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Plasmodium falciparum mitogen-activated protein (MAP) kinases, a family of enzymes central to signal transduction processes
including inflammatory responses, are a promising target for antimalarial drug development. Our study shows for the first time
that the P. falciparum specific MAP kinase 2 (PfMAP2) is colocalized in the nucleus of all of the asexual erythrocytic stages of P.
falciparum and is particularly elevated in its phosphorylated form. It was also discovered that PfMAP2 is expressed in its highest
quantity during the early trophozoite (ring form) stage and significantly reduced in the mature trophozoite and schizont stages.
Although the phosphorylated formof the kinase is alwaysmore prevalent, its ratio relative to the nonphosphorylated form remained
constant irrespective of the parasites’ developmental stage. We have also shown that the TSH motif specifically renders PfMAP2
genetically divergent from the other plasmodial MAP kinase activation sites using Neighbour Joining analysis. Furthermore, TSH
motif-specific designed antibody is crucial in determining the location of the expression of the PfMAP2 protein. However, by using
immunoelectronmicroscopy, PPfMAP2were detected ubiquitously in the parasitized erythrocytes. In summary, PfMAP2may play
a far more important role than previously thought and is a worthy candidate for research as an antimalarial.

1. Introduction

The spread of antimalarial resistance, in Plasmodium falci-
parum populations, is an important factor in our inability to
effectively control this deadly cause ofmalaria. Consequently,
there is an urgent need to identify novel targets for a new gen-
eration of antimalarials. MAP kinases have a potential role in
the regulation of cell cycle machinery of the malaria parasite
upstream of the signal transduction pathways involved in
the control of Plasmodium falciparum proliferation. The
Plasmodium parasite is unable to survive in the human red
blood cell without protein kinases [1]. Plasmodium kinases

first reported in 1997 [2, 3] are a promising target for
new antimalarials due to divergence in the properties and
phylogenetic differences between Plasmodium and the host
which leaves a space to exploit and inhibit specific enzymes
that are crucial to Plasmodium [4–6].

In P. falciparum, two types of MAP kinases are known:
PfMAP1 and PfMAP2 [7]. Initially, only PfMAP1 was thought
to be expressed in both sexual and asexual stages of the
malaria parasite. Further studies confirmed that PfMAP2 is
also expressed in both stages, sexual and asexual. Both MAP
kinases differ from a normal 3-cascade MAPK usually found
in eukaryotes (MAPKKK-MAPKK-MAPK). Reverse genetic
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analysis showed that PfMAP2 plays an important role in
P. falciparum survivability in the intraerythrocytic life cycle
[7]. PfMAP2 is also known to play a compensatory role to
PfMAP1 [7]. Although PfMAP1 does not play an essential role
in schizogony and Gametocytogenesis its knockout harbours
an increase in PfMAP2 protein suggesting PfMAP1 is neces-
sary for asexual cycle survivability [3, 7]. PfMAP2 possesses
an atypical activation site which is the TSH motif instead
of the TXY motif conserved in MAPKs in other eukaryotes
[3]. PfMAP2 is unique in that it cannot be confined to a
specific MAPK family. Although both enzymes were origi-
nally groupedwithin the extracellular signal-regulated kinase
1, ERK1/ERK2 family of MAP kinases, a comprehensive
phylogenetic analysis [4] of the entire complement of human
protein kinase sequences indicates that PfMAP1 is clearly
closer to the recently describedERK7/8 [8, 9].Theuniqueness
of PfMAP2 is further strengthened by the finding that no
members of theMAPKK family are found in the Plasmodium
genome [8, 9].

Thus, PfMAP2 is seen as a potential drug target for further
investigation in hemotherapeutics. However, very little is
known about this protein and the function of PfMAP2 is
poorly understood.This studywas carried out to comprehend
and enhance the understanding of PfMAP2 protein in order
to convey it as a potential drug target.

2. Material and Methods

(i) In Vitro Culture of P. falciparum. P. falciparum 3D7 strain
was cultured with some alterations [10, 11]. Percentage of P.
falciparum used ranged between 8% and 10% parasitemia at
5% hematocrit.

(ii) Synchronization of P. falciparum Culture. P. falciparum
culture was synchronized using 5% D-Sorbitol as described
by Radfar et al. [11]. Briefly, the culture was pooled and
centrifuged at 2000×g for 5 minutes at room temperature.
Supernatant was discarded and 5% D-Sorbitol was added
at a ratio of 1 : 1 (v/v) for 15 minutes followed by centrifu-
gation (2000×g, 5 minutes, at room temperature). Pellets
were washed with washingmedium (RPMI1640, gentamycin,
HEPES, and hypoxanthine) twice before being added into a
new culture flask containing complete medium and freshly
processed O+ type blood at 2% hematocrit.

(iii) Extraction of P. falciparumProtein. Synchronized cultures
of P. falciparum were collected in a 15mL tube. Subsequently,
proteins from the parasites were extracted. Parasites were
subsequently harvested by suspending the red blood cell
(RBC) for 10 minutes at room temperature in a saponin lysis
buffer. Sampleswere centrifuged at 1300×g for 10minutes and
RBC was continuously lysed with saponin twice. Parasites
were then washed with phosphate buffered saline (PBS) and
the pelleted parasites were subsequently frozen at −80∘C.

Lysis buffer containing 1% Triton-X, 50mM Tris HCl
pH 8, protease inhibitor cocktail (Sigma USA), and phos-
phatase inhibitor cocktail were added to the parasite pellet
at a concentration of 1 to 5 × 108 parasites per millilitre.
Samples were left on ice for 30 minutes and centrifuged

at 13,000×g for 10 minutes. A total of 20𝜇L supernatant
containing the parasites were aliquoted for protein analysis
using the Bradford assay [12]. The remaining supernatant
was mixed equally with 2x-sample buffer (0.5M Tris HCl pH
6.8, glycerol, 10% SDS, 0.05% 2-mercaptoethanol, and 0.5%
bromophenol blue) boiled for 5 minutes and centrifuged at
250×g, 5 minutes.

(iv) Western Blot. Samples were subjected to SDS-PAGE [13]
and blotted on a nitrocellulose membrane [14]. Immunoblot-
ting was carried out using a rabbit-anti-PfMAP2 anti-
body and a rabbit anti-phosphorylated PfMAP2 antibody
(PPfMAP2) at a dilution of 1 : 3000 overnight in +4∘C. Both
primary antibodies were prepared by Biogenes GmbH, Ger-
many. Briefly, two New Zealand White rabbits were immu-
nized with a synthetic peptide derived from PfMAP2 amino
acid sequence retrieved from PlasmoDB database raised
towards sequence CLKKQLTSHVVTR (residue 285–296).
Terminal cysteine residue was added on the N-terminus in
order to enable direct conjugation to the protein carrier. The
purification step allows the antibody to differentiate between
a phosphorylated and nonphosphorylated peptide. Rabbit-
anti-phosphorylated-PfMAP2 serum is the phosphorylated
form of the antibody which is the active form of the protein.
The activationmotif of PfMAP2 protein is reported to be TSH
which is different from the commonMAPKwhich is TXY [3].
Thepurified phosphorylated-specific antibody recognizes the
phosphorylation site (-pT – pS). Membranes were washed
using TBST solution three times followed by incubation
for an hour on an orbital shaker (50 rpm) with anti-rabbit
secondary antibody HRP-conjugated (1 : 15,000). Membranes
were washed, incubated with Enhanced Chemiluminescent
Western Blotting solution (ECL, Pierce) for 5 minutes prior
to film exposure. Densitometry analyses of PfMAP2 and
PPfMAP2 bands were performed using Bio-1D software
[15].

(v) Indirect Immunofluorescence Assay (IFA). The method
used is based on Ramasamy et al. [16] and Dorin et al. [3]
with some modifications. Blood smears of P. falciparum-
infected red blood cells were prepared on slides at different
stages of the parasite life cycle. Slides were then fixed with
a mixture of methanol and acetone (1 : 1 v/v) for one minute.
Control slides were prepared by incubating slides with 200U
of Lambda phosphatase (Calbiochem USA) for 30 minutes
at 4∘C. Next, 10% Fetal Bovine Serum (FBS) diluted in 1x
PBS was used to block the slides at 37∘C for 2 hours. Slides
were then washed with 1x PBS for 5 minutes, 3 times followed
by primary antibody incubation (PfMAP2 or phosphorylated
PfMAP2 antibody at 1 : 100 dilutions) for 1 hour at 37∘C.
Subsequently, slides were washed at intervals of 5 minutes for
3 times. Next, slides were incubated in secondary antibody
(conjugated FITC at 1 : 200 dilution) for 1 hour at 37∘C
and then were washed with PBS. Slides were then stained
with 4󸀠, 6-diamidino-2-phenylindole (DAPI) (2𝜇g/mL) for
30 minutes at 37∘C. After incubation, slides were washed
with 0.05% phosphate buffered saline-Tween (PBST) for 2
times and once with 1x PBS. Slides were mounted with
mounting medium and cover-slipped. Slides were observed
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using Olympus fluorescence microscope and images were
analyzed using Image Analyzer.

(vi) Statistical Analysis. The effect of parasite stage of devel-
opment and phosphorylation status on the relative intensities
(expression) of PfMAP2 were analyzed using a repeated
measures 2-way ANOVA, with a Bonferroni post test (Graph
Pad Prism).

(vii) Phylogenetic Analysis. Plasmodium and human MAP
kinase sequences were retrieved from PlasmoDB and Gen-
Bank, respectively. Similarity searches were done using the
Basic Local Alignment Search Tool (BLAST). A total of 30
amino acids which contain the activation motives from each
MAP kinases were used. The activation motif of Plasmodium
MAP1 is TDY [3], TSH forPlasmodiumMAP2 [3, 17], TEY for
ERK [18], TGY for p38 [19], and TPY for JNK [20]. MEGA 4
software was used to construct the Neighbour Joining (NJ)
phylogenetic tree with 1000 bootstrap replicates. NJ analyses
were performedwith distances calculated with the p-distance
parameter [21–23].

(viii) Bioinformatic Analysis of Localization of PfMAP2. All
computational studies were performed on a few bioinfor-
matics tools able to predict the subcellular localization of
PfMAP2 protein. PfMAP2 sequence was retrieved from
PlasmoDB (http://www.plasmodb.org/). Subcellular localiza-
tion of PfMAP2 protein was carried out using program
CELLO [24, 25], BaCelLo [26], Loctree [27], PProwler [28],
Euk-mPLoc 2.0 [29–32], and PredictProtein [33]. Nuclear
localization signals, PredictNLS [33], and NetNES 1.1 [34] in
PfMAP2 and analysis of PfMAP2 protein were done using
Signal Peptide [35] and Secretome v 2.0 [36].

(ix) Immunoelectron Microscopy (IEM) of Infected Ery-
throcyte. Immunoelectron microscopies were performed as
described by Bannister and Kent [37]. P. falciparum-infected
blood cultures were collected in a 15mL tube and subse-
quently centrifuged (2000×g, 15 minutes). The pellet was
suspended and fixed in McDowell Trump fixative prepared
in 0.1M phosphate buffer (pH 7.2) [37, 38]. Fixed specimens
were washed for a few times, dehydrated, and embedded in
London White Resin [39]. Ultrathin sections about 70 nm
in thickness were collected by using 200–300-mesh nickel
grids. The grids were incubated in blocking reagents for
30 minutes at room temperature and then incubated in
primary antibody (rabbit-anti-PPfMAP2 antibody) for two
hours at room temperature (dilutions of 1 : 10 were used).
After repeated washing in TBS-Tween 20 buffer for 5 times,
5 minutes each, the grids were incubated in goat anti-rabbit
IgG conjugated to 5 or 10 nm gold particles with dilution of
1 : 50. After washing step with the same buffer, the grids were
stained with uranyl acetate for 2 minutes and examined with
a transmission electron microscope H-9500.

3. Results and Discussion

Our studies showed that not only is PfMAP2 expressed in
all stages of asexual Plasmodium development (Figure 1), it

is also expressed specifically in the nucleus irrespective of
MAPK activation suggesting a more profound role being
played by PfMAP2 in contrast to PfMAP1.

We obtained a single band of 59 kDa in our Western blot
using the PfMAP2 and PPfMAP2 antibodies (Figure 1(a)).
Figure 1(b) showed that the intensity of PfMAP2 protein
is highest (2.3 × 105) at the ring stage compared to the
trophozoite (1.9×105) or schizont (1.6×105).The percentage
of activation, phosphorylated protein, is about 15.73% more
compared to the nonactive form of the protein during ring
stage. In the trophozoite stage, the percentage of activation is
slightly lower with total of 14.17%. During the schizont stage,
although the amount of PfMAP2 protein is lowest compared
to the rest, its phosphorylated intensity value is highest at
16.69% more than the nonphosphorylated PfMAP2. Our
studies also showed a greater degree of PfMAP2 expression
in the ring stage as opposed to the trophozoite and schizont
stages suggesting that PfMAP2 is required for Plasmodium
maturation since it is widely accepted that the ring stage
undergoes the most prolific cell differentiation compared to
the other asexual stages [4]. This is supported by microar-
ray results [4] which showed higher Pfmap2 mRNA in
ring stage as compared to later stages. A functional map2
gene is required for P. falciparum asexual growth [7]. The
results showed that expression of PfMAP2 protein is not
gametocyte-specific. The presence of both PfMAP2 and
phosphorylated PfMAP2 in all stages supports the idea that
PfMAP2 plays a crucial role [40] in the P. falciparum asexual
stage development of the asexual cycle especially during the
phase of parasite growth and maturation.

We have also provided evidence showing that the block-
ing peptide binds completely to the PfMAP2 and PPfMAP2
antibodies as shown by the lack of signal on theWestern blots
(data not shown).This confirms that both the phosphorylated
and nonphosphorylated form of antibodies generated using
the TSH motif is highly specific. Therefore, the signals
generated in theWestern blots and IFA are likely indicative of
the expression and localization of the PfMAP2 protein in the
parasite.This is the first report on the localization of PfMAP2
in the nucleus of the parasite as contrary to the previous
report of PfMAP2 being present in the cytoplasm of the
parasite [7]. We explain this as our antibody centres around
theTSHmotifwhereas the previously published expression of
PfMAP2 was based on the construction of a knock-in which
lacked the complete TSH motif [7]. Moreover, although
the expression of PfMAP2 in our study is concentrated in
the nucleus, there is a certain degree of expression in the
cytoplasm in the areas closest to the nucleus and this is
somewhat in agreement to what was observed in the previous
report [7] that there exists an overlap in expression in the
cytoplasm as well as the nucleus.

Figure 2(a) shows the Indirect Immunofluorescent Anal-
ysis (IFA) using PfMAP2 antibody without phosphatase and
Figure 2(b) shows PfMAP2 antibody with phosphatase treat-
ment. While Figure 2(c) shows the IFA result with PPfMAP2
antibody without phosphatase treatment Figure 2(d) shows
PPfMAP2 antibody with phosphatase treatment. All results
barring the control experiment shown in Figure 2(d) showed
that PfMAP2 and PPfMAP2 are localized in the parasite
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Figure 1: Expression levels of PfMAP2 at different stages of P. falciparum. (a) Expression pattern of PfMAP2 and phosphorylated PfMAP2
(PPfMAP2) within the developmental stages of P. falciparum. Stage-specific Western blot analyses were performed. H, host; R, ring stage;
T, trophozoite stage; S, schizont stage. 𝛽-actin was used as a standard to allow semiquantitative comparison between samples over time. (b)
Result shown is the average value of triplicate result (𝑛 = 3) +SE. A repeated measures 2-way ANOVA with Bonferroni post hoc analysis
showed that the overall RI of (PfMAP and PPfMAP2) significantly decreased as the parasite developed from ring to schizont (𝐹 = 43.8, DF =
2,12 𝑃 < 0.0001), and that the RI of PPfMAP2 was always significantly higher than PfMAP2. However the ratio of PfMAP2 and PPfMAP2
did not significantly differ between stages of development; that is, there was no interaction effect (𝐹 = 0.28, DF = 2,12 𝑃 = 0.759 (not shown
in the figure)). Immunoblotting was carried out using PfMAP2 peptide and PPfMAP2 peptide (1 : 3000).

nucleus in all intraerythrocytic stages (ring, trophozoite, and
schizont). We explain this in terms of the importance of
subcellular localization playing a vital role in physiological
functions, for example, in metabolic pathways, signal trans-
duction cascades, and structure associated functions [41].
For a protein to function properly, translocation to the right
compartments (intra/extracellular) occurs when the protein
assumes a soluble form or is attached to a membrane [41].
MAP kinases activated in the nucleus will activate the mito-
genic response and hence aid in parasite survivability. Several
other proteins are reported to be translocated into the nucleus
to play important roles in parasite survivability. Similar to
PfMAP2, Pf60 gene is locatedwithin the nucleus in all mature
blood stages [42] and its possible function is in regulating
homo- or heteromeric interactions in the parasite nucleus.
Apart from Pf60 gene, an unusual peroxiredoxin protein of P.
falciparum, PfnPrx (earlier known as MCP1) is also localized
to the nucleus of P. falciparum. PfnPrx is associated with the
parasite chromatin suggesting its potentially essential role
in the protection of nuclear DNA against oxidative stress
which is similar to Pf60 gene. Pfmrk is similar to mammalian
CDK7 and is activated by PfMAT1. It is interesting to
note that even though the nuclear localization signal (NLS)
sequence is absent in the amino acid sequence of the parasite
[43], both Pfmrk and PfMAT1 proteins are localized in the
nucleus. Pfmrk activates downstream substrates; PfRFC-5
and PfMCM6, hence suggesting that Pfmrk is important in
regulating DNA synthesis [43].

Table 1: PfMAP2 subcellular localization prediction through 6
available servers for eukaryotic proteins.

Bioinformatics tool Subcellular localization
CELLO Nucleus
BaCELLO Cytoplasm-nucleus-cytoplasm
LocTree Cytoplasm

PProwler Other than mitochondria peroxisome,
secretory pathway

Euk-mPLoc 2.0 Cytoplasm, nucleus
PredictProtein Nuclear

The PfMAP2 sequence was analyzed using different
bioinformatics prediction software as described in the
methodology section and shown in Table 1. Four out of six
bioinformatics software programs predicted PfMAP2 would
be in the nucleus of the parasite. The NES sequence (nuclear
export signal) is found to be present in the PfMAP2 sequence;
hence the likelihood of it aiding nuclear import-export
mechanism in the parasite is high. Interestingly, NES is a
lysine residue which potentially interacts with the receptors
that export out protein from the cell’s nucleus [44] (Figure 3).
Upon further investigation, PfMAP2 does not contain a
nuclear localization signal (NLS). NLS is a signal or sequence
in a protein which transports protein into the cell nucleus
by nuclear transport. The function of NLS is known to be in
opposition to NES [42, 44, 45].
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Figure 2: Subcellular distribution of PfMAP2 in P. falciparum. Immunofluorescence analysis of (a) PfMAP2 without phosphatase treatment
localization in P. falciparum-infected red blood cells, (b) PfMAP2 with phosphatase treatment localization in P. falciparum-infected red blood
cells, (c) PPfMAP2 without phosphatase treatment localization in P. falciparum-infected red blood cells, and (d) PPfMAP2 with phosphatase
treatment localization in P. falciparum-infected red blood cells. P. falciparum-infected red blood cells were treated with DAPI (blue) and
incubated with primary antibody PfMAP2 (1 : 100) and secondary antibody conjugated-FITC (green) (1 : 200).

Furthermore, removal of the phosphorylation activity of
the parasite by the phosphatase treatment further supports
the specificity of the PPfMAP2 antibody which we designed
focussing on the TSH motif due to the complete lack of
signal as shown in Figure 2(d). MAPK is activated when
it is phosphorylated on both threonine and tyrosine [46].
However, in P. falciparum, PfMAP2 is shown to have atypical
property ofMAPK as its activationmotif is TSH as compared
to typical MAPK which is TXY [2, 3]. This divergence of
the plasmodial MAPK from the human protein kinase makes
them attractive as a potential and promising drug target

[5, 47, 48]. The human phosphorylated mitogen-activated
extracellular signal regulated protein kinase (MAPK/ERK-
P), phosphorylated protein kinase of 38 kDa (p38-P), and
phosphorylated stress-activated protein kinase (SAPK/JNK-
P) expression have been examined in Alzheimer’s disease
(AD), Pick's disease (PiD), progressive supranuclear palsy
(PSP), and corticobasal degeneration (CBD) [49]. Inhibition
of ERK activation reduced P. falciparum oocyst load and
infection prevalence inAnopheles stephensi as well as enhanc-
ing TGF-b1-mediated control of P. falciparum development
[50]. PfMAP2 is reported to be related to SNF-1 family [4].
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Figure 3: Schematic representation of the localization of phosphorylated PfMAP2. PPfMAP2 was shown to be in the nucleus. Expression of
PPfMAP2 also extends into the cytosol in the areas surrounding the nucleus (P-TSH). NES-tagged PfMAP2 are thought to be transported
from the cytosol to the nucleus. Upon phosphorylation, it will localize to the nucleus and activate downstream substrates.
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Figure 4: Phylogenetic analysis of PfMAP2 protein. Phylogenetic analysis using Neighbour joining (NJ) tree displaying the genetic
relationships among MAP kinases in Plasmodium species. Bootstrap support of more than 65% and distance is indicated. PlasmodiumMAP
kinases sequences were retrieved from PlasmoDB and Homo sapiens MAPK sequences representing ERK 7/8, JNK, and p38 were retrieved
from NCBI.

SNF-1 is a subfamily of protein kinase group which plays
a crucial role in regulating lipid metabolism and cell stress
response [51]. Activation of PfMAP2 protein in all the stages
supports the parasite metabolism by activating downstream
substrates which might be diverted compared to mammalian
MAP kinases.

We have also shown that the TSH motif of PfMAP2 sets
it apart from PfMAP1 as our Neighbour Joining analysis with
1000 bootstrap replicates suggests that it is less related to both
the human MAP kinases and the TXY motif of plasmodial
MAP1 as shown in Figure 4. This is in agreement with the
extensive divergence of the kinome of P. falciparum which
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Figure 5: Localization of PfMAP2 by immunoelectron microscopy. Ultrathin sections of P. falciparum parasites at intraerythrocyte stage
were labelled with rabbit anti-PPfMAP2 antibody followed with anti-rabbit secondary antibody conjugated with 15 nm colloidal gold particle.
Ultrathin sections of infected erythrocyte were observed under 7 000x (a), 25 000x (b), and 40 000x (c) magnification. Similarly PPfMAP2
staining in the schizont was observed under 8 000x magnification (d).

showed that PfMAP2 is located in a basal position relative
to other MAP kinases whereas PfMAP1 is clearly associated
with the human MAP kinase, ERK8 [4]. The divergence of
PfMAP2 from PfMAP1 as shown in Figure 4 using only the
activation sites of these proteins suggests that the TSH motif
is not only highly unique but it is also evolutionarily divergent
from the other MAP kinases inclusive of plasmodial MAP1
and human MAP kinases.

The data shown do not allow us to draw any conclusion
regarding detailed function of PfMAP2 during the intraery-
throcytic cycle. However, the additional information on
PfMAP2 protein could possibly aid in finding downstream
substrates and hence predict PfMAP2 pathway that is
involved in its protective mechanism similar to JNK/p38 and
also assist in parasite proliferation which is similar to ERK
function [52–54].

Immunogold labelling together with the use of transmis-
sion electron microscopy would aid in a more precise local-
ization of the activated protein.Therefore, to further confirm
the localization of PfMAP2, ultrathin sections of parasitized
red blood cell were probedwith anti-PPfMAP2 antibodies. At

lower magnification, PPfMAP2 staining was detected ubiq-
uitously. When the parasitized erythrocytes were observed
at higher magnification, the immunogold was detected in
various vesicular structures including nucleus (Figure 5).
Since we do not have a specific PPfMAP2 antibody which
is nucleus-specific, we have come to understand that the
expression of PfMAP2 is regionalised in various organelles of
the Plasmodium parasite. Here, we suggest that since PfMAP2
have a functional role during the pathological development
of the parasite [4], our data renders that further detailed
investigation should be done on this protein. Further studies
on the placement of PfMAP2 in the nuclear architecture will
aid in understanding on the gene regulation involved in its
function and the role of nuclear structure in MAP kinase
antigen variation.

4. Conclusion

The finding that the PfMAP2 protein is highly localized in
the parasite’s nucleus at all intraerythrocytic stages and its
expression is significantly dependent on the stage of P. falci-
parum asexual maturation further supports future potential
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manipulation of PfMAP2 as a protein kinase inhibitor to halt
the spread of malaria.
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[2] R. Graeser, P. Küry, R. M. Franklin, and B. Kappes, “Charac-
terization of a mitogen-activated protein (MAP) kinase from
Plasmodium falciparum,”Molecular Microbiology, vol. 23, no. 1,
pp. 151–159, 1997.

[3] D. Dorin, P. Alano, I. Boccaccio et al., “An atypical mitogen-
activated protein kinase (MAPK) homologue expressed in
gametocytes of the human malaria parasite Plasmodium fal-
ciparum. Identification of a MAPK signature,” The Journal of
Biological Chemistry, vol. 274, no. 42, pp. 29912–29920, 1999.

[4] P.Ward, L. Equinet, J. Packer, and C. Doerig, “Protein kinases of
the human malaria parasite Plasmodium falciparum: the
kinome of a divergent eukaryote,” BMCGenomics, vol. 5, article
79, 2004.

[5] C. Doerig, “Protein kinases as targets for anti-parasitic chemo-
therapy,” Biochimica et Biophysica Acta (BBA)—Proteins and
Proteomics, vol. 1697, no. 1-2, pp. 155–168, 2004.

[6] Z. Bozdech, M. Llinás, B. L. Pulliam, E. D. Wong, J. Zhu, and
J. L. DeRisi, “The transcriptome of the intraerythrocytic deve-
lopmental cycle of Plasmodium falciparum,” PLoS Biology, vol.
1, article e5, 2003.

[7] D. Dorin-Semblat, N. Quashie, J. Halbert et al., “Functional
characterization of both MAP kinases of the human malaria
parasite Plasmodium falciparum by reverse genetics,”Molecular
Microbiology, vol. 65, no. 5, pp. 1170–1180, 2007.

[8] M. K. Abe, K. T. Kahle, M. P. Saelzler, K. Orth, J. E. Dixon, and
M. R. Rosner, “ERK7 is an automated member of the MAPK
family,”The Journal of Biological Chemistry, vol. 276, no. 24, pp.
21272–21279, 2001.

[9] M. K. Abe, M. P. Saelzler, R. Espinosa III et al., “ERK8, a new
member of the mitogen-activated protein kinase family,” The
Journal of Biological Chemistry, vol. 277, no. 19, pp. 16733–16743,
2002.

[10] W. Trager and J. B. Jensen, “Humanmalaria parasites in contin-
uous culture,” Journal of Parasitology, vol. 91, no. 3, pp. 484–486,
2005.

[11] A. Radfar, D. Méndez, C. Moneriz et al., “Synchronous culture
of Plasmodium falciparum at high parasitemia levels,” Nature
Protocols, vol. 4, no. 12, pp. 1899–1915, 2009.

[12] M. M. Bradford, “A rapid and sensitive method for the quanti-
tation of microgram quantities of protein utilizing the principle
of protein-dye binding,”Analytical Biochemistry, vol. 72, no. 1-2,
pp. 248–254, 1976.

[13] U. K. Laemmli, “Cleavage of structural proteins during the
assembly of the head of bacteriophage T4,” Nature, vol. 227, no.
5259, pp. 680–685, 1970.

[14] H. Towbin, T. Staehelin, and J. Gordon, “Electrophoretic trans-
fer of proteins frompolyacrylamide gels to nitrocellulose sheets:
procedure and some applications,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 76, no.
9, pp. 4350–4354, 1979.

[15] F. Momboisse, E. Londcamp, V. Calco et al., “𝛽PIX-activated
Rac1 stimulates the activation of phospholipase D, which is
associated with exocytosis in neuroendocrine cells,” Journal of
Cell Science, vol. 122, no. 6, pp. 798–806, 2009.

[16] G. Ramasamy, D. Gupta, A. Mohmmed, and V. S. Chauhan,
“Characterization and localization of Plasmodium falciparum
homolog of prokaryotic ClpQ/HslV protease,” Molecular and
Biochemical Parasitology, vol. 152, no. 2, pp. 139–148, 2007.

[17] Y.M. Lye,M. Chan, and T.-S. Sim, “Pfnek3: an atypical activator
of a MAP kinase in Plasmodium falciparum,” FEBS Letters, vol.
580, no. 26, pp. 6083–6092, 2006.

[18] M. K. Abe, W.-L. Kuo, M. B. Hershenson, and M. R. Rosner,
“Extracellular signal-regulated kinase 7 (ERK7), a novel ERK
with a C-terminal domain that regulates its activity, its cellular
localization, and cell growth,” Molecular and Cellular Biology,
vol. 19, no. 2, pp. 1301–1312, 1999.

[19] J. Man, J.-D. Lee, L. Bibbs, and R. J. Ulevitch, “A MAP kinase
targeted by endotoxin and hyperosmolarity in mammalian
cells,” Science, vol. 265, no. 5173, pp. 808–811, 1994.

[20] S. Lawler, Y. Fleming, M. Goedert, and P. Cohen, “Synergistic
activation of SAPK1/JNK1 by two MAP kinase kinases in vitro,”
Current Biology, vol. 8, no. 25, pp. 1387–1391, 1998.

[21] N. Saitou and T. Imanishi, “Relative efficiencies of the Fitch-
Margoliash, maximumparsimony, maximum-likelihood, mini-
mum-evolution, and neighbor-joiningmethods of phylogenetic
tree construction in obtaining the correct tree,” Molecular
Biology and Evolution, vol. 6, pp. 514–525, 1989.

[22] N. Saitou and M. Nei, “The neighbor-joining method: a new
method for reconstructing phylogenetic trees,” Molecular Biol-
ogy and Evolution, vol. 4, no. 4, pp. 406–425, 1987.



BioMed Research International 9

[23] F. Tajima and N. Takezaki, “Estimation of evolutionary distance
for reconstructing molecular phylogenetic trees,” Molecular
Biology and Evolution, vol. 11, no. 2, pp. 278–286, 1994.

[24] C.-S. Yu, C.-J. Lin, and J.-K. Hwang, “Predicting subcellular
localization of proteins for Gram-negative bacteria by support
vector machines based on n-peptide compositions,” Protein
Science, vol. 13, no. 5, pp. 1402–1406, 2004.

[25] C.-S. Yu, Y.-C. Chen, C.-H. Lu, and J.-K. Hwang, “Prediction of
protein subcellular localization,” Proteins: Structure, Function,
and Bioinformatics, vol. 64, no. 3, pp. 643–651, 2006.

[26] A. Pierleoni, P. L.Martelli, P. Fariselli, andR.Casadio, “BaCelLo:
a balanced subcellular localization predictor,” Bioinformatics,
vol. 22, no. 14, pp. e408–e416, 2006.

[27] R. Nair and B. Rost, “Mimicking cellular sorting improves
prediction of subcellular localization,” Journal of Molecular
Biology, vol. 348, no. 1, pp. 85–100, 2005.

[28] M. Bodén and J. Hawkins, “Prediction of subcellular localiza-
tion using sequence-biased recurrent networks,”Bioinformatics,
vol. 21, no. 10, pp. 2279–2286, 2005.

[29] K.-C. Chou and H.-B. Shen, “A new method for predicting the
subcellular localization of eukaryotic proteins with both single
and multiple sites: Euk-mPLoc 2.0,” PLoS ONE, vol. 5, no. 4,
Article ID e9931, 2010.

[30] K.-C. Chou and H.-B. Shen, “Cell-PLoc: a package of Web
servers for predicting subcellular localization of proteins in
various organisms,” Nature Protocols, vol. 3, no. 2, pp. 153–162,
2008.

[31] K.-C. Chou and H.-B. Shen, “Euk-mPLoc: a fusion classifier for
large-scale eukaryotic protein subcellular location prediction by
incorporating multiple sites,” Journal of Proteome Research, vol.
6, no. 5, pp. 1728–1734, 2007.

[32] K.-C. Chou and H.-B. Shen, “Large-scale predictions of gram-
negative bacterial protein subcellular locations,” Journal of
Proteome Research, vol. 5, no. 12, pp. 3420–3428, 2006.

[33] B. Rost, G. Yachdav, and J. Liu, “The PredictProtein server,”
Nucleic Acids Research, vol. 32, pp. W321–W326, 2004.

[34] T. La Cour, L. Kiemer, A. Mølgaard, R. Gupta, K. Skriver, and S.
Brunak, “Analysis and prediction of leucine-rich nuclear export
signals,” Protein Engineering, Design and Selection, vol. 17, no. 6,
pp. 527–536, 2004.

[35] T. N. Petersen, S. Brunak, G. von Heijne, and H. Nielsen, “Sig-
nalP 4.0: discriminating signal peptides from transmembrane
regions,” Nature Methods, vol. 8, no. 10, pp. 785–786, 2011.

[36] J. D. Bendtsen, L. J. Jensen, N. Blom, G. Von-Heijne, and
S. Brunak, “Feature-based prediction of non-classical and
leaderless protein secretion,” Protein Engineering, Design and
Selection, vol. 17, no. 4, pp. 349–356, 2004.

[37] L. H. Bannister and A. P. Kent, “Immunoelectron microscopic
localization of antigens in malaria parasites,”Methods in Molec-
ular Biology, vol. 21, pp. 415–429, 1993.

[38] M. J. Dykstra,Biological ElectronMicroscopy,Theory, Techniques
and Troubleshooting, Plenum Press, New York, NY, USA, 1992.

[39] N. Hans, S. Singh, A. K. Pandey, K. S. Reddy, D. Gaur,
and V. S. Chauhan, “Identification and characterization of a
novel Plasmodium falciparum adhesin involved in erythrocyte
invasion,” PLoS ONE, vol. 8, no. 9, Article ID e74790, 2013.

[40] P. Cohen, “The role of protein phosphorylation in human health
and disease. The Sir Hans Krebs Medal Lecture,” European
Journal of Biochemistry, vol. 268, no. 19, pp. 5001–5010, 2001.

[41] C. Dingwall and R. A. Laskey, “Nuclear targeting sequences—a
consensus?”Trends in Biochemical Sciences, vol. 16, pp. 478–481,
1991.

[42] E. Bischoff, M. Guillotte, O. Mercereau-Puijalon, and S. Bon-
nefoy, “Amember of thePlasmodium falciparumPf60multigene
family codes for a nuclear protein expressed by readthrough of
an internal stop codon,” Molecular Microbiology, vol. 35, no. 5,
pp. 1005–1016, 2000.

[43] D. Jirage, Y. Chen, D. Caridha et al., “The malarial CDK Pfmrk
and its effector PfMAT1 phosphorylate DNA replication pro-
teins and co-localize in the nucleus,”Molecular and Biochemical
Parasitology, vol. 172, no. 1, pp. 9–18, 2010.

[44] W. Feng, A. L. Benko, J.-H. Lee, D. R. Stanford, and A. K.
Hopper, “Antagonistic effects of NES andNLSmotifs determine
S. cerevisiae Rna1p subcellular distribution,” Journal of Cell
Science, vol. 112, part 3, pp. 339–347, 1999.

[45] C. Dingwall and I. Palacios, “In vitro systems for the reconsti-
tution of snRNP and protein nuclear import,” Methods in Cell
Biology, no. 53, pp. 517–543, 1998.

[46] M. Krishna and H. Narang, “The complexity of mitogen-
activated protein kinases (MAPKs) made simple,” Cellular and
Molecular Life Sciences, vol. 65, no. 22, pp. 3525–3544, 2008.

[47] C. Doerig, A. Abdi, N. Bland et al., “Malaria: targeting parasite
and host cell kinomes,” Biochimica et Biophysica Acta (BBA)—
Proteins and Proteomics, vol. 1804, no. 3, pp. 604–612, 2010.

[48] C. Doerig and L.Meijer, “Antimalarial drug discovery: targeting
protein kinases,” Expert Opinion on Therapeutic Targets, vol. 11,
no. 3, pp. 279–290, 2007.

[49] I. Ferrer, R. Blanco, M. Carmona, and B. Puig, “Phosphory-
lated mitogen-activated protein kinase (MAPK/ERK-P), pro-
tein kinase of 38 kDa (p38-P), stress-activated protein kinase
(SAPK/JNK-P), and calcium/calmodulin-dependent kinase II
(CaM kinase II) are differentially expressed in tau deposits
in neurons and glial cells in tauopathies,” Journal of Neural
Transmission, vol. 108, no. 12, pp. 1397–1415, 2001.

[50] W. Surachetpong, N. Singh, K. W. Cheung, and S. Luck-
hart, “MAPK ERK signaling regulates the TGF-𝛽1-dependent
mosquito response toPlasmodium falciparum,”PLoS Pathogens,
vol. 5, no. 4, Article ID e1000366, 2009.

[51] V. Bracchi, G. Langsley, J. Thélu, W. Eling, and P. Ambroise-
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