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Calcium is a universal second messenger that plays an important role in regulatory processes in eukaryotic cells. To understand
calcium-dependent signaling in malaria parasites, we analyzed transcriptional responses of Plasmodium falciparum to two
calcium ionophores (A23187 and ionomycin) that cause redistribution of intracellular calcium within the cytoplasm. While
ionomycin induced a specific transcriptional response defined by up- or downregulation of a narrow set of genes, A23187 caused a
developmental arrest in the schizont stage. In addition, we observed a dramatic decrease of mRNA levels of the transcripts encoded
by the apicoplast genome during the exposure of P. falciparum to both calcium ionophores. Neither of the ionophores caused any
disruptions to the DNA replication or the overall apicoplast morphology. This suggests that the mRNA downregulation reflects
direct inhibition of the apicoplast gene transcription. Next, we identify a nuclear encoded protein with a calcium binding domain
(EF-hand) that is localized to the apicoplast. Overexpression of this protein (termed PfACBP1) in P. falciparum cells mediates
an increased resistance to the ionophores which suggests its role in calcium-dependent signaling within the apicoplast. Our data
indicate that the P. falciparum apicoplast requires calcium-dependent signaling that involves a novel protein PfACBP1.

1. Introduction

Malaria is the most deadly parasitic disease and yet it is
still one of the most common infectious diseases in the
tropical and subtropical region of the planet. Approximately
2 billion people (40% of the world’s population) are at risk
of malaria infection in over 90 countries. Each year 300–500
million cases are being reported out ofwhich over onemillion
cases result in death [1]. Artemisinin-based combination
therapies (ACT) are presently recommended as the first
line of malaria treatment and their effectiveness underline
many major accomplishments of the world wide malaria
control programs over the last decade. Unfortunately, there
are alarming reports of reduced sensitivity to ACTs emerging
in Southeast Asia that poses a major threat for the future
[2–4]. Based on the experience with previously deployed
antimalaria chemotherapeutics such as chloroquine (1950s)
and antifolates in (1960s), a spread of artemisinin resistance
around the world could erase all advances of the malaria
control programs achieved in the recent years and bring

the malaria epidemics to the pre-ACT era. Hence, discovery
of new malaria intervention strategies is one of the highest
research priorities for the future. For this purpose, under-
standing of unique biological processes that are essential for
malaria parasites growth and development is crucial.

Calcium signaling in Plasmodium falciparum, the most
dangerous species of the malaria parasites, may represent
one such area for drug target explorations. Previous studies
established that P. falciparum parasites utilize calcium sig-
naling during their life cycle progression. This is demon-
strated by the wide spectrum of genes encoding calcium-
dependent protein kinases and calmodulins present in the
P. falciparum genome [5–8] but also by the tightly regulated
cytoplasmic calcium concentration via intracellular calcium
stores [9]. Calcium has been shown to be important for
the parasite maturation [10, 11] and for the vital parasitic
processes such as invasion, gliding motility [11–18], and
sexual stage development [19–22]. Nonetheless, many gaps
remain in the comprehensive understanding of the role of
calcium signaling in Plasmodium parasites. In particular,
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very little is known about the role of calcium signaling
in transcriptional regulation of P. falciparum. Given that
in other eukaryotic cell systems calcium-dependent tran-
scription has a wide range of biological functions [23–28],
it is reasonable to expect that in Plasmodium, calcium-
dependent intracellular signaling is also linked with tran-
scription, regulating multiple mechanisms important for the
parasite growth, development, and adaptation to its host
environment.

One of the most widely used tools for studying calcium
signaling in eukaryotic cells is calcium ionophores that
are able to abolish electric potential and Ca2+ gradients
maintained at intracellular membranes, thereby mobilizing
intracellular calcium stores. There are numerous examples
where calcium ionophores have been used to explore calcium
signaling events in eukaryotes including transcription. Genes
encoding glucose-regulated proteins in hamster fibroblasts
have been shown to be induced byA23187mediated depletion
of intracellular calcium stores [29]. It was also shown that an
increase in the cytosolic calcium concentration induced by
A23187 and ionomycin was able to trigger the commitment
to differentiation and increased expression of erythroid genes
in murine erythroleukemia cells [30]. Ionomycin was also
shown to be able to induce calcium flux and thus expression
of the T-cell CD7 gene [31]. The changes in the intracellular
calcium concentration induced by calcium ionophores is also
able to alter the induction of p33 gene expression by insulin
[32]. There is strong experimental evidence that ionophore
compounds can affect the internal calcium stores in Plas-
modium parasites. First, calcium-imaging studies of P. berghei
using fluorescent calcium indicators demonstrated that ion-
omycin increases cytoplasmic calcium concentrations from
a nonacidic calcium-rich compartment and the alkalinized
acidocalcisomes [33]. In P. falciparum, ionomycin has been
shown to increase the cytoplasmic calcium concentration by
releasing calcium from the intracellular calcium stores that
include the parasitophorous vacuole (PV) [5, 34]. Given the
high activity of the calcium ionophores in the Plasmodium
cells [35], these compounds provide a suitable tool for studies
of calcium-dependent transcriptional processes during the
malaria parasite development.

In this study we analyzed the transcriptional responses of
P. falciparum parasites to two calcium ionophores, ionomycin
and A23187, in order to evaluate the effect of changing
calcium distribution within the cell. We show that both
inhibitors induce overlapping but not identical changes of the
P. falciparum transcriptome ranging from up- and downreg-
ulation of many genes of a narrow set of biochemical and
cellular pathways (for ionomycin) to overall developmental
arrests (for A23187). Both inhibitors, however, cause a strong
inhibition of transcriptional activity of essentially all genes
of the apicoplast genome. Focusing on this phenomenon,
we identified a nuclear encoded apicoplast targeted protein
(MAL13P1.156) that carries a calcium binding (EF hand)
domain. Overexpression of MAL13P1.156 confers an increase
in the resistance of P. falciparum parasites to ionomycin,
which suggests that this protein might play a role in calcium-
dependent signaling pathway(s) in the apicoplast.

2. Results

2.1. Transcriptional Responses of P. falciparum to Calcium
Ionophores. In the first stepwewished to investigate genome-
wide gene expression responses of P. falciparum parasites to
ionomycin and A23187, two calcium ionophore compounds
whose effect (presumably) leads to a release of the internal
calcium stores and thus altering Ca2+ concentration in
essentially all intracellular compartments. For this we carry
out 6-hour treatments of highly synchronized P. falciparum
culture at the schizont stage (∼30 hours after invasion, hpi)
with 5 𝜇M of both ionophores (Dataset S1, available online at
http://dx.doi.org/10.1155/2014/869401). Subsequent genome-
wide gene expression analysis (see materials and methods)
revealed that both compounds induced significant transcrip-
tional responses (Figure 1(a)). Intriguingly, in spite of the fact
that both ionomycin and A23817 have an identical activity,
transport of Ca2+ across the membranes of eukaryotic cell
compartments, the effect of these inhibitors on the P. falci-
parum transcriptome was not identical. The exposure of the
P. falciparum parasites to A23817 led to differential expression
of at least 2254 genes (1279 up- and 975 downregulated genes
by >2-fold). As previously demonstrated, such broad tran-
scriptional changes are typically not the reflections of specific
transcriptional responses but rather a result of a develop-
mental arrest [36, 37]. To test this possibility, we utilized
a recently developed algorithm that allows developmental
stage evaluation (“IDC aging”) by assessing the correlation
of the entire expression profiles in each experimental time
point to the high resolution P. falciparum IDC transcriptome
[38]. Indeed, all five time points of the A23817 treatments
have mapped to the 30 hpi which corresponds to the early
schizont stage that was used as a starting point of all treatment
experiments (Figure 1(b)). Hence the majority of the A23817-
induced differential expression corresponds to the mRNA
differences between the starting/arrested parasite cultures
compared to the untreated controls that progressed through
the mid-to-late schizont stage normally (Figure 1(b)). In
contrast to A23817, ionomycin did not arrest the Plasmodium
schizont stage progression and the global transcriptional
profiles of the five treatment time points mapped to the
expected IDC timing (32–38 hpi). Instead, this compound
induced a specific transcriptional response with 202 genes
up- and 558 genes downregulated. Interestingly, the group
of upregulated genes was statistically enriched for factors of
host parasite interaction including a subgroup of the var gene
family, the main antigenic determinants during P. falciparum
infection. In contrast, the group of downregulated genes
contained large number of factors of merozoite invasion
including merozoite surface antigens, actomyosine motors,
and resident proteins of invasion related organelles, rhoptry,
microneme and dense granules (data not shown). In addition,
21 out of total 55 geneswere predicted to play a role in the fatty
acid synthesis in the apicoplast (as annotated by the Malaria
Parasite Metabolic Pathway database [39]). This represents
a strong statistical enrichment (𝑃 value∼ 0) and indicates a
specific effect of ionomycin on the function of the apicoplast.

Corroborating this observation, both A23817 and iono-
mycin caused a dramatic downregulation of the vast majority
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Figure 1: Transcriptional response of P. falciparum schizonts to calcium ionophores, ionomycin, and A23187. (a) Total 975 and 558 genes
were downregulated and 1279 and 202 upregulated by >2-fold by A23187 and ionomycin, respectively. The heatmaps show relative mRNA
levels in each time point compared to the corresponding time point in the untreated cells. The color code corresponds to log 2 ratios mRNA
abundance between the treatment and untreated controls. The vast majority of the genes show a gradual change throughout the 6-hour
treatment time courses (materials and methods) with the exception of a small gene cluster that showed much rapid decrease in mRNA
abundance in both inhibitor treatments (∗). (b) Pearson correlation between the treatment time points and the reference IDC transcriptome
revealed that A23187 caused a developmental arrest of the P. falciparum development at 30 hours after invasion (hpi) (early schizont stage).
In contrast, the ionomycin treated parasites exhibit expected progress through 6-hour treatment, from 32 to 38 hpi, hence indicating no
developmental arrest by this inhibitor. (c) The heatmap shows relative mRNA expression level of the apicoplast genome coding genes.

of genes encoded by the plastid (apicoplast) genome. This is
demonstrated by a unique narrow gene cluster with tightly
correlated expression profiles (Pearson correlation> 0.93)
that are characterized by a dramatic decrease of mRNA levels
even in the early time points of the treatment (0.5 and 1 hour
after treatment) (Figure 1(a), asterix).This is in sharp contrast
with the majority of the ionophore-induced transcriptional
differences that are gradual (Figure 1(a)). Visual inspections
of these narrow gene clusters revealed a strong overrepre-
sentation of plastid genome encoding genes. Total 19 out of

the 29 plastid genes represented on the microarray were
found downregulated as a result of both ionophore treat-
ments (Figure 1(c)) (10 remaining ORFs showed no expres-
sion). In addition, all plastid tRNAs (25) and one rRNA
genes that were detected by themicroarray analysis also show
decreased levels in the ionophore treatments compared to
the untreated cells (Figure 1(c)). Moreover, two apicoplast
encoded genes of the subunits of the putative apicoplast RNA
polymerase (rpoB and rpoC) were downregulated by both
ionophores. This is in contrast to the third subunit (rpoA)



4 BioMed Research International

which is encoded by the nuclear genome (PF3D7 1307600)
whose expression is unaffected by neither of the inhibitors
(data not shown). This suggests that the Ca-dependent
regulation of the apicoplast gene transcription is independent
of the nuclear genome.

Taken together, A23817 and ionomycin have a profound
effect on the P. falciparum transcriptional cascade with the
former causing a developmental arrest and the latter induc-
ing specific transcriptional changes of the nuclear encoded
genes. Besides this, both compounds have exhibited a strong
inhibitory effect on the plastid transcription, downregulating
essentially all genes encoded by the 35 kbDNAgenome of this
organelle.

2.2. Calcium Ionophores Neither Inhibit Apicoplast DNA
Replication Nor Interfere with the Normal Apicoplast Devel-
opment. Given the consistency of the ionophore-mediated
downregulation of the apicoplast genes, we hypothesize that
transcriptional regulation in the P. falciparum plastid is sensi-
tive to Ca2+ concentration. To support this model, we wished
to exclude the possibility that the decreased mRNA levels
of the plastid genes are a simple reflection of discrepancies
in the apicoplast development, particularly apicoplast DNA
replication that is rapidly ongoing during the schizont stage.
Hence we carried out comparative genomic hybridization
(CGH) with total DNA isolated from schizonts treated by
both calcium ionophores (Figure 2(a), Dataset S2). Even after
6 hours of treatment with both inhibitors, the apicoplast
DNA content was not affected while the transcription was
repeatedly downregulated as seen in the initial transcrip-
tome analyses (Figure 2(a)). Interestingly, A23187 has much
stronger effect on the mRNA level of the apicoplast genes
reducing their content by median 3.24± 0.12 compared to
ionomycin that caused reduction by 2.05± 0.15 after six hours
of treatment.

According to previous studies on plant cells, calcium
ionophores are able to inhibit protein import into the
chloroplast, the orthologous endosymbiotic organelle of the
apicoplast. Import of proteins with a cleavable signal peptide
into the isolated intact chloroplasts can be inhibited by
calcium ionophores as a consequence of emptying chloroplast
calcium content [40]. In P. falciparum, 545 nuclear encoded
proteinsare predicted to be imported into the apicoplast facil-
itating numerous metabolic and cellular processes associated
with this compartment [41]. Inhibition of the import of these
proteins will likely cause major disruptions to the apicoplast
morphology as well as function. In order to investigate
the effect of the ionophores on apicoplast proteins import,
we utilize the acyl carrier protein (PfACP, PFB0385w) as a
molecular marker of the apicoplast (Figure 2(b)). PfACP is
one of the major apicoplast factors that are implicated in
the type II fatty acid biosynthesis [42]. This protein carries
an N-terminal signal sequence that targets its localization to
the apicoplast [43]. For our study, we generate a transgenic
P. falciparum cell line with PfACP episomal overexpression.
Fluorescence microscopy analysis of the pattern of intra-
cellular localizations of the PfACP in both ionomycin and
A23187 treated cells is essentially identical to untreated cells.

Similarly neither of the ionophores affected the pattern of
posttranslational processing of PfACP (Figure 2(b)).The full-
length apicoplast targeted proteins undergo processing by
a stromal processing peptidase upon the import into the
apicoplast as previously described [44]. In our results, the
signal peptide cleavage is undisturbed even 6 hours after
treatment (Figure 2(b)). Hence we conclude that in neither
of the treatments we observe any major interference with the
PfACP import into the apicoplast.

Based on previous studies of other eukaryotic systems,
the ionophore-induced increases of cytosolic calcium con-
centrations are mediated by two possible mechanisms. These
include an influx of calcium from the ambient media via
native Ca2+ channels and a phospholipase-C (PLC) mediated
calcium release from the intracellular calcium stores [45].
In the next step, we wished to test whether the ionophore
effect on the apicoplast transcription is mediated by a general
influx of Ca2+ from the extracellular medium into the
parasite cytoplasm and subsequently to the apicoplast or
whether it is associatedwith the redistribution of intracellular
calcium concentration within the parasite cell. In a previous
study Trypanosoma cruzi the causative agent of Chagas
disease, it was shown that EGTA can be used to chelate
the extracellular calcium, eliminating it of its influx into the
ionophore treated cells and the majority of the phenotypic
effect induced by the ionophores is due to redistribution of
the intracellular of calcium [46]. Similar to these studies,
we carried out additional transcriptome analyses where
the parasites were treated with 5 𝜇M ionomycin and at
the same time the extracellular calcium was depleted by
chelation with 3mM of EGTA. As expected, we observed
a similar effect of the downregulation of apicoplast gene
transcription that occurs to the same degree compared to
cells grown in the calcium presence (Figure 2(c), Dataset
S3). These results suggest that the redistribution of the
intracellular calcium such as release of the intracellular
calcium stores and not the extracellular calcium influx is
responsible for the observed ionophore effect on apicoplast
transcription.

Taken together, these experiments show that neither
of the ionophores caused dramatic disruptions of the api-
coplast DNA replication or protein import. In addition, the
microscopy studies did not detect anymajor abnormalities in
the apicoplast morphology during its growth and division in
the late schizont stages. Although the used techniques could
not exclude subtle changes in the apicoplast morphology
or protein content, these data suggest that the observed
dramatic reduction of the apicoplast gene mRNA levels
indeed represents a reduced transcriptional activity at the
apicoplast genome. Moreover, the ionophore-induced tran-
scriptional changes in the apicoplast are associated mainly
(if not fully) with the intracellular stores of Ca2+. Hence,
the apicoplast transcriptional regulation is sensitive to fluc-
tuations of Ca2+ concentration likely within the apicoplast
itself.

2.3. Calcium Signaling in the Apicoplast. Given the potential
role of calcium on transcription of the apicoplast genes,
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Figure 2: Apicoplast development and DNA replication are hardly inhibited by calcium ionophores. (a) Apicoplast DNA replication is not
inhibited by calcium ionophores. Box plots for the log 2 expression ratios of averaged oligos representing all apicoplast genes (obtained from
the microarray hybridization results filtered for 3-fold change in 2 time points) and log 2 ratios of the treated and untreated apicoplast DNA
(obtained from a CGH experiment where the total DNA from the treated parasites was hybridized against the total DNA from the untreated
parasites) have been compared. (b) Western blots show the processed band (≈35 kDa) of the ACP-GFP fusion protein (≈40 kDa) directed
towards apicoplast indicating that the protein has been imported and processed without much interference even after 6 hours after treatment.
Fluorescence microscopy done on ACP-GFP expressing parasites confirms the western results. (c) Relative expression of apicoplast genes in
ionomycin treatment of schizonts both in presence and absence of 3mM EGTA. (I-ionomycin, I + E-ionomycin plus EGTA).

we wished to identify a protein factor(s) that may facilitate
this phenomenon. For this we carried out bioinformatics
analyses of all 545 plastid targeted nuclear encoded proteins
[47, 48] and identified MAL13P1.156, a calcium binding
protein that contain a signal anchor with probability of 0.954
[49] and 5 of 5 positive tests for an apicoplast targeting
peptide [47] at its C-terminus. A similar protein that lacks
an apparent signal peptide but contains a signal anchor
has been found to be targeted to the apicoplast via an
independent bipartite signal targeting in Toxoplasma gondii
[50, 51]. MAL13P1.156 is a single exon gene (1599 bp) that
codes for a 64 kDa protein and contains an EF-hand domain
(prediction e-value, 2.80𝐸−13) at the position between 234
and 518 amino acid of the deduced polypeptide. A search of
the RCSB Protein Data Bank (PDB) [52] for structurally sim-
ilar proteins retrieved several sequences of calcium binding

proteins with the EF-hand calcium binding domain. These
include an EF-hand calciumbinding protein fromEntamoeba
histolytica (E-value 0.002, solution NMR), CDPK3 (calcium-
dependent protein kinase-3) from Cryptosporidium parvum
(E-value 0.053, X-ray diffraction), myristoylated NCS1p from
Schizosaccharomyces pombe (E-value 0.10, solution NMR)
and CDPK-1 (calcium-dependent protein kinase-1) from
Toxoplasma gondii (E-value 0.35, X-ray diffraction). Multiple
alignments of the amino acids spanning the EF-hand domain
(214th to 341th positions) show considerable conservation
of the calcium binding domain between these structural
homologues (Figure 3(e)). This suggests a putative calcium
binding function ofMAL13P1.156 and thus its role in calcium-
dependent signaling in the apicoplast such as sensing and/or
buffering free Ca2+ ions similar to its plant counterparts in
the chloroplast [53].
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Figure 3: Identification of an apicoplast targeted protein with EF-hand domain. (a) Immunofluorescence microscopy done (anti-GFP)
on parasites episomally expressing MAL13P1.156-GFP fusion shows typical apicoplast pattern. (b) Antibody against the c-terminal GFP
detects MAL13P1.156 full-length protein with an apicoplast targeted protein signature (T-transfected, C-Control). (c, d) Colocalisation with
Mitotracker-Red and apicoplast encoded tuF, respectively. (e) MAL13P1.156 multiple alignments with the structural homologues obtained
from a sequence blast on PDB. EhCBP-Entamoeba histolytica calcium binding protein, CpCDPK3-Cryptosporidium parvum calcium-
dependent protein kinase3, NCS1p-calcium binding protein NCS-1 Schizosaccharomyces pombe, and TgCDPK1-Toxoplasma gondii calcium
dependent kinase1.

To investigate the biological function of MAL13P1.156,
we constructed a fusion construct of this protein with
a C-terminal GFP and subsequently generated a P. falci-
parum (3D7) transgenic cell line where this fusion protein
is expressed episomally. Western blot analyses show a strong
expression of this protein as a full-length fusion protein of
91 kDa (64 kDa full-length protein plus 27 kDa GFP) and
a processed form ∼72 kDa (Figure 3(b)). This proteolytic
cleavage is consistent with the signal peptide processing upon
import to the apicoplast. Subsequently, immunofluorescence
microscopy (IFA) of the transgenic cell line using the anti-
GFP antibody shows the characteristic pattern of apicoplast
localization with a single small compartment in the early
schizonts, elongated branched formation in the late schizonts,

and finally divided punctuate formations corresponding to
new apicoplast precursors in the newly formed daughter
merozoites (Figure 3(a)). Finally, IFA-based colocalization
studies revealed a close proximity between the MAL13P1.156
labeled compartments and mitochondria labeled by mito-
tracker Red (Figure 3(c)). This is consistent with physical
association of apicoplast and mitochondria in P. falciparum.
Finally there is partial but significant colocalization between
MAL13P1.156 and the apicoplast marker EF-Tu (Figure 3(d)).
Based on these results we conclude that MAL13P1.156 local-
izes to the apicoplast and hence name this protein P. falci-
parum apicoplast calcium binding protein 1 (PfACBP1).

To investigate whether PfACBP1 plays a role in intracel-
lular calcium homeostasis of the Plasmodium parasites we
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determined the sensitivity of the generated transgenic cell
line to ionomycin. Here we hypothesize that MAL13P1.156
overexpressing parasites have a higher capacity to withstand
ionomycin exposure and its effect as an intracellular calcium
ion mobilizer that is presumably depleting the apicoplast of
calcium. Overexpression of PfACBP1 would help to retain
higher calcium concentration in the apicoplast via its cal-
cium binding properties. To investigate this hypothesis, P.
falciparum cells (mid schizont stage) were treated with 0,
0.25, 0.5 and 1 𝜇M of Ionomycin for 12–14 hrs until next
invasion and the parasite survival was monitored by Giemsa
smear microscopy. At 0.5 𝜇M of ionomycin (that roughly
corresponds to the ionomycin IC50; see below), the survival
of the PfACBP1 overexpressing cell line is ∼2-fold higher
(P value 0.01) compared to the nontransfected parasites
(Figure 4). The survival rate of the transgenic cell line is
comparable to the nontransfected parasites grown in the
medium supplemented with 500 𝜇M of CaCl

2
. Here we

assume that the extracellular calcium supplied in the growth
medium reduces the severity of the calcium mobilization
action of ionomycin (Figure 4).This increase in the resistance
of the PfACBP1 overexpressing parasites suggests its role in
the calcium signaling in the plastid but also the fact that the
calcium depletion from the apicoplast is a part to the toxic
effect of ionophores in the P. falciparum parasites.

3. Discussion

Here we used transcriptional profiling to analyze the mode of
action of ionophores (ionomycin andA23187) in order to gain
more insights into the role of Ca2+ signaling in P. falciparum.
Although transcriptional profiling is known to be a powerful
method to understand activities of small-molecule inhibitors
in eukaryotic cells, in P. falciparum as well as other highly
specialized pathogens, chemical or other types of external
stimuli/perturbations do not always induce specific responses

[37, 54, 55]. In P. falciparum, transcriptional responses to
external perturbations range from low amplitude nonspecific
changes in mRNA profiles to broad extensive transcriptional
changes affecting the vast majority of the P. falciparum
genes that are typically consistent with developmental arrests
and/or induction of the sexual stages. Nonetheless, for several
types of small molecule inhibitors, transcriptional responses
are more specific, involving genes of direct or indirect targets
[56, 57]. In this study, we used two inhibitors that are
known to have similar (or overlapping) effects on calcium
distribution in the eukaryotic cell. Interestingly these two
inhibitors exhibit dramatically different effects on the P.
falciparum growth. While ionomycin affected expression of
a narrow group of genes, with downregulation of plastid gene
expression being most pronounced, A23187 caused a broad
transcriptional shift that is consistent with a developmental
arrest in the schizont stage. This is surprising given that
both inhibitors have similar growth inhibitory effects on the
P. falciparum cells with IC50 (inhibition concentration by
50%) 513 and 304 nM for ionomycin and A23187, respectively
(data not shown). This could be either due to a stronger
effect of A23187 on calcium redistribution in the cell and
subsequently a more dramatic response manifested by the
developmental arrest, or alternatively this discrepancy could
be caused by A23187 interacting with additional molecular
targets compared to ionomycin. Although more research is
required to understand the molecular mechanism(s) that
underlines the developmental arrests induced by various per-
turbations, these data further underline the overall diversity
of P. falciparum transcriptional responses to external stimuli
and their utility for systems biology approaches using the
“guilty-by-association” principle [56, 58, 59].

The main activity of calcium ionophores is to carry
Ca2+ cations across the membranes down its concentration
gradient [45]. In eukaryotic cells this causes cytoplasmic
mobilizations of Ca2+ that are released from the intracellular
calcium stores, intracellular compartments in which calcium
is sequestered under normal growth concentrations. Similar
to other eukaryotic cells, themain intracellular calcium stores
of apicomplexan parasites include the endoplasmic reticulum
(ER), nuclei, and mitochondria as well as specialized acidic
compartments, acidocalcisomes [60]. In addition to these
canonical calcium stores, the parasitophorous vacuole (PV)
(the lumen between the parasite plasma membrane (PPM)
and the parasitophorous vacuolar membrane (PVM) diving
the parasite cell from the host cell cytoplasm during their
intraerythrocytic development) was shown to contain high
concentrations of calcium [34]. It was proposed that the high
concentration of calcium in the PV, estimated at∼40 𝜇M, cre-
ates a calcium rich microenvironment that is essential for the
parasite growth in the otherwise calcium poor erythrocyte
cytoplasm, >100 nM. Expectedly, ionomycin causes a rapid
effluxof calciumout of the PV into the parasite cytoplasmand
to the ambientmedia and thus diminishing the concentration
gradient at the parasite plasma membrane. In addition to the
PV, ionomycin can also mobilize other intracellular calcium
stores in the parasites (presumably ER, mitochondria, and
acidocalcisomes) raising the calcium concentration in the
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parasite cytoplasm even further [34]. The rapid effect on the
plastid genome transcription observed in our study suggests
that the ionophores can affect the concentration of calcium
diverting it from a steady state concentration that is likely
essential for the proper function of this organelle.This model
is supported by the fact that the ionomycin-mediated inhibi-
tion of the plastid transcription also occurs when the calcium
is chelated from the ambient media (Figure 2(c)); hence,
the ionophore-mediated calcium flow is directed away from
the parasitized erythrocyte. Moreover, thapsigargin (THG)
that increases cytoplasmic calcium by a specific release from
the ER [34] has no effect on the plastid genome transcription
(data not shown). Taken together these data suggest that in
addition to calcisomes, ER, andmitochondria, the plastid can
serves as another component of the internal calcium stores in
the Plasmodium parasites.

There ismounting evidence that calcium signaling plays a
major role in maintenance and genesis of the endosymbiotic
organelles of eukaryotic cells. In the chloroplast of the plant
cells, calcium is an essential signaling factor for at least three
different functionalities: import of nuclear encoded proteins,
vesicular transport system, and oxygenate photosynthesis
(reviewed in [53]). Most of the calcium-dependent signal
transduction in the chloroplast is believed to be facilitated
by proteins that contain the “EF-hand” domain(s) [61].
Binding of calcium causes conformational changes to the EF-
hand proteins that subsequently results in increasing binding
affinity to other interacting proteins or DNA sequences.
Alternatively, calcium binding could cause cross-activation
of enzymatic activities of additional domains present at the
polypeptide such as protein kinases in calmodulins, calcium-
dependent protein kinases present in plants, and protists [62].
Here we identify a novel EF-hand protein in P. falciparum,
PfACBP1, that is targeted to the plastid and its overexpression
increases resistance of the parasite cells to ionomycin. In our
bioinformatics analyses of the 545 plastid targeted proteins
[47, 48], PfACBP1 showed the highest homology to the EF-
hand consensus sequence which suggests its crucial role in
calcium-mediated regulatory function(s) in this compart-
ment. In future studies it will be intriguing to explore the role
of PfACBP1, the highly conserved calcium binding protein,
in regulation of plastid gene expression.

Until today, the plastid represents one of the most
important targets for malaria chemotherapy [63]. A number
of apicoplast functionalities can be targeted by specific well-
established antimicrobial chemotherapeutics, some of which
can be used for malaria treatment and prophylaxis. These
chemotherapeutic strategies take advantage of the prokary-
otic character of several basic apicoplast mechanisms includ-
ing DNA replication, inhibited by fluoroquinolinone antibi-
otics [64]; RNA transcription inhibited by rifampicin [65];
and protein translation that can be blocked by clindamycin,
azithromycin binding to 23S rRNA [66], and doxycycline and
tetracycline binding to 16S rRNA [67]. All these compounds
were shown to block apicoplast organellogenesis and division
which leads to an absence of this compartment in the newly
invaded parasite generations. Although these parasites could
develop until the midstage of the (subsequent) IDC, the lack
of apicoplast functionalities likely causes the ultimate cell

death. Overall, this phenomenon, also known as the delayed
death phenotype, is characteristic for most of these drugs
with the exception of tetracycline that is believed to also
affect the mitochondrion and kill the cells instantly [67]. In
addition to rifampicin and other RNA synthesis blockers,
doxycycline was also found to specifically and exclusively
inhibit transcription of the apicoplast genome encoded genes
[68]. This is somewhat surprising as the main mode of
action doxycycline is blocking the apicoplast proteosynthesis.
This suggests that transcriptional regulation of the apicoplast
genes involves multiple components of intracellular signaling
potentiality including apicoplast encoded proteins. Here we
show that calcium-dependent signaling factors contribute to
this regulation and that interference with these can also have
toxic effect on the Plasmodium cells, albeit not via the delayed
death mechanism.

Several biochemical pathways associated with the api-
coplast are being explored as suitable drug targets for malaria
chemotherapy. These include fatty acid type II (FASII)
[69], nonmevalonate isoprenoid synthesis [70], apicoplast
REDOX system [71], and heme synthesis [72]. Each of these
pathways represents essential biological processes that take
place within the endosymbiotic organelle and thus were
retained through the evolution. With that, each pathway
retained a certain portion of prokaryotic features that are
being explored by malaria drug development efforts. The
most remarkable example represents FASII that arrears to
be the sole producer of fatty acids in Plasmodium cells as
precursors of membrane synthesis and energy stores. Several
inhibitors of FASII enzymes are being explored as suitable
drug candidates including trichlosan (inhibitor of enoyl-
ACP reductase, FabI) and thiolactomycine (inhibitor of beta-
ketoacyl-ACP synthetase II and III, Fab II and III) (reviewed
in [63]). Although the validity of this pathway as a drug
target for blood stage parasites has been recently disputed by
observations that apicoplast plays only a minor biochemical
role during its asexual intraerythrocytic development [73].
FASII was found to be predominant and extremely important
during the Plasmodium liver stage development [74]. Indeed,
the Plasmodium liver stages appear to be highly sensitive to
a FASII inhibitor hexachlorophene, as well as to rifampicin
and tetracycline [74]. Given the importance of calcium-
dependent signaling in the apicoplast transcription it will be
interesting to explore its potential as a new target for liver
stage drug development which is one of the main objectives
of the future programs for malaria control and elimination
proposed for the next era of malaria-related research [75].

4. Materials and Methods

4.1. Cell Culture, Drug Treatment, and DNA Microarray. All
treatment experimentswere carried outwith theP. falciparum
3D7 strain. Calcium ionophore treatments were carried out
as follows: highly synchronized P. falciparum cultures were
treated with 5𝜇M of calcium ionophores, ionomycin and
A23187 (Sigma) at the schizont stage for 30 minutes, 1 hour, 2
hours, 4 hours, and 6 hours. Total RNA from each of the time
points was isolated and aminoallyl-cDNA was synthesized
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using reverse transcriptase system (Fermentas). Subsequently
cDNA made from the treated and untreated parasites were
labeled with Cy5 (GE-Amersham). A reference pool was
made by mixing equal amount of RNA from the parasites
collected at 6 hours interval throughout the 48 hours life cycle
and was labeled with Cy3 (GE-Amersham).The samples were
then hybridized on a spotted cDNAchip platform comprising
10166MOEs representing 5363 coding sequences [36]. The
data was normalized and filtered with the condition, signal
intensity> background intensity + 2 SD of background inten-
sity using NOMAD (http://derisilab.ucsf.edu). Hierarchical
clustering of the log-transformed ratios was then done using
Cluster (Eisen lab) [76] and visualized using Treeview (Eisen
lab) [76]. Pathway analysis was done based on the hyper geo-
metric and binomial probability distribution and pathways
which had a P value of <0.01 were considered significant. For
the extracellular calcium chelation experiment, the medium
was treatedwith 3mMof EGTAand the ionomycin treatment
was carried out later on at 5 𝜇Mconcentration. Hybridization
and data analysis were carried out as above.

4.2. Comparative Genomic Hybridization (CGH). Compara-
tive genomic hybridization was carried out with total DNA
isolated from the untreated parasites and the parasites treated
with the calcium ionophores (ionomycin and A23187 at 5𝜇M
concentration) at 1 hour, 4 hours, and 6 hours after treatment.

3 𝜇g of the total DNA from each of the samples was
subjected to klenow (NEB) reaction as described before
[77]. Treated DNA labeled with Cy3 was then hybridized
against untreated DNA labeled with Cy5. Hybridization and
Data analysis were done as described above for the cDNA
hybridization.

4.3. Transfection. Transfection of 3D7 parasites was per-
formed as described before [78]. Two lines of transgenic
parasites episomally expressing GFP fused to the C-terminus
of acyl carrier protein (ACP) and MAL13P1.156, respectively,
were developed. ACP and MAL13P1.156 were amplified from
the 3D7 genomic DNA using the following primers:

ACP XhoI-Fw
5-AGTCCTCGAGCACCTTATTAGAATGAAGA-
TCTTATTACTTTG-3

ACP-AvrII-Bw
5-AGTCCCTAGGTTTTAAAGAGCTAGATGGG-
3

MAL13P1.156 XhoI-Fw
5-AGTCCTCGAGATGAAACTTTTAAATTTT-
CCACTGTCC-3

MAL13P1.156 AvrII-Bw
5-AGTCCCTAGGTGTGGCATATACTATGT-
CTGGAGCC-3.

pARL vector [79] was modified for generating the required
constructs. Stevor gene was replaced with ACP and
MAL13P1.156 for generating pARL-ACP-GFP and pARL-
MAL13P1.156, respectively, under the control of PfCRT
promoter and hDHFR as the selectable marker.

4.4. Fluorescence Microscopy. Parasites expressing ACP-GFP
episomally was used for the import inhibition experiment.
Smears were made from parasites exposed to ionomycin
and A23187 1 hour, 2 hours, 4 hours, and 6 hours after
invasion.The smears were fixed in 4%paraformaldehyde and,
after staining with DAPI, were viewed under a fluorescence
microscope. For the localization and colocalization experi-
ments, immunofluorescence assay was done using anti-GFP
(mouse anti-GFP, Santacruz Biotech) and anti-tuFA (rabbit
anti-tuFA, kindly given by Dr. Saman Habib, CDRI, India).

4.5. Western Blots. Proteins from the crude parasite lysates
were separated on a 10% SDS polyacrylamide gel. The
resolved proteins were then transferred to a nitrocellulose
membrane. The blots were then probed with rabbit anti-GFP
antibody which was in turn detected with anti-rabbit IgG
conjugated with HRP.

4.6. Drug Assay. Nontransfectants, nontransfectants with
500𝜇M CaCl

2
in the medium, and the transfectants overex-

pressing MAL13P1.156 were exposed to ionomycin at 0, 0.25,
0.5, and 1 𝜇M concentrations in the schizont stage.The newly
invaded ringswere counted on giemsa stained smears under a
light microscope.The percentage of rings was plotted against
the inhibitory concentrations.
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[24] M. Frödin and S. Gammeltoft, “Role and regulation of 90 kDa
ribosomal S6 kinase (RSK) in signal transduction,” Molecular
and Cellular Endocrinology, vol. 151, no. 1-2, pp. 65–77, 1999.

[25] G. E. Hardingham and H. Bading, “Nuclear calcium: a key
regulator of gene expression,” BioMetals, vol. 11, no. 4, pp. 345–
358, 1998.

[26] A. J. Shaywitz andM. E. Greenberg, “CREB: a stimulus-induced
transcription factor activated by a diverse array of extracellular
signals,” Annual Review of Biochemistry, vol. 68, pp. 821–861,
1999.

[27] M. S. Kapiloff, J. M. Mathis, C. A. Nelson, C. R. Lin, and M.
G. Rosenfeld, “Calcium/calmodulin-dependent protein kinase
mediates a pathway for transcriptional regulation,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 88, no. 9, pp. 3710–3714, 1991.

[28] D. B. Arnold and N. Heintz, “A calcium responsive element
that regulates expression of two calcium binding proteins in
Purkinje cells,” Proceedings of the National Academy of Sciences
of the United States of America, vol. 94, no. 16, pp. 8842–8847,
1997.

[29] I. A. S. Drummond, A. S. Lee, E. Resendez Jr., and R. A.
Steinhardt, “Depletion of intracellular calcium stores by cal-
cium ionophore A23187 induces the genes for glucose-regulated
proteins in hamster fibroblasts,” Journal of Biological Chemistry,
vol. 262, no. 26, pp. 12801–12805, 1987.

[30] J. O. Hensold, G. Dubyak, and D. E. Housman, “Calcium
ionophore, A23187, induces commitment to differentiation but
inhibits the subsequent expression of erythroid genes inmurine
erythroleukemia cells,” Blood, vol. 77, no. 6, pp. 1362–1370, 1991.

[31] R. E. Ware, M. K. Hart, and B. F. Haynes, “Induction of T cell
CD7 gene transcription by nonmitogenic ionomycin-induced
transmembrane calcium flux,” Journal of Immunology, vol. 147,
no. 8, pp. 2787–2794, 1991.

[32] R. S. Weinstock, C. A. Manning, and J. L. Messina, “The
regulation of p33 gene expression by insulin and calcium
ionophores,” Endocrinology, vol. 130, no. 2, pp. 616–624, 1992.

[33] N. Marchesini, S. Luo, C. O. Rodrigues, S. N. J. Moreno,
and R. Docampo, “Acidocalcisomes and a vacuolar H+-
pyrophosphatase in malaria parasites,” Biochemical Journal, vol.
347, no. 1, pp. 243–253, 2000.

[34] M. L. Gazarini, A. P. Thomas, T. Pozzan, and C. R. S. Garcia,
“Calcium signaling in a low calcium environment: how the
intracellularmalaria parasite solves the problem,” Journal of Cell
Biology, vol. 161, no. 1, pp. 103–110, 2003.

[35] C. Gumila, M. L. Ancelin, G. Jeminet, A. M. Delort, G. Miquel,
and H. J. Vial, “Differential in vitro activities of ionophore
compounds against Plasmodium falciparum and mammalian
cells,”Antimicrobial Agents andChemotherapy, vol. 40, no. 3, pp.
602–608, 1996.

[36] G. Hu, M. Llinás, J. Li, P. R. Preiser, and Z. Bozdech, “Selection
of long oligonucleotides for gene expression microarrays using
weighted rank-sum strategy,” BMCBioinformatics, vol. 8, article
350, 2007.

[37] K. G. le Roch, J. R. Johnson, H. Ahiboh et al., “A systematic
approach to understand the mechanism of action of the bisthi-
azolium compound T4 on the humanmalaria parasite, Plasmo-
dium falciparum,” BMC Genomics, vol. 9, article 513, 2008.



BioMed Research International 11

[38] S. Mok, M. Imwong, M. J. Mackinnon et al., “Artemisinin
resistance in Plasmodium falciparum is associated with an
altered temporal pattern of transcription,” BMC Genomics, vol.
12, article 391, 2011.

[39] H. Ginsburg,Malaria Parasite Metabolic Pathways, 2008.
[40] F. Chigri, J. Soll, and U. C. Vothknecht, “Calcium regulation of

chloroplast protein import,”Plant Journal, vol. 42, no. 6, pp. 821–
831, 2005.

[41] S. A. Ralph, G. G. van Dooren, R. F. Waller et al., “Metabolic
maps and functions of the Plasmodium falciparum apicoplast,”
Nature Reviews Microbiology, vol. 2, no. 3, pp. 203–216, 2004.

[42] N. C. Waters, K. M. Kopydlowski, T. Guszczynski et al., “Func-
tional characterization of the acyl carrier protein (PfACP) and
beta-ketoacyl ACP synthase III (PfKASIII) from Plasmodium
falciparum,” Molecular and Biochemical Parasitology, vol. 123,
no. 2, pp. 85–94, 2002.

[43] R. F. Waller, P. J. Keeling, R. G. K. Donald et al., “Nuclear-
encoded proteins target to the plastid in Toxoplasma gondii and
Plasmodium falciparum,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 95, no. 21, pp.
12352–12357, 1998.

[44] G. G. vanDooren, V. Su,M. C. D’Ombrain, andG. I.McFadden,
“Processing of an apicoplast leader sequence in Plasmodium
falciparum and the identification of a putative leader cleavage
enzyme,” Journal of Biological Chemistry, vol. 277, no. 26, pp.
23612–23619, 2002.

[45] E. N. Dedkova, A. A. Sigova, and V. P. Zinchenko, “Mechanism
of action of calcium ionophores on intact cells: ionophore-
resistant cells,” Membrane and Cell Biology, vol. 13, no. 3, pp.
357–368, 2000.

[46] L. R. Garzoni, M. O. Masuda, M. M. Capella, A. G. Lopes,
and M. D. N. S. Leal De Meirelles, “Characterization of
[Ca2+]i responses in primary cultures of mouse cardiomyocytes
induced by Trypanosoma cruzi trypomastigotes,”Memorias do
Instituto Oswaldo Cruz, vol. 98, no. 4, pp. 487–493, 2003.

[47] B. J. Foth, S. A. Ralph, C. J. Tonkin et al., “Dissecting apicoplast
targeting in the malaria parasite Plasmodium falciparum,” Sci-
ence, vol. 299, no. 5607, pp. 705–708, 2003.

[48] M. J. Gardner, N. Hall, E. Fung et al., “Genome sequence of the
human malaria parasite Plasmodium falciparum,” Nature, vol.
419, no. 6906, pp. 498–511, 2002.

[49] 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.

[50] L. Lim, M. Kalanon, and G. I. McFadden, “New proteins in
the apicoplast membranes: time to rethink apicoplast protein
targeting,” Trends in Parasitology, vol. 25, no. 5, pp. 197–200,
2009.

[51] A. E. DeRocher, I. Coppens, A. Karnataki et al., “A thioredoxin
family protein of the apicoplast periphery identifies abundant
candidate transport vesicles in Toxoplasma gondii,” Eukaryotic
Cell, vol. 7, no. 9, pp. 1518–1529, 2008.

[52] H. M. Berman, J. Westbrook, Z. Feng et al., “The Protein Data
Bank,” Nucleic Acids Research, vol. 28, no. 1, pp. 235–242, 2000.

[53] J. Bussemer, U. C. Vothknecht, and F. Chigri, “Calcium regula-
tion in endosymbiotic organelles of plants,” Plant Signaling and
Behavior, vol. 4, no. 9, pp. 805–808, 2009.

[54] K. Ganesan, N. Ponmee, L. Jiang et al., “A genetically hard-
wired metabolic transcriptome in Plasmodium falciparum fails
to mount protective responses to lethal antifolates,” PLoS
Pathogens, vol. 4, no. 11, Article ID e1000214, 2008.

[55] A. M. Gunasekera, A. Myrick, K. L. Roch, E.Winzeler, and D. F.
Wirth, “Plasmodium falciparum: genome wide perturbations in
transcript profiles amongmixed stage cultures after chloroquine
treatment,” Experimental Parasitology, vol. 117, no. 1, pp. 87–92,
2007.

[56] G. Hu, A. Cabrera, M. Kono et al., “Transcriptional profiling of
growth perturbations of the human malaria parasite Plasmod-
ium falciparum,” Nature Biotechnology, vol. 28, no. 1, pp. 91–98,
2010.

[57] P. A. Tamez, S. Bhattacharjee, C. van Ooij et al., “An erythrocyte
vesicle protein exported by the malaria parasite promotes
tubovesicular lipid import from the host cell surface,” PLoS
Pathogens, vol. 4, no. 8, Article ID e1000118, 2008.

[58] E. A. Winzeler, “Applied systems biology and malaria,” Nature
Reviews Microbiology, vol. 4, no. 2, pp. 145–151, 2006.

[59] Y. Zhou, V. Ramachandran, K. A. Kumar et al., “Evidence-based
annotation of the malaria parasite’s genome using comparative
expression profiling,” PLoS ONE, vol. 3, no. 2, Article ID e1570,
2008.

[60] R. Docampo, W. de Souza, K. Miranda, P. Rohloff, and S. N. J.
Moreno, “Acidocalcisomes—conserved from bacteria to man,”
Nature Reviews Microbiology, vol. 3, no. 3, pp. 251–261, 2005.
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