Melatonin and IP,-induced Ca®

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 7, pp. 5905-5912, February 18,2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

* Release from Intracellular

Stores in the Malaria Parasite Plasmodium falciparum within

Infected Red Blood Cells™

Received for publication, September 24, 2010, and in revised form, December 10, 2010 Published, JBC Papers in Press, December 13,2010, DOI 10.1074/jocM110.188474

Eduardo Alves*®', Paula J. Bartlett?, Celia R. S. Garcia’, and Andrew P. Thomas**

From the *Department of Pharmacology and Physiology, UMDNJ, New Jersey Medical School, Newark, New Jersey 07103 and
the §‘Departmento de Parasitologia and 1]Departamento de Fisiologia, Instituto de Biociéncias, Universidade de Sdo Paulo,

Sdo Paulo, Brazil CEP 05508-900

IP;-dependent Ca>* signaling controls a myriad of cellular
processes in higher eukaryotes and similar signaling pathways
are evolutionarily conserved in Plasmodium, the intracellular
parasite that causes malaria. We have reported that isolated,
permeabilized Plasmodium chabaudi, releases Ca®>* upon ad-
dition of exogenous IP;. In the present study, we investigated
whether the IP; signaling pathway operates in intact Plasmo-
dium falciparum, the major disease-causing human malaria
parasite. P. falciparum-infected red blood cells (RBCs) in the
trophozoite stage were simultaneously loaded with the Ca®*
indicator Fluo-4/AM and caged-IP;. Photolytic release of IP,
elicited a transient Ca®" increase in the cytosol of the intact
parasite within the RBC. The intracellular Ca*>* pools of the
parasite were selectively discharged, using thapsigargin to de-
plete endoplasmic reticulum (ER) Ca®>* and the antimalarial
chloroquine to deplete Ca*>* from acidocalcisomes. These data
show that the ER is the major IP;-sensitive Ca>* store. Previ-
ous work has shown that the human host hormone melatonin
regulates P. falciparum cell cycle via a Ca>*-dependent path-
way. In the present study, we demonstrate that melatonin in-
creases inositol-polyphosphate production in intact in-
traerythrocytic parasite. Moreover, the Ca>* responses to
melatonin and uncaging of IP; were mutually exclusive in in-
fected RBCs. Taken together these data provide evidence that
melatonin activates PLC to generate IP; and open ER-localized
IP,-sensitive Ca®>* channels in P. falciparum. This receptor
signaling pathway is likely to be involved in the regulation and
synchronization of parasite cell cycle progression.

Malaria, caused by the obligate Plasmodium parasite, in-
fects over 300 million people annually and resistance to cur-
rent antimalarial drugs is an increasing problem (1-5). The
intraerythrocytic phase of Plasmodium falciparum, the most
lethal human malaria parasite, is the primary cause of malaria
morbidity and mortality. Therefore, arrest of the red blood
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cell (RBC)* stage of Plasmodium life cycle is a clear pharma-
ceutical target. The RBC cycle of P. falciparum occurs over a
period of 48 h (the life cycles of other Plasmodium species are
also multiples of 24 h) and consists of three stages of parasite
development known as ring, trophozoite, and schizont. Prolif-
eration occurs by lysis of the RBC to release merozoites,
which are the product of the end of shizogony. This is fol-
lowed by rapid reinvasion of uninfected RBCs to complete the
cycle (6 -9). The ability to overcome host defenses relies upon
the synchrony of merozoite release into the blood stream,
usually at a specific time of day (10, 11). Therefore, key to

P. falciparum survival is synchronous maturation within the
RBC. Clear evidence supports a role of host circadian rhythm
in this process, mediated by melatonin and/or related host
hormones (12-15).

Parasites like most eukaryotes, utilize second messenger
signaling cascades involving Ca®>" and cAMP to coordinate
cell function (6, 14, 16-20). The Ca®" signaling toolkit in ver-
tebrates is now well characterized (21, 22) and genetic (18, 23,
24) and pharmacological studies (14, 25) are increasing our
knowledge of the signaling proteins that are evolutionarily
conserved from Apicomplexa (the Plasmodium phylum). To
date, key components of the classical Ca®" release cascade
have been described in Apicomplexeans; including sequences
of four putative heptahelical receptors (26), G-proteins, im-
plied by the sensitivity of gametogenesis to cholera and pertu-
sis toxins (27) and sequences of PLCé&-like isoenzymes (23,
28). Furthermore, Ca®>* pumps such as SERCA and a plethora
of Ca®>"-regulated proteins have been identified (18, 29 —-33).
A clear indication of the importance of Ca>" homeostasis and
Ca?" regulated signaling events in these organisms. However,
a canonical IP, receptor transcript has yet to be identified in
the genome of any Apicomplexean. Nevertheless, pharmaco-
logical data clearly demonstrate P. falciparum and the rodent
malaria parasite P. chabaudi maintain intracellular Ca*>*
stores (14, 16, 34) and IP,-dependent Ca®" release has been
demonstrated in isolated, permeabilized P. chabaudi (35).
Importantly, evidence for the generation of the precursor of
IP,-dependent signaling, PIP,, has also been shown in
P. knowlesi and P. falciparum (36, 37). To date, in Apicom-

*The abbreviations used are: RBC, red blood cell; IP, Ins(1,4,5)P; ER, endo-
plasmic reticulum; SERCA, sarco/endoplasmic reticulum Ca®>* ATPase;
Chlor, chloroquine; Thaps, thapsigargin.
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plexeans a PLC-like enzyme has been cloned only from Toxo-
plasma gondii and interestingly the activity of this enzyme
was greater with phosphatidylinositol rather than PIP, as a
substrate (28). Nevertheless, IP; and DAG increases have
been reported during P. falciparum gametocyte exflagellation
involved in the sexual cycle and transmission to the mosquito
vector (38) and Elabbadi et al., (36) reported ionomycin-in-
duced elevations in IP, in the asexual RBC stage of the life
cycle, indicating an enzyme capable of PIP, hydrolysis is pres-
ent in P. falciparum.

It is now well established that the host hormone melatonin
(12), and its precursors N-acetylserotonin, tryptamine, sero-
tonin, and N(1)-acetyl-N(2)-formyl-5-methoxykynuramine
(AFMK) affect the intraerythrocytic P. falciparum cell cycle
(13, 14, 39). These molecules were able to induce Ca*" release
from cultured P. falciparum and P. chabaudi and importantly
these responses were blocked by PLC inhibition and melato-
nin receptor antagonism (14). Similarly, the ability of melato-
nin and other tryptophan derivatives to synchronize P. falci-
parum cultures were also blocked by inhibition of PLC and
melatonin receptors (13, 14, 40). Whereas, in the intraeryth-
rocytic stages of P. berghei and P. yoelii, two rodent parasites
that show asynchronous development (not linked to circadian
rhythm) in vivo, melatonin does not modulate their cell cycle
or elicit an elevation in intracellular Ca®* (41).

There is clear evidence that P. falciparum and other plas-
modium obligate parasites contain the molecular machinery
for IP;-dependent Ca*" release (14, 35, 38). In the present
study, we demonstrate unequivocally that intact P. falcipa-
rum, within their natural erythrocyte host cell, release Ca*>"* in
response to IP,. Furthermore, we provide clear evidence that
melatonin acts in P. falciparum to activate PLC and induce
concurrent elevations in IP,. This key process in P. falcipa-
rum survival depends on IP; receptor function during the
trophozoite stage of the intraerythrocytic life cycle. Consider-
ing the likely vast genetic divergence between mammalian
and plasmodium IP; receptors, this protein is a strong candi-
date for novel therapeutic intervention.

EXPERIMENTAL PROCEDURES

P. falciparum Culture—P. falciparum (D37) parasites were
maintained in culture as described (42). Briefly, P. falciparum
were cultured in RPMI media supplemented with 50 mg/liter
hypoxanthine; 40 mg/liter gentamycin; 435 mg/liter NaHCO;
5% A or O human red blood cells and 10% A™ or O human
blood serum in an atmosphere of 5% CO,; 3% O,; 92% N, at
37 °C. Media was changed every 24 h and RBCs replaced every
48 h. Parasitemia and the development stage of synchronized
cultures were determined by Giemsa-stained smears.

Photorelease of Caged-IP, and Ca®" Imaging—P. falcipa-
rum infected erythrocytes were washed in HEPES-buffered
saline solution (HBSS) (in mm: 25 HEPES, 121 NaCl, 5
NaHCO,, 4.7 KC], 1.2 KH,PO,, 1.2 MgSO,, 2.0 CaCl,, 10 glu-
cose, 0.04 probenecid, and 0.25% (w/v) fatty acid-free BSA,
pH 7.4) and co-loaded, in suspension, with caged-IP; (2 um;
siChem) and Fluo4-AM (5 um™; Invitrogen; 37 °C) for 45 min.
Cells were washed with HBSS and seeded onto borosilicate
glass coverslips coated with ploy-L-lysine and incubated for 15
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min at room temperature to enable cell adherence. Cells were
washed and mounted on the stage of an Axiovert2000 (Zeiss)
spinning disc confocal microscope. Fluo4-AM fluorescence
images (Argon laser excitation 488 nm, emission >510 nm)
were acquired at 2 Hz with a cooled charge-coupled device
(CCD) camera using the data acquisition software Piper
Control™ (Stanfordphotonics). Photo release of caged-1P,
was achieved by light pulses (1ns duration with a wavelength
of 337 nm and 1.45 m] of energy) from a nitrogen charged UV
flash lamp (Photon Technology International) guided through
the objective (C-Achromatx40/1.2). Data analysis was per-
formed using Image] (NIH).

Measurement of [H’ [Inositol Polyphosphates—The parasites
were synchronized with sorbitol treatment (43) and cultured
to a parasitemia of >5%. At late trophozoite stage the culture
was resuspended in RPMI medium complemented with 5%
human serum containing 2.5 uCi/ml [H?-myo]inositol (Perkin
Elmer). Labeling continued until young trophozoite phase and
>10% parasitemia. The infected erythrocyte culture was then
washed in HBSS and preincubated in for 20 min with 10 mm
LiCl, to block inositol monophosphate hydrolysis prior to
addition of melatonin or other test agents. The incubation
was terminated by addition of ice-cold tricholoroacetic acid,
the water soluble [H?]inositol containing components were
then extracted by addition of tri-n-octylamine:1,1,2-trichlo-
rofluoroethane (1:1 ratio) and [H?]inositol phosphates were
separated by ion exchange chromatography (44) using Dowex
resin in the formate form. Lower order inositols and glycero-
phospholipids were removed by elution with 40 ml 0.4 M am-
monium formate/0.1 M formic acid. IP; and higher order in-
ositols were then eluted with 10 ml of 1.2 M ammonium
formate/0.1 M formic acid. Ultima-Flo (Perkin Elmer) was
added to the eluate and DPM determined using liquid scintil-
lation counting. Data are expressed as a fold increase over
non-infected red blood cell controls loaded with 2.5 uCi/ml
[H?-myolinositol in parallel.

RESULTS

Photorelease of Caged IP; Induces Ca®" Mobilization in
Intact P. falciparum—In this study, IP;-dependent Ca>* re-
lease has been examined in intact P. falciparum within the
host erythrocyte using flash photolysis of cell permeant
caged-IP;. The development of this cell permeant form of
caged-IP, (45) provides a sophisticated tool to manipulate
cytosolic IP, levels under physiological conditions, and is par-
ticularly well suited to the intraerythrocytic malaria parasite
because this is intractable to other methods to modify cytoso-
lic IP, levels. Infected erythrocytes were co-loaded with both
the cell permeant caged-IP; and Fluo4-AM for 45 min, a pe-
riod sufficient to enable de-esterification of these molecules in
mammalian systems (46). UV flash photolysis of caged-IP,
under these conditions elicited a rapid and transient increase
in intracellular Ca*>" in RBCs infected with P. falciparum (Fig.
1A, representative trace of 81 cells from 15 independent ex-
periments and Fig. 1B confocal images with Ca®>* changes
shown in pseudocolor). A number of controls were performed
to confirm that photorelease of caged IP; is acting specifically
on receptors in P. falciparum within RBCs. Firstly, we as-
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FIGURE 1. Flash photolysis of caged-IP; induces calcium release in P. falciparum-infected RBC. A and B, P. falciparum-infected RBCs were loaded in
HBSS with Fluo4-AM (5 um) and caged-IP; (2 um) for 45 min, then allowed to adhere to poly-L-lysine-coated coverslips. Changes in intracellular Ca®* were
monitored at 2 Hz using a spinning disc confocal microscope coupled to a CCD camera. Flash photolysis of caged-IP; was achieved with a nitrogen-charged
UV laser. A, representative trace of UV-induced Ca?* increase in intact P. falciparum (UV flash indicated by arrow at 60 s). B, confocal images of the cell in
Panel A to show: (a) transmitted light image depicting P. falciparum within RBC (arrow); (b-e) changes in Ca* are shown in pseudocolor (blue lowest and
red highest [Ca®"]) at (b) baseline (t = 30 s) (c) peak Ca®" transient (t = 75 s), (d) half-peak height (t = 90 s), and (e) return to baseline (t = 150 s). Data are
representative of 81 cells from 15 experiments. C, representative traces of infected (green) and uninfected (red) RBC loaded with Fluo4-AM in the absence of
caged-IP; (UV flashes at 75 and 180 s). D, representative trace of uninfected RBC in the presence of caged-IP; (UV flash at 40 s). Thapsigargin (5 um, Thaps)

was added as indicated.

sessed the effect of IP; photolysis on uninfected erythrocytes.
Our data demonstrate RBCs are insensitive to UV laser pulses
in both the absence Fig. 1C and presence Fig. 1D of caged-IP.
This result was not unexpected as mammalian RBCs lack en-
doplasmic reticulum. However, these results confirm that
these cells are devoid of any IP, sensitive Ca>" store and,
therefore, do not contribute to the Ca®>" response shown in
Fig. 1, A and B. Importantly, we also demonstrate UV laser
excitation is without effect on P. falciparum-infected RBC in
the absence of caged-IP, (Fig. 1C). These data also confirm
that our protocol to photolyze the chemical cage on IP; does
not result in a Ca>" response mediated by any cytotoxic effect
of UV excitation in infected erythrocytes.

All experiments were performed in the presence of 40 um
probenecid, a nonspecific inhibitor of organic anion transport
(47, 48) to block cellular loss and compartmentalization of the
Ca®" indicator. Previous studies have shown that Ca®" indi-
cator dyes accumulate in the parasite acidic food vacuole (49,
50), complicating measurements of cytosolic Ca>" in the in-
traerythrocytic parasite. Consistent with this, in the absence
of probenecid we observed no Ca*>" response to photolysis of
caged-IP; and little or no response to SERCA blockade with
thapsigargin in P. falciparum-infected RBCs (Fig. 24) com-
pared with responses in the presence of probenecide (Fig. 2B).
Thus in P. falciparum in the absence of probenecid, anion
transporters appear to allow Fluo-4AM accumulation in in-
tracellular compartments.

Investigation of IP;-sensitive Stores in P. falciparum—DPrevi-
ous studies in isolated permeabilized malaria parasites have
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revealed the presence of both ER and acidic vacuole Ca>"
stores within P. chabaudi and P. falciparum (16, 35). To es-
tablish the sensitivity of these organelles to IP; in intact P. fal-
ciparum, the ability of caged-IP, to elicit Ca*>" release after
depletion of each compartment was characterized in in-
traerythrocytic parasites. Depletion of the acidic pool with
chloroquine (10 uMm) did not affect the ability of the P. falcipa-
rum to respond to photolysis of IP; (Fig. 3B, representative
trace of 11 cells from three independent experiments). How-
ever, depletion of ER Ca®" with thapsigargin (5 um) abolished
IP,-mediated Ca>™ release (Fig. 34, representative trace of 12
cells from three experiments). These data suggest that in
P. falciparum the ER is the major IP,-sensitive Ca>" store.
Melatonin Activates PLC to Increase Inositol Polyphos-
phates in Intact P. falciparum—We have previously demon-
strated that the host hormone melatonin, and its metabolites,
elicit Ca®>" increases in intact P. chabaudi (12)- and P. falcipa-
rum (13)-infected RBCs. Fig. 4, A and B show the melatonin-
induced Ca®" signals with high temporal and spatial resolu-
tion. To test the hypothesis that hormone-induced Ca**
release proceeds via a canonical PLC/IP, receptor pathway in
Plasmodia, we examined the effect of melatonin on polyphos-
phoinositide levels. Sorbitol treatment was used to synchro-
nize the cultures so that all of the parasites were at the same
stage (43), and a parasitemia of >5% infected RBCs was ob-
tained prior to [*H-myo]inositol labeling. It has been reported
that de novo synthesis of polyphosphoinositides (the lipid pre-
cursors for IP,) is greatest during mature parasite develop-
ment (trophozoite and schizont) and high during invasion
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FIGURE 2. Anion transport inhibition is required to detect changes in
parasite cytosolic Ca®*. P. falciparum-infected RBCs were loaded with
Fluo4-AM and caged-IP; in the presence or absence of the anion transport
inhibitor probenecid (40 um) prior to activation with caged-IP5 and thapsi-
gargin (5 um). Shown are representative traces of changes in intracellular
Ca’" in the absence (4; representative of 36 cells from 11 independent ex-
periments) and presence of probenecid (B; 17 cells from three experiments),
respectively.

and early ring stages of the RBC lifecycle (36, 51). Therefore,
in our experiments [*H-myolinositol loading commenced at
the late trophozoite stage and the parasites were allowed to go
through one RBC invasion cycle to ensure maximum incorpo-
ration into the lipid pool. We have found that the Ca** re-
sponses to melatonin occur predominantly at the trophozoite
stage. Therefore, incubations with melatonin were performed
after 36 h incubation with [*H-m1yo]inositol at the early tro-
phozoite phase, which was confirmed with Giemsa-stained
smears. At this point, the parasitemia was typically about 10%.
Mature erythrocytes, turnover membrane lipids slowly and
are devoid of the machinery for de novo inositol lipid synthe-
sis, and thus incorporation of [PH-myolinositol into the RBC
lipids is minimal in comparison to P. falciparum (37). Con-
sistent with the work of Elabbadi et al., (36), ionomycin (2
uM) was capable of eliciting a robust increase in inositol
polyphosphates of 49 = 20% compared with a basal level of

5 = 2% in untreated infected RBCs (Fig. 4C) (data from three
independent experiments performed in triplicate and ex-
pressed as percentage increase over non-infected RBC con-
trol). In the same series of experiments, melatonin (100 M)
elicited an increase of 30 = 14% in inositol polyphosphate
generation (Fig. 4C). Increases of inositol polyphosphate for-
mation at lower levels of melatonin followed the same trend,
but did not rise to significance when compared with the con-
trol cells without added melatonin (basal).
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FIGURE 3. IP,-dependent Ca>* release arises from the thapsigargin-sen-
sitive store. Endoplasmic reticulum and acidic compartment Ca®* stores
were discharged independently with thapsigargin (5 um) or chloroquine (10
M, Chlor) before photolysis of caged-IP;. A, representative trace (12 cells
from three experiments) to show thapsigargin depletes all IP;-sensitive
Ca®" stores in P. falciparum and B, representative trace (11 cells from three
experiments) to show chloroquine releases Ca®" but does not deplete the
IP;-sensitive Ca®™" store.

Melatonin Pretreatment Prevents IP-induced Ca’" Release
in Intact P. falciparum—To establish whether melatonin and
caged-IP, release Ca®>* from the same intracellular store, we
assessed the ability of P. falciparum to respond to photolysis
of caged-IP; after challenging the cells with a maximal dose of
melatonin (10 uMm). In any given microscope field, a melato-
nin-induced Ca®>* increase was observed in approximately
half of the infected erythrocytes (44 = 14% in five indepen-
dent experiments, 54 total cells examined), and almost all
of those cells that did not respond to melatonin released
Ca’" upon photolysis of IP; (50 * 15%). Fig. 54, shows
representative traces of melatonin and IP;-sensitive P. fal-
ciparum from the same coverslip. Interestingly, very few
cells were capably of eliciting sequential Ca®" transients to
both melatonin (10 um) and photolysis of caged-1P;. Only
2 out of the 54 cells (7 = 4%) generated Ca>" transients to
both stimuli (Fig. 4B). These data showing apparent over-
lap of the melatonin- and IP,-sensitive Ca>" intracellular
stores are summarized in Fig. 5C. Furthermore, photore-
lease of caged-IP; during a melatonin-dependent rise in
intracellular Ca>" did not potentiate the Ca®>" response
(Fig. 5D; representative of 4 cells from three independent
experiments). Thus, these data provide clear evidence that
melatonin releases Ca®" from the ER IP,-sensitive Ca*"
store in P. falciparum.
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FIGURE 4. Melatonin-induced inositol polyphosphate production in

P. falciparum cultures. A, representative trace of melatonin (10 um) -in-
duced Ca?”" increase in infected RBC. B, confocal images of Ca®" changes in
the cell shown in panel A (representative of 12 cells from three independent
experiments); B shows confocal images to show: (a) transmitted light image
depicting P. falciparum within RBC (arrow); (b-e) changes in Ca*>* shown in
pseudocolor (blue lowest and red highest [Ca®*]) at (b) baseline (t = 30s) (c)
peak Ca®™ transient (t = 145 s), (d) half-peak height (t = 160 s) and (e) re-
turn to baseline (t = 240 s). C, melatonin-induced increases in inositol
polyphosphate formation were measured in infected RBC cultures as de-
scribed under “Experimental Procedures.” Prior to melatonin stimulation (1
nm, 10 nm, 100 um; 20 min) cells were washed three times with HBSS then
incubated for 20 min with LiCl, (10 um). Data are presented as mean = S.E.
from three independent experiments performed in triplicate (*, p < 0.05)
compared with background [H*]inositol levels in non-infected RBC loaded
in parallel.

P. falciparum Are Insensitive to IP; at the Schizont Stage of
the Intraerythrocytic Cell Cycle—The above data all describe
responses in P. falciparum at the trophozoite stage of the
erythrocyte life cycle. Since we postulate that the IP,-depen-
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dent signaling cascade plays a vital role in the cell cycle pro-
gression, UV photolysis of caged-IP; was investigated at the
schizont stage. Interestingly the ability of IP, to mobilize
Ca®" in RBC infected by P. falciparum was not observed dur-
ing the schizont stage (Fig. 54, representative trace of 12 cells
from 4 experiments). Importantly, Ca>" release was observed
upon the addition of thapsigargin confirming the integrity of
the intracellular Ca>" store under these conditions. More-
over, we have shown previously that Ca®>" in the parasitopho-
rous vacuole is necessary for the maintenance of Ca®" stores
in the intraerythrocytic parasite (48) (and see “Discussion”),
so these data suggest that mature schizonts rather than mero-
zoites were being stimulated. Similarly, melatonin was not
able to induce elevations in cytosolic Ca®" levels when ap-
plied to parasites in the schizont phase (data not shown) or
ring stage (13). These findings provide evidence for differen-
tial sensitivity to IP; and melatonin as P. falciparum parasites
pass through the different intraerythrocytic developmental
stages.

DISCUSSION

Recent studies have begun to identify components of intra-
cellular signaling cascades in Plasmodium. However it re-
mains unclear when and how these signaling molecules act to
trigger Plasmodium maturation, division, differentiation, and
reinvasion during the asexual stage that takes places within
red blood cells (30). As discussed, in the Introduction, there is
substantial evidence that Plasmodia and in particular, P. falci-
parum possess the molecular machinery for IP;-dependent
signaling (12, 14, 16, 18, 48). Indeed, this pathway is integral
to the maturation and survival within the host of this obligate
parasite. In the present study, we utilized cell permeant
caged-IP; to demonstrate unequivocally that IP;-induces
Ca®" release from intracellular stores within intact P. falcipa-
rum. Moreover, our experiments were carried out with para-
sites developing inside the host red blood cell, demonstrating
that Ca®>" mobilization in response to IP, occurs in the nor-
mal physiological environment. It should also be noted that
native (uninfected) red blood cells do not have intracellular
Ca®" stores, and consistent with this uncaging of IP, did not
elicit any change in cytosolic Ca®>* in these host cells.

One potential question is how does the malaria parasite
maintain intracellular Ca®>* stores for signaling while it is se-
questered within the RBC cytoplasm? The parasitophorous
vacuole is formed by invagination of the RBC plasma mem-
brane during parasite invasion, and is believed to include a
number of ion pumps that would serve to transport ions, in-
cluding Ca**, from the host erythrocyte cytoplasm into the
lumen of the vacuole. The vacuole may also communicate
directly with the extracellular medium surrounding the RBC
through a parasitophorous duct that is permeable to small
molecules and ions (52). Thus, the parasitophorous vacuole
plays a key role in providing a relatively Ca>" -rich environ-
ment to the intraerythrocytic parasite for use in Ca*>" signal-
ing. In a previous study (48), we have measured the Ca®>" con-
centration in the vacuole using Ca®>" indicator dyes
sequestered into this compartment during merozoite invasion
of the RBC. The measured free Ca®>" concentration in the
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FIGURE 5. Ins1,4,5P,-induced Ca®* increases are abolished after melatonin stimulation. Infected RBCs co-loaded with Fluo4-AM and caged-IP; were
challenged with melatonin (10 wm) prior to flash photolysis of caged-IP;. A, representative trace of cells from the same coverslip responding to melatonin
(solid line) or IP5 uncaging (dotted line). Similar results were obtained in 5 separate experiments, with 54 total cells analyzed. B, representative trace of cells (2
out of 54) which released Ca>* to both stimuli. C, percentage of cells responding to melatonin (10 um), photolysis of caged-IP; or both (data are the

mean = S.E. from five experiments). D, representative traces of cells in which flash photolysis of caged-IP; was performed during the melatonin-induced
Ca?* transient, showing no further Ca?* release with the uncaging of IP; (representative of 4 cells from three independent experiments).

vacuole was ~40 um, which is low relative to plasma free
Ca®", but is apparently sufficient to sustain the filling of intra-
cellular Ca®" stores within the parasite and hence maintain
cytosolic Ca>" signaling in the intraerythrocytic Plasmodia
(48). Experiments with isolated parasites have shown a tran-
sient cytosolic Ca>* response in the absence of external Ca**
that has a second phase of increase following Ca>" readdition,
suggesting a potential role of capacitive calcium entry (14).
Pharmacological effectors of the known intracellular Ca**
stores in malaria parasites were used to investigate the source
of Ca®" mobilized by IP,. Thapsigargin was used to inhibit
SERCA and release Ca®>" from the ER, and chloroquine was
used to collapse the pH gradient and release Ca>* from the
acidic pool. These experiments demonstrate that the ER is the
major IP,-sensitive Ca>* store in P. falciparum, since we
show IP,-dependent Ca>" release was abolished after SERCA
inhibition, but was unaffected by chloroquine. We have previ-
ously reported that thapsigargin did not fully block the Ca*>*
release by exogenous IP; addition (5 um) to permeabilized
P. chabaudi parasites (35). This residual increment of IP-
induced Ca®" release in the permeabilized parasites was ap-
parently derived from the chloroquine-sensitive Ca>* pool.
This discrepancy between the present and previous studies
may reflect a difference between P. chabaudi (rodent malaria)
and P. falciparum (human malaria) in terms of IP, receptor
location and/or density. However, it should be noted that this
present study assesses the sensitivity of the acid compart-
ments to IP; under much more physiological conditions, be-
cause the cell-permeant caged-IP; does not require isolation
and permeabilization of the parasites prior to IP, addition as
used in previous investigations. Moreover, flash photolysis
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releases only a fraction of the 2 um caged-IP; included in the
loading buffer, as indicated by the ability of cells to respond to
more than one round of IP; uncaging and the need to use
multiple pulses to reach the threshold for Ca®>* release in
some experiments. These data also provide evidence that the
IP, levels generated by a single photolysis pulse were not satu-
rating for the P. falciparum 1P;-receptor Ca>" channel.
Therefore, the fact that Ca®" release elicited by IP, uncaging
occurred as an all-or-nothing response (amplitude and kinet-
ics), suggests there may be positive feedback on the Ca** re-
lease channel(s) as observed in mammalian IP;-receptors (21,
22). When our intact red blood cell parasite cultures were
incubated with higher concentrations of caged-IP; (3—5 um)
UV flash photolysis often resulted in irreversible elevations in
Ca®>* and consequently cell death (data not shown). This ob-
servation suggests the Plasmodia IP, receptors, unlike their
mammalian analogues (21), may not be sensitive to Ca®*-de-
pendent inhibition.

The present study provides the first direct evidence that the
host hormone melatonin elicits a rise in intracellular IP; levels
in the malaria parasite. Previous studies in which P. falcipa-
rum was labeled with [*H-myo]inositol have shown that the
Ca®" ionophore, ionomycin is capable of increasing inositol
phosphate levels (presumably by Ca®*-dependent activation
of PLC) (36). Our data clearly demonstrate a receptor coupled
event leading to increased inositol polyphosphate levels and
strongly support the role of a G-protein and PLC dependent
signaling cascade in this organism. In mammalian systems it
has been possible to separate individual inositol phosphate
isomers (53), however because the number of infected RBCs is
low (~10%), and the parasites occupy only a small fraction of
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the RBC volume, there was not sufficient signal to measure
individual inositol phosphate isomers in our experiments.
Instead, the anion exchange column method was used to elute
total IP; and IP, isomers together (IP,+IP,) in the presence
of LiCl to inhibit inositol phosphate breakdown (36, 53, 54).
However, as we assume IP,, is derived from the generation of
IP, this is the first report of hormone-induced IP, generation
in P. falciparum.

As mentioned in the “Results,” increases in inositol
polyphosphates by melatonin concentrations below 100 um
were not significant. Melatonin in the lower range is capable
of exerting effects on life cycle progression when included in
RBC malaria parasite cultures (13, 40). However, these cell
cycle progression effects of melatonin occur on a much slower
timescale than the 20-min incubations in the present experi-
ments, and the associated Ca®>* increases are also slower and
of lower amplitude (40). Melatonin is relatively hydrophobic
(Log p = 1.6) and is expected to cross the erythrocyte and
parasitophorous membranes. However, we cannot be sure of
the actual concentration of melatonin perceived by the para-
site after only 20 min of exposure. Thus higher concentra-
tions may be necessary to elicit maximal amplitude and im-
mediate responses at the level of inositol phosphate
generation and Ca”>" mobilization.

Previous studies from our laboratory have shown that the
effects of melatonin on parasite Ca>"release and synchro-
nized progression through the cell cycle are blocked by the
PLC inhibitor U73122 (13, 14, 40). Importantly, the activation
of PLC by melatonin in P. falciparum is corroborated in this
study without the use of pharmacological inhibitors and the
potential nonspecific effects of these compounds. In humans,
melatonin receptors MT1 and MT2 couple predominately to
Gq, (55) and thus mediate their cellular effects via inhibition
of adenylate cyclase and PKA. However, melatonin receptors
can also couple to G-proteins that lead to PLC activation and
IP, generation (56 —58), including in Xenopus melanocytes
(59) and unicellular eukaryotic dinoflagellates (60). In com-
mon with the IP; receptor, the lack of an identified melatonin
receptor in the Plasmodium genome database suggests that
the molecular identity of the P. falciparum melatonin recep-
tor protein is far removed from the human host. Indeed, we
have demonstrated that cAMP levels and PKA activity are
actually increased by melatonin in P. falciparum, and this
plays an important role in parasite synchronization (17).
This melatonin-induced increase in cAMP is a secondary
consequence of the activation of PLC and associated Ca®"
mobilization. Further evidence for the presence of a P. fal-
ciparum melatonin receptor comes from the finding that
the antagonist luzindole (61) inhibits melatonin-induced
Ca”" release and the synchronization of cell cycle progres-
sion in the parasite (12, 13). Interestingly, this antagonist
shows more than 10-fold greater selectivity for MT2 over
MT1 melatonin receptors, and it is also an effective antag-
onist of the Xenopus melatonin receptor (62).

In contrast to our observations of Ca®>" mobilization by
IP, uncaging and melatonin addition at the trophozoite
stage of P. falciparum, we did not observe any Ca>" re-
sponse to either agent in intraerythrocytic schizonts. This
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FIGURE 6. IP5 receptor function is lost at schizony in P. falciparum. P. fal-
ciparum cells in the schizont phase were insensitive to photolysis of caged-
IP5. A representative trace of a schizont stimulated with two sequential
pulses of UV (arrows), followed by chloroquine (10 um), and thapsigargin (5
) (trace representative of 12 cells from four independent experiments).

Thapsigargin-dependent release confirms that the ER Ca®" store is intact
but insensitive to changes in IP; and chloroquine.

raises the interesting possibility that PLC-dependent sig-
naling is regulated by stage specific expression of compo-
nents of the intracellular Ca®" signaling pathway. This is of
particular relevance when considering the multitude of
Ca”"-dependent kinases and binding proteins operative at
different stages of both sexual and asexual development
(30-32, 63, 64). It was recently reported that parasite
egress from erythrocytes depends on the calcium-depen-
dent protein kinase PfCDPKS5 (33) a process that occurs
during late schizgony. Moreover, another calcium-depen-
dent kinase, PfPKB, is believed to be involved in the reinva-
sion of erythrocytes by the released merozoites (31, 32). It
has also been reported that cytosolic Ca®>* increases in free
merozoites in response to the change in K* ion concentra-
tion when they are released from the red blood cell (9).
This Ca®" increase and the PfPKB activation are both
blocked by the PLC inhibitor U73122 (9, 31, 32), implying
that PLC/IP;-dependent Ca®" signaling may also be active
during the late schizont and merozoite stage of the P. falci-
parum lifecycle, albeit activated by different extracellular
signals. In our experiments we were not able to measure
Ca®" signals in intraerythrocytic segmented (late phase)
schizonts (Fig. 6) and free merozoites were not observed.

In the present study, we provide clear and direct evi-
dence that a classical PLC-dependent intracellular Ca**
release pathway exists in P. falciparum. This Ca*>" signal-
ing pathway is activated by melatonin, which provides a
mechanism for coordination of parasite development and
release by the human host hormone associated with circa-
dian rhythm. Periodic fever due to synchronized parasite
release is characteristic of human malaria, and may provide
a mechanism for the parasite to overwhelm the immune
system during release and reinvasion of new erythrocytes.
Once inside the RBC, the parasite is protected from immu-
nological recognition. Thus, blockade of the Plasmodium
melatonin signaling pathway has pharmaceutical potential
in preventing the synchronization of the parasite within
the host.
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