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site-specific pathways.

SSJ-127, a novel antimalarial rhodacyanine derivative, has shown potent antimalarial activity against
chloroquine-resistant Plasmodium strains in vitro and subcutaneous administration of SSJ-127 results
in a complete cure of a mouse malaria model. SSJ-127 was detected by fluorescence microscopy in the
mouse malaria parasites Plasmodium berghei after exposure of infected red blood cells to the compound
in vitro and in vivo. Selective accumulation of SSJ-127 in an organelle is observed in all blood stages of
live malaria parasites. The organelle is clearly different from the mitochondrion and the nucleus in terms
of morphology. The shape of the organelle changed during the asexual blood stages of the parasite. There
was always a close association between the organelle and the mitochondrion. These results raised the
possibility that SSJ-127 accumulates in an apicoplast of the malaria parasite and affects protozoan para-

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Malaria remains one of the world’s most profound infectious
diseases in terms of mortality and morbidity. In 2008, an estimated
243 million malaria cases occurred among half of the world’s
population at risk, causing nearly 863,000 deaths, mostly in chil-
dren under 5 years. One hundred and eight countries were ende-
mic for malaria in 2009.! There is still no effective vaccine for
malaria. Furthermore, the spread of drug-resistant parasites and
of insecticide-resistant mosquitoes causes additional problems.?
The rapid development of strains resistant to existing antimalarial
compounds has frustrated efforts to combat the disease. New
chemotherapeutic targets are urgently required.

Malaria is caused by protozoan parasites of the genus
Plasmodium (P.), of which five species (P. falciparum, P. vivax, P. mal-
ariae, P. ovale, and P. Knowlesi) infect humans. P. knowlesi and other
species such as, P. yoelii, P. berghei, P. chabaudi, and P. gallinaceum,
infect a number of wild and domestic animals and are frequently
used as models for the human parasites. P. falciparum, the most
lethal species for human, is a unicellular eukaryote that undergoes
a series of remarkable morphological transformations during the
course of its multistage life cycle spanning two hosts (mosquito
and human). In human red blood cells (RBCs), the malaria parasite
undergoes a 48 h cycle of asexual replication and division. The
early form following invasion, called the ring stage, is the phase
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of establishment in RBCs. The trophozoite stage is the most meta-
bolically active biosynthetic phase, whereas the schizont stage
represents the phase of nuclear division before release of merozo-
ites from the erythrocyte. Many drugs target the functions of dis-
tinct organelles in each stage of P. falciparum development.
Organelles of particular interest are the lysosomal food vacuole,
the mitochondrion with a limited electron transport system, and
the apicoplast (a plastid organelle thought to originate from a
red algal symbiont).

Previously, we have reported that the rhodacyanines, having a
ni-delocalized lipophilic cationic structure, exhibit strong antima-
larial activities against P. falciparum in vitro.* Further investigation
of a number of newly synthesized rhodacyanine derivatives led us
to SSJ-127 (Fig. 1),°> which when administered results in a complete
cure of a mouse malaria model infected with P. berghei. SSJ-127
also exhibits strong antiprotozoal activities against chloroquine-
resistant P. falciparum, Trypanosoma brucei rhodesiense, and
Leishmania donovani, with low cytotoxicity against mammalian
cells in vitro. In a recent report, Morisaki et al. demonstrated that
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Figure 1. Structure of SSJ-127.
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some rhodacyanine derivatives accumulate in the mitochondrion
of the parasite and are related to the inhibition of parasite
growth.® However, their results were inadequate to ascertain
whether the organelle was a mitochondrion. In this report, we
demonstrate that SS]-127 is rapidly accumulated in a specific orga-
nelle of a rodent malaria parasite, P. berghei, and examine the
morphology of this organelle compared with that of the mitochon-
drion during the parasite’s asexual life cycle in RBCs. These studies
suggest on morphological grounds that the organelle is the
apicoplast.

2. Results and discussion

2.1. Accumulation of SSJ-127 in P. berghei during asexual blood
stages

The chemical structure of a novel rhodacyanine derivative,
SSJ-127, is shown in Figure 1. SSJ-127 has a molar extinction coef-
ficient of 3.88 (log ¢/Lcm~! M~!) at 613 nm in water.” The fluores-
cence quantum yield of SSJ-127 is 0.0073 in methanol (Ex
/=613 nm, Em 4 =635 nm) while the quantum yield of cresyl vio-
let perchlorate is 0.54.” The fluorescence emission of SSJ-127,
although not so strong, was expected to be sufficient for the detec-
tion of its localization in parasites.

To detect SSJ-127 in the parasite, we treated infected RBCs with
SSJ-127 at 5 x 10~8 M, a concentration that approximates the ICsg
value of SSJ-127 in in vitro experiments.®> After incubation for
20 min at 37 °C, merozoites, released from matured schizont struc-
tures, and the parasite in RBCs were visualized using fluorescence
microscopy. A comparison of fluorescence (SSJ-127), bright-field,
and merged images of infected RBCs showed that SSJ-127 rapidly
entered all parasites including free merozoites and intercellular
forms, and accumulated in a small well defined focal area
(Fig. 2), which we interpret as an organelle. Accumulation of
SSJ-127 was observed in all blood stages of the parasite (Fig. 2, pan-
els a-e). These organelles were round in shape at the merozoite
and ring stages (Fig. 2a and b), and elongated during the trophozo-
ite stage (Fig. 2c and d). In late trophozoites, the organelle was
greatly expanded and had an extensive area of contact with the
food vacuole, which showed crystalline particles of hemozoin
(Fig. 2d, arrows). In parasites at the late schizont phase, multiple
small rounded fluorescent organelles were visible (Fig. 2e). To
examine the selectivity of SSJ-127 for the parasites, uninfected
RBCs from normal mice were exposed to SSJ-127. At the concentra-
tion of SSJ-127 used, the fluorescence in the compartments was
scarcely detectable. Infrequently, several small spots were ob-
served in a reticulocyte of uninfected RBCs (data not shown).

In an in vivo experimental model, RBCs from infected mouse
treated with SSJ-127 was examined. We have previously reported
that the effect of SSJ-127 in vivo.® Three times administrations of
40 mg/kg/day of SS]-127 provided 100% suppression and all treated
mice have survived after 18 months (n = 3). Moreover, a pharmaco-
kinetic study in male rats demonstrated excellent subcutaneous
bioavailability of SSJ-127.5 In this study, we examined to demon-
strate the localization of SSJ-127 in RBCs of infected mouse.
SSJ-127 (40 mg/kg body weight) was administered subcutaneously
to infected mouse and blood was sequentially obtained from the
tail vein.® Infected RBCs were directly observed in thin blood
smears. Interestingly, the organelles, which shaped round, elon-
gated, or branched, were shown in infected RBCs similarly to that
in an in vitro study. This accumulation was sustained for at least
23 h (data not shown). After 23 h of administration, the parasite-
mia was decreased in SSJ-127 treated mouse from 13.0% to 10.8%
and that of untreated mouse was markedly increased from 8.2%
to 25.3%.
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Figure 2. Accumulation of SSJ-127 in blood stages of P. berghei. Live infected RBCs
were incubated with SSJ-127 (5 x 10~® M) for 20 min at 37 °C. Fluorescent images
were acquired using fluorescence microscopy (fluorescence filter cube: TX2, Leica
Microsystems) as described in the Section 4. Fluorescent images of the
SSJ-127-accumulating organelle (red), bright-field images, and merged images are
shown. SSJ-127 was observed in a merozoite released from a matured schizont (a)
and in RBCs at ring stage (b), early trophozoite stage (c), late trophozoite stage (d),
and schizont stage (e). In panel d, the arrows denote crystals of hemozoin.

2.2. Effects of SSJ-127 on accumulation of Rhodamine 123 in
mitochondria

To examine the mode of action of SSJ-127, we used Rhodamine
123, a membrane potential-dependent probe, to detect possible
mitochondrial damage. Following exposure to carbonyl cyanide
3-chlorophenylhydrazone (CCCP), antimycin A, or SSJ-127 for
20 min at 37 °C, RBCs from infected mice were mixed with Rhoda-
mine 123, as described in the Section 4. Figure 3 shows fluores-
cence images of mitochondria in infected RBCs. In control
infected RBCs, Rhodamine 123 accumulated in the slender elon-
gated mitochondria of parasites, as reported previously.® As shown
in Figure 3, pre-treatment with CCCP, a protonophore, or antimycin
A, a mitochondrial respiratory chain inhibitor, dissipated the mem-
brane potential. The CCCP treatment completely abrogated the
fluorescence signal in mitochondria, while antimycin A pre-treat-
ment markedly reduced the signal. By contrast, SSJ-127 had no ef-
fect on the accumulation of Rhodamine 123 at a concentration of
5 x 1078 M, which corresponds to the ICso value in vitro. It is
known that Rhodamine dyes such as Rhodamine 123 should be
used carefully in studies on mitochondrial physiology because
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Figure 3 Effect of SSJ-127 on accumulatlon of R-123 in mitochondria in blood stages of P. berghei. Infected RBCs were incubated with CCCP (1 x 1073 M ), antimycin A
(1 x 107> M), or SSJ-127 (5 x 1078 M) for 20 min at 37 °C. Control infected RBCs received no additives. At the end of incubation, Rhodamine 123 (2 5 x 1077 M) was added,
followed by an additional incubation for 20 min. Fluorescence images were acquired using a Leica AF6000 fluorescence imaging system (fluorescence filter cube, L5). Each

panel shows a single infected RBC, which included one (a, b) or a few trophozoites (c, d).

micromolar concentrations of such dyes have adverse effects on
mitochondrial respiration.® However, after treatment of infected
RBCs with Rhodamine 123 (2.5 x 1077 M) for 20 min at 37 °C,
SSJ-127 rapidly accumulated in the organelle in this study (data
not shown). These findings suggest that accumulation of SSJ-127
in the organelle was independent of the mitochondrial membrane
potential during an early event in the mechanism of action of
SSJ-127.

2.3. Subcellular localization of SSJ-127 in blood stages of P.
berghei

Since SSJ-127 has no effect on mitochondrial membrane poten-
tial, we examined the subcellular localization of the SSJ-127-accu-
mulating organelle, the mitochondrion, and the nucleus in
P. berghei. To visualize these organelles, infected RBCs were incu-
bated simultaneously with SSJ-127, Rhodamine 123, and DAPI
(4',6-diamoidino-2-phenylindole). Figure 4 shows a fluorescence
image of the SSJ-127-accumulating organelle, the mitochondrion,
a merged image including the nucleus, and a bright-field all-
merged image. Clearly, in terms of morphology, the SSJ-127-accu-
mulating organelle differs from the mitochondrion labeled by Rho-
damine 123 and the nucleus labeled by DAPIL. In the ring and early
trophozoite stages, the organelle was round or elongated, and its
surface was in contact with the mitochondrion (Fig. 4a and b).
However, as the organelle began to elongate in the late trophozoite
stage, there were remarkably few apparent associations with the
mitochondrion (Fig. 4c, two points of contact indicated by arrows).
In the schizont stage, the majority of mitochondria were branched
and the SSJ-127 accumulating organelle was also branched, and
contact points between the two organelles increased in number
(Fig. 4d). The organelle distributed into several new daughter cells,
which were round in shape in late schizonts (Fig. 2e). The organelle
and the mitochondrion were always closely associated during the
asexual life cycle.

The morphology of the P. falciparum parasite has been well re-
ported using electron microscopy and fused complexes formed by
fluorescent reporter proteins containing organelle-targeting se-
quences.!®"1* P, falciparum contains numerous intracellular organ-
elles that function during this asexual cycle. Certain organelles are
believed to persist in all blood stages. For instance, all stages are as-
sumed to exhibit endoplasmic reticulum (ER), an unusual unstacked
Golgi compartment, the mitochondrion, and the apicoplast. Detailed
associations of each organelle in P. berghei were not well understood
until now. However, these organelles are expected to be similar to
those of P. falciparum, since we know from electron micrographs that
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Figure 4. Subcellular localization of SSJ-127 in blood stages of P. berghei. Live
infected RBCs were incubated with SSJ-127 (5 x 10~ M), Rhodamine 123
(2.5 x 1077 M), and DAPI (2.5 x 10~7 M) for 20 min. Fluorescent images of the
SSJ-127-accumulating organelle (red), mitochondria (green), merged image includ-
ing nucleus (blue), and a bright-field all-merged image are shown. Infected RBCs are
shown at the ring stage (a), early trophozoite stage (b), late trophozoite stage
(c), and schizont stage (d). In panel c, the arrows indicate two points of contact
between the SSJ-12-accumulating organelle and the mitochondrion.

P. berghei possesses many organelles similar in structure to those of
P. falciparum.'®!! We attempted to compare the morphologies of
organelles in P. falciparum with those in P. berghei.

The morphology of the ER and the Golgi compartment were re-
ported using a transgenic parasite expressing green fluorescent
protein (GFP) in P. falciparum.'>'®> These organelles and the
SSJ-127-accumulating organelle in P. berghei differ in their mor-
phologies in late stages of the parasite. The morphologies and rela-
tionship between mitochondria and apicoplast were revealed
using a double-transgenic parasite targeting different specific
markers in P. falciparum.'?> The mitochondrion is attached to the
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apicoplast throughout the RBC cycle and divides up in the same
way during schizogony. Three-dimensional reconstruction from
serial electron microscopic sections allows detailed analysis of
the P. falciparum structure.'®!3 These reports were supported by
the observation of a physical binding between the two organ-
elles.’® Moreover, the organelle lies close to the food vacuole in tro-
phozoites (Fig. 2d)."' The morphology of the apicoplast is similar to
the behavior of SSJ-127-accumulating organelle in P. berghei
(Fig. 4). The organelle has the chief characteristics of the apicoplast
as seen in P. falciparum, although with some minor differences of
shape and size.1®1113

Our results indicate that the target organelle of SSJ-127. The
accumulation of SSJ-127 to the organelle was visible when infected
RBCs were treated with SSJ-127 at 5 x 1077 M that approximates
the ICsp value in in vitro experiments. Similarly, fluorescent organ-
elles were visible in parasites from SSJ-127 treated mouse leading to
a cure. These results raised the possibility that SSJ-127 exhibits anti-
malarial activity as a result of its accumulation in the organelle. On
the other hand, SSJ-127 is also toxic to Trypanosoma brucei rhodes-
iense and Leishmania donovani which lack apicoplast. Because the
apicoplast contains a number of metabolic pathways that are pres-
ent in bacteria and plants, the target pathway of SSJ-127 in malaria
parasite is presumed to be different from that in these protozoa.

The recent discovery of apicoplasts in malarial parasites has
opened new avenues in malaria research. It initiated the P. falcipa-
rum genome sequencing project, which revealed a number of bio-
chemical pathways previously unknown to Plasmodium, namely,
the cytosolic shikimate pathway, and apicoplast type II fatty acid,
non-mevalonate isoprene, and heme biosyntheses.!® Since these
vital biosynthetic processes are absent in humans and fundamen-
tally different from those found in humans, they represent excel-
lent targets for pharmaceutical interventions. In this report, we
demonstrate that SSJ-127 accumulates in a parasite-specific orga-
nelle, not in the mitochondrion. This study introduced the possibil-
ity that the organelle is an apicoplast of the malaria parasite. To
confirm this possibility, co-localization of SS]J-127 with an apicop-
last marker (e.g., parasites expressing a GFP-tagged apicoplast pro-
tein) should be demonstrated. Recently, the genetic transformation
of P. berghei and the subsequent selection of transformed parasites
expressing GFP were reported.'”'® However, the method has many
technical difficulties such as the drug-resistance selection in vitro
and in vivo. Further investigations to confirm the status of the
organelle are in progress with the goal of fully understanding the
mechanisms of SSJ-127. We then expect that the novel antimalarial
rhodacyanine derivative SSJ-127 may be a useful tool for live cell
imaging of Plasmodium species.

3. Conclusion

We show that a novel antimalarial rhodacyanine derivative,
SSJ-127, is detectable in malaria parasites in mouse RBCs using
fluorescence imaging in vitro and in the experimental adminis-
tered model. SSJ-127 selectively accumulated in an organelle in
all blood stages of the parasite. The organelle was clearly different
from the mitochondrion and the nucleus in terms of morphology.
These observations raised the possibility that SSJ-127 accumulates
in an apicoplast of the malaria parasite and affects protozoan par-
asite-specific pathways.

4. Experimental
4.1. Materials

Rhodamine 123 was purchased from Wako Pure Chemical
(Osaka, Japan). DAPI nuclear stain was purchased from Molecular

Probes, Inc. (Eugene, OR, USA). Antimycin A and CCCP were pur-
chased from Sigma (St. Louis, MO, USA). All aqueous solutions were
prepared using water filtered through a Milli-Q water system (Mil-
lipore, Bedford, MA, USA). All other chemicals were of reagent
grade.

SSJ-127, Rhodamine 123, DAPI, CCCP, and antimycin A were dis-
solved in dimethylsulfoxide (DMSO) at 5 mM and stored at 4 °C.
Subsequent dilutions were determined by the magnitude of dilu-
tion needed to reach the desired concentration in buffer A
(116 mM Nacl, 5.4 mM KCl, 0.8 mM MgS0O,, 5.5 mM glucose, and
50 mM Hepes, pH 7.2).

4.2. Parasites

Strain NK 65 of P. berghei was maintained by syringe passage
every week in female ICR mice (Japan Laboratory Animals, Tokyo,
Japan), aged 4-8 weeks old. The infected mice were anaesthetized
with ether and blood was collected by heart puncture in phos-
phate-buffered saline, pH 7.4, containing 10 unit/mL of heparin at
approximately 30% parasitemia. Infected RBCs were observed in
air dried thin blood smears stained with the Diff-Quik stain kit
(Sysmex Corporation, Kobe, Japan). Control RBCs were obtained
from uninfected mice.

In vivo studies were conducted to demonstrate the localiza-
tion of SSJ-127 in infected mice. The mice were inoculated
intravenously with 1 x 10° parasitized RBC (resuspended in
200 pL of normal saline solution) on day-0. On day-4, an in-
fected mouse (27.4g, 13.0% parasitemia) was subcutaneously
administrated SSJ-127 (40 mg/kg body weight). Blood was
sequentially obtained from the tail vein until 23 h after. As un-
treated control, blood of another infected mouse (28.0g, 8.2%
parasitemia) was similarly obtained without administration of
SSJ-127. All experiments were performed in accordance with
the Guiding Principles for Care and Use of Laboratory Animals
at Hoshi University.

4.3. Fluorescence microscopy

Washed infected RBCs at a concentration of 1 x 107 cells/mL in
buffer A were incubated in SSJ-127 (5 x 10~ M) for 20 min at
37 °C. For measurement of the inhibitory effect of SSJ-127 on the
accumulation of Rhodamine 123, washed RBCs were pre-incubated
with CCCP (1 x 10> M), antimycin A (1 x 10~>M), or SSJ-127
(5 x 1078 M) for 20 min at 37 °C. At the end of the incubation per-
iod, Rhodamine 123 (2.5 x 10~7 M) was added, and the mixture
was incubated for an additional 20 min. After incubation, treated
RBCs were washed twice with buffer A by centrifugation at 4 °C
and 700 g for 5 min. Nuclei and mitochondria were labeled using
DAPI (2.5 x 10~/ M) and Rhodamine 123 (2.5 x 1077 M), respec-
tively, by incubation with RBCs for 20 min. After incubation, trea-
ted RBCs were washed twice with buffer A by centrifugation at
4 °C and 700 g for 5 min. Treated RBCs were resuspended in buffer
A and visualized using Leica AF6000 fluorescence imaging system
(Leica Microsystems, Wetzlar, Germany).
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