoites
with reduced PKG activity (PKG Tg4,,Q-HA) is significantly more sensitive to MG132 inhibition than
invasion by wild-type sporozoites (PKG-HA). Results shown are the average of four experiments, each
done in triplicate or quadruplicate *+ standard errors. Data were analyzed using an unpaired t test (*, P <
0.05; **, P < 0.005; ***, P < 0.0005; ns, not significant).
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FIG 3 PfPKG has a consensus phosphorylation site distinct from that of mammalian PKG. (A) A combinatorial peptide
library consisting of 182 peptide mixtures with the general sequence shown at the top of the panel was used as the
substrate in PfPKG enzymatic assays. The heat map shows the relative levels of phosphorylation of peptide mixtures having
the indicated amino acid present at the indicated position. The sequence logo is scaled such that the height of the letter
is proportional to the level of phosphorylation of the corresponding amino acid residue at the indicated position within
the peptide. The logo was prepared using enoLOGOS (53). Results shown are the average from two separate determina-
tions. (B) The X-ray crystal structure of PfPKG (PDB accession number 5DYK) was overlaid with that of an AKT-substrate
peptide complex (PDB accession number 106K) using PyMOL. The substrate peptide (green) is modeled bound to PfPKG
(cyan; the indicated interacting residues are shown in yellow). For clarity, AKT is not shown. (C) The consensus

(Continued on next page)

January 2019 Volume 87 Issue 1 e00523-18

Infection and Immunity

iai.asm.org 6

1sanb Aq 6T0Z ‘6T Jequaldas uo /Bio wse rel//:dny wody papeojumod


https://www.rcsb.org/pdb/explore/explore.do?structureId=5DYK
https://www.rcsb.org/pdb/explore/explore.do?structureId=1O6K
https://iai.asm.org
http://iai.asm.org/

Substrates of Plasmodium PKG

peptides with fixed Thr residues at multiple positions is likely to be an artifact arising
from those peptides having two potential sites of phosphorylation.

Prior analysis of the phosphorylation site specificity of mammalian PKG had revealed
strong preferences for basic residues at both the —3 and the —2 positions, reminiscent
of PKA (20-22). Our observation of a strong preference for Arg at the —5 position was
therefore unanticipated for PfPKG. While not ascribed to PKG or PKA, selectivity for Arg
at the —5 position is characteristic of a number of related mammalian kinases, most
notably AKT isozymes (23). To rationalize the substrate specificity of PfPKG, we overlaid
the X-ray crystal structure of an AKT-peptide complex (24) on the recently determined
structure of PfPKG (Fig. 3B). In the resulting PfPKG-peptide model, Glu625 makes an ion
pair with the —3 Arg residue in the substrate. In addition, three residues shared with
AKT (Glu668, Tyr702, and Glu728) make polar contacts with the —5 Arg residue in the
substrate. This model provides a likely explanation as to why PfPKG, like mammalian
AKT, has a strong preference for Arg at the —5 position in its substrates.

To validate the results of the peptide library screen, we examined the phosphory-
lation rate of individual peptide substrates bearing point substitutions at residues
strongly preferred in the peptide library experiments. A peptide corresponding to a
phosphorylation site in the mouse protein BAD (Ser,,,) that incorporates multiple
residues favored by PfPKG was an efficient substrate for the kinase (Fig. 3C and Fig.
S3B). Furthermore, Ala replacement of the —3 Arg residue, the —2 His residue, or the
+1 Tyr residue decreased the efficiency of phosphorylation. We tested the phospho-
acceptor residue preference of PfPKG using versions of a peptide originally designed as
an optimized substrate for the mammalian kinase, AKT (AKTIDE), in which the phos-
phorylation site residue was either Ser or Thr. The Thr peptide was phosphorylated
about 4-fold faster than the equivalent Ser peptide, confirming that PfPKG prefers Thr
over Ser as the phosphoacceptor residue. Phosphorylation of AKTIDE-Thr required
cGMP and was inhibited by TSP, indicating that its phosphorylation was due to PfPKG
itself and not to another kinase contaminating our preparations (Fig. 3C and Fig. S3B).

To determine if RPT1 or HSP90 could be a substrate of PKG, we searched the
PKG-interacting domain of each for the presence of the minimal PfPKG phosphorylation
site motif, (R/K)xx(S/T), and preferred amino acids at the —5, —2, 0 (phosphoacceptor),
or +1 position relative to the sequence of the putative phosphoacceptor (Fig. 3A).
RPT1,,4_420 CONtains six putative minimal sites for PfPKG phosphorylation (Table S1). Of
these six sites, two contain an Arg or Lys at the —5 position, one contains Arg, Lys, or
His at the —2 position, five contain a Thr at the 0 position, and three contain a
hydrophobic residue at the +1 position. One of the six peptides contains preferred
amino acids at all of the selected positions, i.e., RARRKT;4,l, suggesting that it could be
phosphorylated by PfPKG.

Since interaction between the target amino sequence and a kinase is a prerequisite
for substrate phosphorylation, we tested if the RARRKT;4,l sequence lies within the

FIG 3 Legend (Continued)

phosphorylation site of PfPKG was confirmed by determining the reaction rate of PfPKG using individual peptides as
substrates. Peptides with amino acid replacements at key positions were used as substrates in PfPKG activity assays. The
presumed phosphoacceptor site in each peptide is underlined. Reaction rates for each peptide were determined relative
to the rate of the wild type (WT). PfPKG has a strong preference for amino acids at the —5 and +1 positions. PfPKG prefers
Thr (AKTIDE-T versus AKTIDE-S) as the phosphoacceptor, a basic residue at the —5 position (BAD wild type versus BAD-5A),
and a hydrophobic residue at the +1 position (BAD wild type versus BAD + 1A) relative to the phosphorylation site. It has
weaker preference for peptides containing basic residues at the —2 position (BAD wild type versus BAD-2A). Results are
the average of two experiments, each done in triplicate, = standard deviations. (D) The domain of RPT1 that contacts
PfPKG contains a phosphorylation site for PfPKG. Split-luciferase complementation assays between Nfluc-PfPKG E,,.A and
Cfluc-RPT1,,,_4,0 Were performed in the presence of peptides carrying either the wild-type (WT) or a mutant (T;5,A)
consensus phosphorylation site from RPT1,,,_,,0. Wild-type peptide, but not the mutant, competed with RPT1 for
interaction with PfPKG. Results are the average of three experiments, each performed in triplicate. (E) PfPKG efficiently
phosphorylates peptides matching its consensus sequence present in two possible substrate proteins, RPT1 and
PB_090940. Peptides with amino acid replacements at key positions were used as substrates in PfPKG activity assays. The
presumed phosphoacceptor site in each peptide is underlined. Reaction rates for each peptide were determined relative
to the rate of the wild type. Results are the average of three experiments, each performed using two or three replicates.
Data were analyzed using an unpaired t test (**, P < 0.001; ***, P = 0.0001; ****, P < 0.0001; ns, not significant).
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interaction interface of RPT1 and PfPKG. We measured the effect of adding a peptide
containing RARRKT,4,l to the split-luciferase complementation assay that detects in-
teraction between RPT1,,,_45, and the PfPKG kinase domain. Addition of the peptide
inhibited luciferase activity that results when RPT1,,,4_45, and the PfPKG kinase domain
interact in a dose-dependent manner (Fig. 3D). A nearly identical peptide in which the
putative phosphoacceptor T4, Was replaced with Ala was significantly less effective in
inhibiting luciferase reconstitution. These results strongly suggest that the PfPKG-
contacting domain of RPT1 includes RARRKT,4, and that T, is likely to be the
phosphoacceptor site, as predicted by the peptide library screen. To test if RARRKT 34|
can be phosphorylated by PfPKG, a peptide containing the sequence was used as the
substrate in a PfPKG kinase reaction (Fig. 3E, left panel; Fig. S3C). As predicted by the
positional scanning approach, PfPKG specifically phosphorylated the Thr residue (T54)
that lies within the context of the consensus and not one that lies downstream (Ts,,).
Phosphorylation was dependent on Arg at the —5 (R,g5) and —3 (Ry4,) positions and
on a hydrophobic residue at +1 (l55,). The phosphorylation of the peptide in vitro by
PfPKG suggests that RPT1 could be a substrate for PKG. We tested if PfPKG phosphor-
ylates full-length in vitro-transcribed/translated RPT1 but did not detect phosphoryla-
tion (data not shown). These data suggest that RPT1’s phosphorylation by PfPKG may
require its assembly into the 19S proteasome or posttranslational modifications that are
missing in the in vitro-transcribed/translated protein. We cannot exclude the possibility
that RPT1 is not phosphorylated by PfPKG.

HSP90,,5_s15 CcONtains five putative minimal sites for PfPKG phosphorylation (Table
S1). Of these five sites, one contains Arg or Lys at the —5 position, two contain Arg, Lys,
or His at the —2 position, four contain a Thr at the 0 position, three contain a
hydrophobic residue at the +1 position, and none contains preferred amino acids at all
selected positions. These sites could potentially be phosphorylated by PfPKG.

To identify more potential direct targets of PKG, we examined the PKG-dependent
phosphoproteomes of ookinetes (10) and schizonts (12) for phosphopeptides that
contain the preferred amino acids at positions represented by the consensus site,
(R/K)XR(H/K/R)x(S/T)d. Phosphopeptides that are phosphorylated in vivo in a PKG-
dependent manner and carry the preferred amino acids at positions strongly selected
by PfPKG in vitro are most likely to be direct targets.

Analysis of the PKG-dependent phosphoproteome of ookinetes (10) shows that
820 phosphopeptides undergo a significant decrease (P < 0.05) in phosphorylation
when PKG activity is inhibited (Table S1). Of these, 165 contain the minimal motif,
(R/K)xx(S/T). Of the 165 phosphosites, 18 contain an Arg or Lys at the —5 position,
28 contain a basic residue at the —2 position, 33 contain a Thr at the 0 position, and
67 contain a hydrophobic residue at the +1 position. These phosphosites are more
likely to be direct targets of PKG.

A peptide from PBANKA_090940, a hypothetical protein, undergoes significant
PKG-dependent phosphorylation and contains the PfPKG consensus RxR(H/K/R)x(S
/T)®. We tested the PB_090940 peptide as a substrate in the PfPKG activity assay.
The PB_090940 peptide was efficiently phosphorylated by PfPKG, and phosphory-
lation was dependent on the identified phosphoacceptor Ser (Ser,s.) (Fig. 3E, right
panel, and Fig. S3C). These results are consistent with PB_090940 being a potential
substrate for PbPKG.

The PKG-dependent phosphoproteome of schizonts contains 46 putative direct
targets with the minimal (R/K)xx(S/T) motif (12) (Table S1). Of these, none contains an
Arg or Lys at the —5 position, 10 contain a basic residue at the —2 position, 5 contain
a Thr at the 0 position, and 21 contain a hydrophobic residue at the +1 position.
Whether these sites are directly phosphorylated by PfPKG needs to be experimentally
determined.

DISCUSSION
Since PKG serves multiple essential functions throughout the parasite life cycle, we
attempted to better understand PKG’s mechanism of action by identifying PfPKG's
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consensus phosphorylation site. PfPKG’s phosphorylation site motif is substantially
different from the established mammalian PKG consensus sequence (20, 21), including
that of human PKG1 determined previously using the same method (22). While PfPKG
and mammalian PKG share a strong preference for Arg at the —3 position, mammalian
PKG is nonselective at the —5 position, while PfPKG strongly prefers Arg at that
position. At the —2 position, the mammalian kinase exclusively selected Lys and Arg
residues, while PfPKG selected His as well. Finally, mammalian and parasite kinases have
distinct phosphoacceptor residue preferences, with mammalian PKG preferring Ser and
PfPKG preferring Thr. Among previously analyzed kinases, PfPKG appears most similar
to mammalian ROCK1, which prefers Thr as the phosphoacceptor and has strong
selectivity for Arg at the —5 and —3 positions (25, 26). We note that motifs determined
on peptide substrates should not be taken as being strictly required for phosphoryla-
tion in vivo. Instead, true sites are expected to be highly enriched for selected residues,
but no individual site will necessarily have all residues selected on peptides.

A relatively small fraction of kinase-dependent phosphorylation events found in
proteomics approaches are direct substrates of the kinase. In different studies, direct
substrates range from 5% to 20% of total sites identified (27, 28). Typically, sites
identified in proteomics experiments that match the consensus sequence of a kinase
and that decrease in abundance when the kinase is knocked out or inhibited are
considered to be likely direct substrates. This criterion has been frequently used in
phosphoproteomics studies to infer direct substrates of kinases (29-33).

From that standpoint, the fact that PfPKG has a novel consensus motif is significant.
Our expectation is that the vast majority, if not all, of direct sites of PfPKG would have
a Lys or Arg (His in rare cases) at the —3 position, with an overrepresentation of Arg or
Lys at the —5 position, a basic residue at the —2 position, or a hydrophobic residue at
the +1 position. Using these criteria to mine the PKG-dependent phosphoproteomes
revealed that several proteins involved in gliding motility, such as GAP40 (34), coronin
(35), MyoA (34, 36, 37), and ROM4 (38), are likely to be substrates of Plasmodium PKG.
Phosphorylation of these proteins could be the mechanism through which PKG regu-
lates motility, a prerequisite for invasion of host cells by different parasite stages. Future
work will need to examine the biological significance of phosphorylation of these
proteins by Plasmodium PKG.

Another parasite PKG-dependent cellular process identified by phosphoproteomics
is proteolysis (12). In eukaryotic cells, regulated protein degradation by the proteasome
is essential for protein homeostasis and influences processes such as the cell cycle,
signal transduction, and stress response. Proteasomal function is essential in Plasmo-
dium as well, as demonstrated by the potent parasiticidal activity of existing and novel
proteasome inhibitors (39-42). The parasite proteasome plays an important role in
many processes that also require PKG, such as erythrocytic-stage schizogony and the
development of the liver stage (39, 42, 43), suggesting that PfPKG's regulation of
proteolysis is biologically significant. The importance of proteasomal function during
sporozoite invasion, another process that requires Plasmodium PKG (5), has been
investigated only once before (43). This study found that treatment with the protea-
somal inhibitor lactacystin did not affect the invasion rate of sporozoites and concluded
that proteasomal activity is not required for sporozoite invasion (43). Our data acquired
using a different proteasomal inhibitor, MG132, demonstrate that sporozoite invasion
requires proteolysis. One explanation for the differential effects of lactacystin and
MG132 on sporozoite invasion could be that while the former inhibits the trypsin-like
activity of the B2 subunit of the proteasome, the latter inhibits the caspase-like and
chymotrypsin-like activities of the 81 and B5 subunits (44). For the first time, our data
demonstrate that sporozoite invasion is sensitive to proteasomal inhibition, that this
inhibition is additive with PKG inhibition, and that sporozoites with reduced PKG
activity are more sensitive to proteasome inhibition than sporozoites with wild-type
PKG. The regulation of cellular proteolysis by PKG may be evolutionarily conserved.
Mammalian PKG regulates degradation of misfolded proteins in cardiomyocytes (45) via
direct or indirect phosphorylation of the 19S regulatory particle of the proteasome (45,
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46). Substrates of mammalian PKG in the proteasome have not been identified, but
RPT6, a homolog of RPT1, is proposed as a potential target (45).

In this context, our findings that P. falciparum RPT1 physically interacts with the
kinase domain of PfPKG and contains a consensus site for the kinase that is phosphor-
ylated in vitro by PfPKG are intriguing. Characterization of the 26S proteasome in P.
falciparum demonstrates stoichiometric incorporation of RPT1 (44), strongly suggesting
that, as in higher eukaryotes, P. falciparum RPT1 is a critical component of the active
proteasome. RPT1 is one of six AAA™ ATPases (RPT1 to RPT6) that are required for
unfolding and translocation of the client proteins through the 19S regulatory particle
prior to proteolysis by the catalytic 20S particle (47). The RPT1 homolog in Saccharo-
myces cerevisiae is phosphorylated at two Ser residues, but the responsible kinase(s) has
not been identified (48, 49). Our data lead to a working hypothesis that PfPKG
phosphorylation of RPT1 positively regulates proteasome function, possibly by promot-
ing interactions between the 19S regulatory particle and client proteins. For example,
phosphorylation could allosterically regulate RPT1 activity to promote substrate un-
folding and translocation through the inner core of the proteasome, thereby regulating
access of client proteins to the proteasome catalytic core. Alternatively, RPT1 phos-
phorylation could promote assembly of the 19S regulatory proteasome particle, as
demonstrated for RPT6 in porcine cardiac tissue (50). Future work will focus on
determining if RPT1 is a PKG substrate in vivo.

Our results also suggest interaction between PfPKG and PfHSP90. Interestingly,
mammalian PKG regulates the activity of mammalian HSP90 (51). PfHSP90 contains
several possible phosphorylation sites for PfPKG. While we did not detect phosphory-
lation of full-length protein in kinase assays, these data do not exclude phosphorylation
of HSP90 by PfPKG in vivo, which may be preceded by additional posttranslational
modifications absent in the in vitro-transcribed/translated protein. Alternatively, HSP90
could serve as a regulator of PfPKG activity. Indeed, mammalian HSP90 stabilizes and
activates numerous client proteins that act in signal transduction pathways (51).

MATERIALS AND METHODS

Split luciferase assay. PfPKGE, A (aa 409 to 853), PfPKGR,4,A (aa 409 to 853), PF3D7_1311500 (aa
114 to 420), and PF3D7_0708400 (aa 228 to 518), were fused to N- or C-terminal fragments of firefly
luciferase using previously described Nfluc and Cfluc plasmids (15). Fusion proteins were expressed using
a TNT SP6 High-Yield Wheat Germ Protein Expression System (Promega) according to the manufacturer’s
protocol. Western blotting verified expression of Cfluc fusion proteins using anti-FLAG antibody (Sigma)
and Nfluc fusion proteins using anti-N-terminal firefly luciferase (Santa Cruz Biotechnology) antibody.
Equal volumes of Nfluc(-) and Cfluc(-) in vitro translation reactions were added to phosphate-buffered
saline (PBS) supplemented with 1% bovine serum albumin (BSA) and protease inhibitors (Roche),
incubated at 25°C for 2 h, and assayed for luciferase activity in duplicate or triplicate using a luminometer
(BD Monolight 3010; BD Biosciences). To test the effect of peptides of luciferase reconstitution, peptides
were added at 10-fold dilutions (0.71 to 714 ug/ul) to the incubation reaction mixture.

In vitro PKG activity assay. PfPKG (aa 115 to 853) was amplified using the following primers:
ATGACGATAAGGATCCAATGGG-AAAAGGTAGTTCTTTC and GCCAAGCTTCGAATTCTTAAAAATCTATGTCCC
AGTTG. The PCR product was cloned (In-Fusion; Clontech) into pTrcHisB digested with BamHI and EcoRI.
Recombinant protein was induced in BL21 cells at 18°C using T mM isopropyl-B-p-thiogalactopyranoside
(IPTG) and purified using Qiagen Ni-nitrilotriacetic acid (NTA) agarose according to the manufacturer’s
protocol. Purified PfPKG was used in kinase reactions using 50 mM HEPES (pH 7.4), 10 mM MgCl,, 20 mM
B-glycerophosphate, 2 mM dithiothreitol (DTT), 10 uM cGMP, 100 uM peptide, 0.1% BSA, 100 uM ATP,
and 0.1 mM [32P]JATP (RPT1 and PB_090940 peptides, 3,000 Ci/mmol) or [33P]JATP (AKTIDE and BAD
peptides, 0.3 uCi/ul) in the presence of absence of 50 nM TSP. The peptide concentration was 10 uM
(AKTIDEs), 50 uM (BAD peptides), or 100 uM (RPT1 and PB_090940 peptides). Reaction mixtures were
incubated at 30°C for 15 min. At 5-min intervals, 15-ul aliquots were removed and spotted onto P81 filter
paper, which was washed, dried, and analyzed by scintillation counting as described previously (19).

Peptide library screening. PfPKG peptide phosphorylation site specificity was determined using a
peptide library (catalog no. 62017-1; Anaspec) consisting of 180 peptide mixtures with the general
sequence YAXXXXXS/TXXXXAGKK-(biotin), in which 8 of the 9 X positions were a mixture of all 17 amino
acids excluding Ser, Thr, and Cys (19). Within each mixture, a single X position was fixed as one of the
20 amino acids. In addition, three peptides were included in which all X positions were mixtures, but the
central position was fixed as Ser, Thr, or Tyr. Peptide mixtures (50 uM) were arrayed in a 1,536-well plate
in 2pul of kinase reaction buffer (50mM HEPES, pH 7.4, 10mM MgCl,, 2mM DTT, 20 mM
B-glycerophosphate, 0.1% BSA, 0.1% Tween 20) per well. Reactions were initiated by adding PfPKG to
each well in 200 nl of kinase reaction buffer containing 5 wM protein kinase inhibitor (PKI), 100 uM cGMP,
and 0.55 mM [y-33P]ATP (0.33 uCi/ul). Plates were incubated for 2 h at 30°C, after which 200-nl aliquots
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from each well were spotted onto streptavidin-coated membrane (Promega), which was washed as
described, dried, and analyzed by phosphorimaging to measure the extent of radiolabel incorporation
into each peptide.
Sporozoite invasion assay. Anopheles stephensi mosquitoes were fed on infected Swiss-Webster
mice. Mosquitoes infected with PbGFP-Luc, PKG-HA, and PKG T,,,Q-HA parasites were maintained at
20°C. Sporozoites were obtained at days 18 to 21 postfeeding through dissections of salivary glands.

HepG2 cells (obtained from ATCC) were cultured in Dulbecco’s modified Eagle medium (DMEM) (high
glucose) supplemented with 10% fetal calf serum (FCS). Cells were seeded on collagen-coated multi-
chambered slides for overnight growth at 37°C prior to addition of sporozoites. Invasion assays were
performed using cells at 90% confluence, essentially as previously described (52). Sporozoites dissected
in DMEM were pretreated with MG132, TSP, or vehicle for 30 min on ice in a volume of 20 ul. Sporozoites
(4 X 10%/well) were added to HepG2 cells in a final volume of 200 wl of DMEM supplemented with 10%
FCS. Cells were fixed in 4% paraformaldehyde 1.5 h after addition of sporozoites. Cells were blocked in
1% BSA-PBS before incubation with anti-circumsporozoite (CS) antibody (3D11; 1 ug/ml) and anti-mouse
Alexa 594. Cells were permeabilized with cold methanol, blocked, and incubated with 3D11 and
anti-mouse Alexa 488. Extracellular sporozoites were quantified by determining the number of sporo-
zoites that stained exclusively with anti-mouse Alexa 594. The total sporozoite number was quantified by
determining the number of sporozoites immunostained with both Alexa 488 and Alexa 594. The effect
of MG132 on sporozoite viability was determined by incubating MG132-treated sporozoites with
propidium iodide (1 wg/ml) for 10 min. Viable sporozoites were identified as those excluding propidium
iodide through microscopic examination.
Statistical analysis. Statistical analysis was carried out using GraphPad Prism software, version 7.0.
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