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Abstract: Calcium signaling and lipid metabolism are crucial in the infection processes of Apicom-
plexans parasites. Thus, enzymes involved in these processes can be drug targets against Apicom-
plexans. For example, in malaria infection, in-depth research into lipid metabolic pathways is crucial
in understanding the parasite's infection cycle, particularly during its erythrocytic infection cycle,
which has been demonstrated to be a critical stage during the disease progression. Most enzymes
that play critical roles in lipid synthesis and calcium signaling have been extensively studied; none-
theless, a vast knowledge gap still exists, especially on specific enzymes and their roles in the trans-
mission and progression of the Apicomplexan parasites. Many types of infections caused by
Apicomplexans are life-threatening and hard to treat. These intracellular parasites proliferate within
parasitophorous vacuoles in their host cells. As the parasites multiply, they need to meet their high
demand for nutrients such as amino acids and lipids. They can acquire nutrients through scaveng-
ing and biosynthesis. This review summarizes a few interesting, unique pathways in selected
Apicomplexa and how such unique pathways can be targets for drugs.

Keywords: lipid metabolism; Apicomplexa; drug discovery; calcium signaling; acidocalcisomes;
parasite

1. Introduction

The phylum Apicomplexan is made of a sizeable set of eukaryotes that cause various
diseases in animals and humans. This phylum is composed of obligate eukaryotic cells
that are part of the Chromalveolata. They have apical complexes at their end, additionally,
some of them also retain a non-photosynthetic plastid, which is referred to as the apico-
plast. Various branches of the Apicomplexa reside in distinct ecological niches with dif-
fering metabolic abilities. Most of the time, Apicomplexa are motile, and the smooth glid-
ing of the Apicomplexa is carried out through a mechanism that uses small static myosin
motors and adhesions (1). The smooth gliding capacity enables the parasite to navigate
across substrates, migrate, invade tissues, then egress from one infected cell to another
susceptible cell (2). The apical complex of Apicomplexa are structures and secretory orga-
nelles which consists of various components that are required for the invasion of host cells
during the various stages of the life cycle of the organism (3). The life cycle of Apicom-
plexa is typically complex. There are four transformations that occur throughout the life
cycle, including the sporozoite, the zygote, the merozoite, and the gametic stages. The
typical lifecycle of Apicomplexa involves multiple sexual and asexual reproduction
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events involving multiple hosts (4). In the meiotic division, the sporozoite forms into in-
fective haploid sporozoites. They are known to target specific cells within the body using
a variety of molecular armaments. These include the binding of antigens to host cells and
the surface adhesion of surface proteins. The sporozoites change into merozoites when
they enter the host cells. After several generations of asexual division, the sporozoites
emerge to produce more merozoites. The development of a diploid zygote then leads to
fertilization and the establishment of infective diploid sporozoites (5).

Apicomplexans are known to be auxotrophic for various types of lipids. Thus, they
forage for lipids such as cholesterol and sphingolipids from their host utilizing their
unique lipid-transporter systems. The Apicomplexans have lipids that differ from the li-
pids of their hosts (6). For instance, they possess lipid biosynthetic pathways, such as the
prokaryotic methylerythritol phosphate pathway that is in control of making isoprenoid
precursors, which are uniquely Apicomplexans (7). In order to store fats, such as choles-
teryl acetate, the Apicomplexans can use their unique enzymes. Although this uniqueness
confers competitive advantage for the parasite, such parasite-specific pathways can also
serve as crucial goals for the advancement and production of selective drugs. Blocking
cholesterol esterification for instance is known to kill T. gondii. Fosmidomycin, is one such
drug used against malaria (8). Therefore, these pathways are useful in the development
of new drug targets. Based on recent genome data and biochemical studies, this review
paper will analyze the diversity of metabolic flow of calcium ions, distribution of Apicom-
plexans in particular Plasmodium and Cryptosporidium. Plasmodium and Cryptosporidium
have strong ability to occupy diverse niches and their metabolic pathways are expected
to be different according to their survival mechanism in the niche they occupy. This re-
view also discusses the various unique Apicomplexans pathways in selected Apicom-
plexans that have public health importance and highlights their potential as therapeutic
targets.

1.1. General characterization of Plasmodium spp.

Plasmodium, the malaria parasite, is one of many Apicomplexans that are blood-borne
parasites of terrestrial vertebrate and transmitted by biting insects. In humans, malaria is
transmitted by the anopheles’ mosquito. Five distinct species of Plasmodium infect humans
and produce somewhat different disease scenarios. Around 300 to 500 million incidents
of malaria are recorded annually in the tropics, and around 1.1 to 2.7 million deaths are
reported each year (9). The hematological alterations that can be caused by the infection
vary depending on the degree of immunity, the host genetic elements, and the parasites'
strains. Majority of the mortality cases are due to Plasmodium falciparum infection (10). Like
for the most part of Apicomplexan parasites, the life succession of Plasmodium is sexual,
involving three distinct events of reproduction, each potentially involving productions of
many progenies through binary fission (11). During this event the parasite will produce
merozoites and gamogony, which will differentiate to male gametes. At the same they
produce sporogony, which is meiotic and produce sporozoites (4). The stage transmitted
by the mosquitoes is the sporozoites. Sporozoites enters the blood stream and invade liver
cells. In the liver they undergo merogony again. When the erythrocytes burst, the emerg-
ing merozoites are free to invade other cells and this cycle then repeats itself. When an
infected human is bitten by another mosquito, gametocytes are engulfed into the gut of
the insect, and develop into female gametes, or undergo gamogony and produce male
gametes (5). Gametes forming a zygotic cell are the only diploid stage. Diploid cells invade
intestinal cells of the mosquito and undergo sporogony to produce haploid sporozoites,
which enter the salivary glands, and awaits delivery into another person for the infection
to continue (12,13,14).

2. General Characterization of Cryptosporidium spp.

Cryptosporidium parasite causes a diarrheal illness known as cryptosporidiosis. Most
people in developing countries, especially immunodeficient individuals and children, the
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prevalence of cryptosporidiosis is significantly higher. Despite the immense burden of
this disease, no effective treatment or prevention is available (15). This parasite has been
known to affect various animals and humans (16). Unlike Plasmodium, which can be trans-
mitted through a mosquito, Cryptosporidium does not rely on a vector for its transmission.
Instead, it can achieve its full life cycle in a single host (17). This allows it to infect other
people and thus can easily be transmitted to new hosts. Several Cryptosporia infect mam-
mals. C. parvum, C. canis, C. felis, C. meleagridis, and C. muris causes diseases in humans.
Typically, Cryptosporidium infection does not last long, however can become serious and
deadly in infants and persons with weakened immunity. In an infected individual, the
parasite persists in the colon for approximately 5 or more weeks (18). This parasite can be
spread by oocysts that are produced when a person ingests the infested substance. They
then develop an infection in the small intestine. The entire genetic constitution of the C.
parvum has been sequenced as early as 2004, was discovered to be different from other
eukaryotes, they found that its mitochondria do not have DNA. The genome information
of this organism is available through the database, CryptoDB.org (19,20,21).

3. Calcium signaling

Calcium-mediated signaling is used by Apicomplexans parasites to control a range
of vital events, such as the secretion of proteins and the movement of cells, and this sig-
naling process is carried out through a variety of specialized systems. These systems are
noted to differ from their hosts (22). A comparative analysis of the genome of three of the
most important parasites of Apicomplexans (Toxoplasma gondii, Plasmodium spp. and Cryp-
tosporidium spp.) revealed that they can adapt to the effects of calcium on their cellular
responses. For instance, the Apicomplexans can produce a variety of P-type Ca2+ ATPases
involved in the ER-type reuptake process (23,24,25). Besides these, the parasites also have
genes that are linked to the Golgi PMR-like calcium channels and the Ca2+/H+ exchanger.
In contrast, the plasma membrane-type Ca2+ ATPases are only found in the T. gondii (26).
The presence of calcium in Apicomplexans is known to control various processes, such as
protein secretion and energy production, motility, differentiation etc. (26). Tricarboxylic
acid is a vital component of the energy production process in prokaryotic and eukaryotic
organisms. However, different studies have revealed that the enzymes that are used in
this process are different in each species. Studies have shown that the occurrence of cal-
cium in the Apicomplexans performs a significant role in this process (27).

3.1. The Calcium ATPase pump

The SERCA pump is a vital component of the regulation and transport of calcium in
the cellular environment. It allows the transportation of nutrients from the cytosol to the
reticulum. In vertebrates, the three SERCA genes are shown to have different spliced
forms. Apicomplexans have a single Ca?* ATP enzyme, which is required for the produc-
tion of calcium. The pumps of SERCA are responsible for filling the endoplasmic reticu-
lum with calcium which is the sources of the readily available and mobilizable source of
calcium signaling (28). The genome of the Apicomplexans group has revealed new infor-
mation about the mechanisms by which calcium production is regulated in living organ-
isms. Although mitochondria are important in the development of organisms, Plasmodium
does not have mitochondrial pyruvate dehydrogenase and H+ translocating NADH de-
hydrogenase (Complex I, NDHI) (29). In addition, Plasmodium does not have a significant
amount of mtDNA. This makes it vulnerable to oxidative phosphorylation during its life
cycle. Alternatively, other Cryptosporidium species, e.g., Cryptosporidium parvum and the
Cryptosporidium hominis, lack certain enzyme components, such as pyruvate dehydrogen-
ase. In order to maintain its function, they can be substituted for by other enzymes, such
as malate-quinone oxidoreductase (MQO) (as shown in Figure 1), alternative oxidase
(AOX), and pyruvate-NADP* oxidoreductase (PNO) (29).
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Figure 1. Diagrammatic illustration of the metabolic pathways in Plasmodium falciparum cells that
PfMQO is involved with. Abbreviations, Q: ubiquinone; QHa: ubiquinol; FH: fumarate hydratase;
AAT: aspartate aminotransferase; MDH: malate dehydrogenase.

Calcium is an essential additional courier in animal cells (21,30). Compared to the
extracellular environment, the level of calcium in the cell is kept at a thousand-fold lower
in the cytosol. This is due to the rapid release and influx of this substance, which is linked
to various functional reactions. Calcium flow into cells via a range of pathways, including
the plasma membrane and the secretory pathway (20,31). The endoplasmic reticulum is a
major reservoir of calcium. The SERCA pump is Ca> ATPase and is located in the sarco-
plasmic reticulum. In animal cells, this enzyme is activated by the IP3 channels (19). The
ryanodine receptor is a component of the second structure that permits rapid release of
calcium from the endoplasmic reticulum. It is also involved in the release of calcium from
the sarcoplasmic reticulum (32). Specialized receptors for IPs (IPsR) and ryanodine (RyR)-
mediated calcium receptors which mediate calcium release have evolved during differen-
tiation of vertebrates (33). It has been shown that plants and protozoa are also responding
to the agonists of these intracellular calcium channels. Studies on animals have shown
that calcium release channels, which are involved in these responses are not conserved
among animal species.

Calcium regulation in the protozoan parasite is controlled by a number of organelles
such as the ER, mitochondria, and acidocalcisomes (34). Acidocalcisomes stores calcium
in large amounts. They are acidic stores which are known to be conserved in several living
things. Acidocalcisomes are crucial in the metabolism of polyphosphate (35). Calcium
controls differentiation(20), motility(36), secretion(31,37), and many other crucial phe-
nomena in the Apicomplexan parasites. In the tricarboxylic acid (TCA) cycle of these eu-
karyotic parasites, calcium is a major player, serving as a crucial regulator of the cycle.
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The TCA cycle utilizes several enzyme-catalyzed reactions. All organisms that uti-
lizes oxygen for respiration run their cellular respiration via the TCA cycle. In the mito-
chondria of eukaryotes, the citric cycle operates in the matrix. Anaerobic organisms utilize
the citric acid cycle to convert various nutrients into usable energy. This process involves
the conversion of fats, proteins, and carbohydrates into water and carbon dioxide. Among
the reactions that are relevant to this process are pyruvate oxidation and glycolysis. These
occur before and after the citric acid cycle. The TCA cycle is important for the synthesis of
amino acids. It provides various amino acid precursors. (30,38,39).

The product inhibition and substrate availability of the TCA cycle are the most im-
portant factors that affect its regulation. Pyruvate can be used to produce acetyl-CoA by
glycolysis, amino acid metabolism, and fatty acid oxidation. Different fates for this chem-
ical exist. It can also be used to increase the reaction rate of various steps in the cycle. This
helps in maintaining a steady flux throughout the process. Feedback inhibition is also per-
formed by citrate when it affects the activity of the phosphofructokinase, which is an en-
zyme involved in the process of glycolysis. This prevents a steady increase in the flux due
to the accumulation of citrate and the decreased substrate availability. Studies on hypoxia-
inducible factors (HIF) have thrown more light into the mode of operation of the citric
cycle. Recent studies have shown that the interaction between the citrate intermediates
and HIF is related to the regulation of various processes, such as ion transport and oxygen
homeostasis. The catalytic activity of the ubiquitin ligase complex is also regulated by the
interaction between the proline residues and the E3 complex. The interaction between the
E3 complex and the proline residues of HIF is also regulated by the cyclic hydroxylation
which effects their ubiquitination and subsequent degradation. The catalytic action of this
reaction is carried out by the prolyl-4-hydroxylases. The use of succinate and fumarrate
has been identified as effective inhibitors of these prolyl hydroxylases.
(33,40,41,42,43,44,45).

The process of fatty acid biosynthesis involves the conversion of Acetyl-CoA precur-
sors to long acyl chains. These chains usually contain 8 or more carbon atoms. All organ-
isms have the same reaction mechanisms when it comes to fatty acid synthesis. They can
be split into an elongate cycle and an inhibition phase. The initial step in the process of
fatty acid synthesis involves the transfer of malonyl-CoA to the acyl carrier protein. This
protein then anchors the growing acyl chain. The transfer of another Acyl-COA moiety to
the malonyl acid-ACP completes the initiation step. This process involves performing four
steps. The product of this step, which is -Ketobutyl-ACP, is then reduced to 3-Hydroxyl-
ACP, enoyl-ACP, and finally to acyl-ACP. The addition of malonyl to the acyl chain dur-
ing a condensation reaction activates the acyl-ACP cycle. The continuous cycle of this pro-
cess involves adding two carbons to the acyl chain until it reaches its full length. The re-
sulting reaction can be terminated by either the transesterification or hydrolysis of the
fatty acyl chain (46,47,48,49,50,51).

Most eukaryotes have membrane-bound organelles known as mitochondria, which
are responsible for producing ATP in aerobic species. They have an outer membrane and
an inner membrane that are called cristae. The cristae is an important site in the TCA cycle,
and the mitochondrion uses a combination of acytyl-coA as substrate. The mitochondrial
membranes are energy-transmitting membranes. They hold the enzymes for the electron
transport chain that leads to ATP synthesis, using oxygen as the last electron acceptor.
Although mitochondrion is an essential organelle for energy production however, many
intestinal parasites and symbionts no longer have mitochondria because the anaerobic
habitat does not provide sufficient oxygen for the electron transport chain reactions. The
three main types are tubular, flattened, and discoid. It is one of the morphological features
that has been useful to understand the relationships among protists (37,52,53,54).

The mitochondrion is an unusual organelle of eukaryotes, and its acquisition was
explained by endosymbiosis(19,20). New discoveries in the area of phylogenetic analysis,
including the identification of mitochondria in several species, such as Entamoeba, Giadia,
and Parabasalia (38,45,55,56). It has been suggested that there is no ancestrally branching
lineage of eukaryotes. The importance of the mitochondria is also apparent in other
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species. Most matrix proteins that are derived from the mitochondria have an NH2-termi-
nal presequence, which is removed by a matrix protease after it has been transported
across the membrane. Although the data from this sequence did not contain a common
amino acid structure, it can still form an amphiphile -helix (50). Although it is believed
that the import protein from the mitochondria is conserved in plants and animals, there
are differences. For instance, the plant mitochondria target presequences with a higher
serine constant (57). It has been suggested that the plant's organelle targets different prese-
quences due to the presence of nuclease-encoded genes for the chloroplast proteins. This
suggests that the accuracy of the prediction of presequences from the genome of plants is
less (58).

3.2. Diversity of Calcium channels among Cryptosporidium and Plasmodium spp.

The calcium channel is a vital component of the Apicomplexan parasite's develop-
ment and control. It plays a role in several important events, such as differentiation and
secretion. The genome of the Apicomplexan parasite does not contain a family of calcium
release channels that are found in metazoan animals (e.g. the IPsR channels) (59). Droso-
philia and C. elegans possess only one IPsR calcium channel, while numerous replicas are
existing in vertebrate. IPsR contains many domains including SPYR domain, which medi-
ate protein-protein interactions. Even though two of the protein's SPYR domains are in
the T. gondii, they do not contain motifs that are related to the calcium channel (30). Hom-
ologues for IPs have not found in fungi, protozoa (39,47). The presence of a more compet-
itive calcium channel in plants and protists suggests that the domains that are responsible
for the IPs channels also evolved in the evolution of metazoan species.

The members of the P-type ATPases are a group of ion pump-related proteins that
are commonly found in eukaryotes, bacteria, and archaea. Most of them are focused on
pumping a wide variety of cations. One of the subcomplexes of the group is involved in
maintaining the biomembrane's asymmetric nature by flipping phospholipids. Examples
of the P-type cation-transporting ATPases are the potassium-potassium pump, the so-
dium pump, the proton pump, and the calcium pump. They use the energy from the hy-
drolysis of ATP to move cations across the membrane. The members of the SERCA pump
family are responsible for replenishing the ER store. This is the source of calcium that is
needed for signaling (48). Three SERCA genes are present in vertebrates. Each of these
shows an alternative spliced form (51,57). Research demonstrates that the Apicomplexan
parasite contains a one SERCA-type Ca?* ATPase. This protein has been well-defined in
P. falciparum (59). The discovery of the SERCA-type ATPase in the malaria parasite has
led to the identification of a potential target for artemisinin (60), drugs that possess the
most rapid action against P. falciparum malaria. Artemisinin involves in disruption of cal-
cium homeostasis (13).

The domains of calcium influx channels are similar to those of the super family of ion
channel structures. They include voltage-gated, cyclic nucleotide-gate, transient receptor
potential, and other similar channels (14). Both voltage-gated (VG) and ligand-gated cal-
cium channels are present in plants and animals., which are most commonly localized in
the plasma membrane. In plants and animals, the voltage-gated and ligand-gated calcium
channels are known to respond to membrane polarization changes to allow the selective
influx of cations (41). Studies have shown that the VGCC can be found in ciliates (61).
Several genes encoding the VGCC were identified in T. gondii. But the results of the ge-
nome-wide analysis revealed that the VGCC is not found in C. parvum or P. falciparum.
The findings of the genome-wide analysis suggest that the VGCC is distributed randomly
across the parasites. The analysis revealed that the Apicomplexans lack both glutamate-
and cyclic nucleotide-gated calcium channels (36). The cyclic nucleotide-gated cation
channel is similar to the voltage-gated family of channels in structure. It also opens in the
presence of certain cyclic nucleotides. The negative and positive charged regions of the
cyclic nucleotide-gate channels are often involved in membrane potential changes. The
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glutamate-gated channels, on the other hand, are closed or opened when a chemical mes-
senger binds to them.

4. Carbohydrate and energy production among Plasmodium and Cryptosporidium spp.

One of the ways to obtain energy is through respiration. This process involves break-
ing down the six-carbon glucose into smaller molecules. Both animals and plants have
respiratory reactions that are similar to those of glycolysis. The Krebs cycle is for aerobic
organisms, while the glycolysis cycle is for all living creatures. The rate at which carbon
dioxide and oxygen consumption are produced or consumed can be measured during
respiration. Both require the help of various enzymes to catalyze their reactions. The elec-
tron transport chain is one of the most important features of respiration. The Krebs cycle
involves the accumulation of NADH in the mitochondrion,  and in the presence of ox-
ygen, the transport chain activity is carried out in the inner membrane of the mitochon-
drion (39,62).

There are two pathways that allow living organisms to breathe: the common path-
way, which is known as cytochrome respiration, and the alternative pathway, which is
commonly utilized by plants, fungi, and some other organisms. The alternative pathway
is different from the cytochrome respiration route in that it goes through a different
branch point. The latter is typical for living organisms. As complex III pulls another pro-
ton from the matrix, cytochrome C grabs electrons and moves toward the inner mem-
brane's outer side. As complex IV pulls another proton from the matrix, it transfers the
electrons to the mitochondrion's inner domains. At this stage, the two electrons yield wa-
ter, and the proton is used to consume oxygen. Although it oxidizes NADH to its negative
state, it does not contribute positively to the proton gradient.

The blood-stage parasite Plasmodium ferments glucose as its primary source of en-
ergy. The process of glycolysis, which involves converting glucose to lactic acid, is similar
to that of other organisms. The activity of the various enzyme genes in Plasmodium has
also been identified. The Plasmodium parasite has a high level of glycolysis. It can utilize
up to 75 times the glucose of uninfected cells. The high level of LDH activity is believed
to be responsible for the regeneration of the NAD+ molecule. The energy currency of a
cell is derived from glycolysis, which results in the production of ATP. ATP is required
for homeostatic and anabolic processes.

Most of the glucose that the parasites use is converted to lactic acid. However, some
of these intermediates can be diverted to other uses. For instance, the pentose phosphate
pathway can provide ribose sugars that are required for nucleotide metabolism. This path-
way could also help in the regeneration of NADPH. Further pyruvate metabolism can
provide intermediates in various biological pathways (38,46,63).

The process of aerobic metabolism involves catabolizing pyruvate and carbon diox-
ide to form hydrogen and then reducing the NAD+ to the NADH level. The electrons then
get transferred to molecular oxygen and are then produced water. The resulting ATP is
produced through the process of oxidative phosphorylation. The combined effects of the
TCA cycle and the oxidation process can yield up to 38 ATP molecules for each glucose
molecule. On the contrary, glycolysis only produces around two ATP molecules for every
glucose molecule. The metabolic efficiency of malaria parasites can be attributed to huge
presence of glucose in the blood of it's host (33,40,41,42,43,44).

Oxidation phosphorylation and the TCA cycle are typically carried out in the eukar-
yotes' mitochondria. These processes are believed to be nonfunctional in the parasites'
blood-stage (64). Research data now shows that the parasites' blood-stage metabolism can
also benefit from the development of an electron transport chain (65,66,67). Inhibition of
the transport of electrons by atovaquone can also cause the membrane potential of the
parasites to collapse (21,68).

Apicomplexans are known to occupy diverse niches within the cell. They have
remolded their mitochondria through the evolution of a reductive metabolic process. Plas-
modium, on the other hand, lacks a pair of catalytic subunits (i.e. the mitochondrial
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pyruvate dehydrogenase and H* translocating NADH dehydrogenase). The mitochon-
drion has minimal mitochondrial DNA, and the mitochondria is put to use in oxidation
at the insect stage (NDH2). Parasites rely on glycolysis to generate energy in the blood of
mammals, however at this stage the mitochondria are downregulated. In the metabolisms
of human intestine parasites, the cryptosporidium parvum and cryptosporidium hominis
lack a variety of catalytic subunits. Mitosomes of the rodent gastric parasite Cryptosporid-
ium muris retain all of the cycle's enzymes oxidoreductase and the unique respiratory
chain. Cryptosporidium mitosome use AOX, MQO, and PNO.

The MQO of all the Apicomplexan parasites and the dinoflagellates is acquired from
epsilon proteobacteria through a lateral gene transfer. The absence of mitochondria in C.
parvum has been a controversial issue. Early studies suggested that this organelle could
not be found in the sporozoites, and an analysis of the structures of the sporozoite samples
did not reveal any similar structures to those found in other Apicomplexans. Most bio-
chemical studies indicate that C. parvum has an anaerobic metabolism. However, it is pos-
sible that the morphological changes that occur during differentiation can make it difficult
to visualize the changes in the metabolic function and form of the mitochondrion.

In contrast, the structures of the mitochondria in P. falciparum, which is a member of
the Apicomplexan parasite, differ significantly. During the respiration of the mitochon-
dria, the electrons are transferred to the ubiquinone, the cytochrome oxidase, and the com-
plex IV. The protons are then transferred to the inner membrane, where they form a trans-
membrane potential. The cytochrome oxidase and the alternative pathway diverge from
one another following the ubiquinone complex. The electrons then flow through the AOX,
which is responsible for supplying water to the oxygen-producing mitochondria. Some
plants also have additional AOX-like compounds known as immutans. The role of this
enzyme in C. parvum’s metabolic activity is still unclear. The AOX pathway cannot con-
tribute to the transmembrane potential or the potential coupling sites of proton transport,
which results in the loss of ATP production. It can function as an energy overflow device.
It can also maintain a partial electron chain to allow the TCA cycle to continue. The AOX
is produced by the alternative pathway, which diverges from the ubiquinone pool's cyto-
chrome-associated electron transport chain. Proton translocation is only performed at
complex I, resulting in a lower ATP yield. The AOX is affected by various factors, such as
cold and reactive oxygen species, as well as infection. The AOX can enhance the parasite’s
ability to overcome oxygen species and diminish its level of oxidative stress. The pathway
that allows T. brucei cellular respiration relies on the alternative oxidase. The metabolic
differences between the human host and the parasite (T. Brucei) have made the alternative
pathway a target for ascofuranone. The alternative oxidase' ability to bypass the electron
transport chain's inhibition can also contribute to the development of resistance to fungi-
cides by fungi. Some strobilurin fungicides, such as fluoxastrobin and azoxystrobin, can
also prevent spore germination by reducing the alternative pathway's production of ATP
(13,21,69,70).

5. Acidocalcisomes

The acidocalcisomes found in human cells and bacteria are made up of compounds
that contain phosphorus, such as polyP, pyrophosphate, and orthophosphate. These acids
are maintained by a combination of proton pumps, including the VP1 or V-H* ATPase.
Studies on trypanosomes and other species revealed that these structures play a role in
water homeostasis, cation and phosphate metabolism, and autophagy. Their interactions
some several organelles revealed some significant roles in osmoregulation and Ca?* trans-
ports. Despite the presence of acidocalcisomes in organisms, they have been shown to
interact with other organelles and have direct relevance to parasites. When first discov-
ered in trypanosomes, acidocalcisomes, it was later discovered that these structures were
similar to those found in bacteria, and they were referred to as volutin or metachromatic
granules. The original inconsistency regarding the existence or nonexistence of mem-
branes in these structures was not clear. During the twentieth century, some unicellular
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protists were shown to possess acidocalcisomes e.g., in trypanosomes, sarcosporidia, and
coccidians. Although they were initially regarded as granules, they were eventually pub-
lished as polyP bodies afterward research showed that these compounds were profuse in
yeast's acalcisome-like gastrointestinal tract. Recently, it was discovered that polyP, a pol-
ymer that is a combination of orthophosphate and phosphohydride bonds, can be found
in membrane-bounded calcium stores in human cells. These compounds were initially
regarded as a type of acalcisome-like organelle. Studies show that acidocalcisomes and
lipid droplets are membrane-bound organelles that are the only conserved organelles in
human cells and bacteria.

Trypanosomes are known to contain acidocalcisomes that are frequently near other
organelles (e.g., subpellicular membrane and mitochondria) (71). These close interactions
could be relevant to the regulation of the cell's bioenergy levels. In studies conducted by
Rizzuto et al, they noted that the presence of the IP:R could trigger the release of Ca* to
the mitochondria (72). Acidocalcisomes are also close to the organelles that are situated
near the mitochondria, which creates a high concentration of Ca?* in the region. The find-
ings support the idea that the cell's acidocalcisomes and mitochondria have a close prox-
imity (73) e.g., see Figure 2. It has been suggested that a quasi-synaptic transmission of
Ca?* between the acalcisomes and the mitochondria could occur. In addition, the effects of
Ca? on the carriers and the various cellular functions are proposed in trypanosomes. One
of the targets that could be considered is the proline dehydrocarbamylase, which has an
EF-hand domain. Another target is the pyruvate dehydrocarbamylase, which can be acti-
vated by a Ca?* dependent phosphatase (74).
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Figure 2. Schematic representation of an acidocalcisome. Cl;, Na*/H*, Ca*/H" Aquaporins (water
channels), amino acids transporters are established for the exchange of these crucial ions as well as
the amino acids into the matrix of acidocalcisome matrix. Major channels however are the vacuolar
ATPase (V-H*-ATPase), Ca?* ATPase and vacuolar pyrophosphatase (V-H+-PPase). Also present are
the transporters for basic amino acids, cations, phosphates (Pi), pyrophosphates (PPi), polyphos-
phate (poly P) etc., thus enriching the matrix of the acidocalcisome with Pi, PPi, polyp and also with
enzymes that are critical in the metabolism of poly P, such as poly P kinase (PPK), poly P pyrophos-
phatase (PPase) and poly P exopolyphosphatase (PPX). PMCA, plasma membrane-type Ca?-
ATPase. VDAC, voltage-dependent anion-selective channel. IPsR, inositol 1,4,5-trisphosphate recep-
tor. Different acidocalcisomes contains different assortment of these enzymes (75). This diagram
also shows the molecules involve in Ca? detection at the intermembrane space, Ca?* influx (MCU),
and Ca? efflux across the inner mitochondrial membrane. A more elaborate work by Docampo, in
his work “the origin and evolution of the acidocalcisome and its interactions with other organelles”
provides a greater inside to acidocalcisome (75). A genome-scale analysis of the isometamidium
resistance of T. Brucei revealed that the interaction between the acalcisomes and mitochondria could
be a potential mechanism of drug resistance. The screening revealed that numerous genes are in-
volved in the acalcisomes' production as well as the four AP-3 subunits, which were implicated in
the resistance (76). The screening revealed that the reduction of the expression of two of V-ATPase's
subunits by RNAi led to an increase in its resistance. This resistance was validated by the screening
results. In addition, the RN Ai downregulation of other subunits caused resistance to various drugs,
such as berenil and ethidium bromide (76,77). After analyzing the RNAi of V-ATPase, it was con-
cluded that the accumulation of isometamidium did not contribute to the resistance, this was carried
out using fluorescence shifts detection. The exhaustion of the AP-3, V-ATPase, and EMC compo-
nents by the use of tetracycline also increased their resistance to acriflavin. However, the removal
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of the antibiotic caused the cells to die, which indicated that the depletion of these subunits could
allow T. Brucei to tolerate diskinethoplasty. In addition, depletion of V-ATPase likewise amplified
its resistance to the growth inhibition of oligomycin (an inhibitor of the mitochondrial ATP syn-
thase). The authors hypothesized that the activity of V-ATPase maintains the ATP synthesis cou-
pling in the cell (76).

Acidocalcisomes, are rich in phosphorus and calcium. Mammals seems not to have
acidocalcisomes, moreover, acidocalcisomes serve as a large reservoir of Ca? than most
intracellular pools (78, 79). Fluorescent probes such as acridine orange can be used to iden-
tify acidocalcisomes because they produce a shift in fluorescence and absorption spectra
when they accumulate in acidic compartments such as acidocalcisomes (80,81,82). T. cruzi,
T. brucei, L. donavani, P knowlesi and T. gondii are all known to contain acidocalcisomes,
and these specifically are also known to accumulate pyrophosphate that serves as an en-
ergy source for acidification of the compartments. Acidocalcisomes contains high amount
of H+, the accumulation of this ion is via the vacuolar type H+-ATPase (83,84,85). The H+
pyrophosphatase in T. cruzi has been demonstrated in in vitro assays that they are sensitive
to imidodiphosphate or aminomethylenediphosphate (AMDP) and bafilomycin Al
(86,87). It has been shown also that T. cruzi, T. gondii, P. falciparum, T. brucei, and L. ama-
zonensis contains bafilomuycin-sensitive acidocalcisomes (88,89,90). Another pump of in-
terest is the Na+/H+ exchanger which has also been demonstrated to be sensitive to 3,5-
dibutyl-4-hydroxytoluene, however this pump is insensitive to ameloride (91,92,93).

The AMDP and bafilomycin A1 mode of action is the disruption of acidification of
acidocalcisomes, they cause the neutralization of the acidic compartment and the release
of calcium ions, since principally, the H* gradient is a prerequisite condition for Ca?* ac-
cumulation in these compartments (94,95,96). The amount of Ca? -ATPase differs in
course of the parasite’s life cycle, for instance, an increased amount of acidocalcisomes in
T. cruzi has been demonstrated in the amastigote form with a corresponding increased
amount of calcium ions (97,98). Via 3 P-NMR, it has been shown that P. falciparum, L. major,
T. gondii, T. brucei, and T. cruzi contains long chains of phosphates bound to oxygen in
acidocalcisome compartments (87,99,100). Interestingly, it has been demonstrated that the
stage transition from trypomastigote to amastigote has been shown to possess signifi-
cantly high long-chain polyphosphates in T. cruzi (101,102). This might serve as a plausible
pathway to inhibit parasites with acidocalcisomes, for instance, researchers have been suc-
cessful in using pyrophosphate analogs to limit the growth of T. cruzi, T. gondii, P. falcipa-
rum and Cryptosporidium parvum (103,104,105,106). Thus, the ubiquitous presence of aci-
docalcisomes in Apicomplexans is an indicator that they can serve as drug targets against
these parasites.

Additionally, in Apicomplexan’s have enzymes that are different from those found
in humans. These might be useful targets for chemotherapy. For instance, the pyrophos-
phatase that transport proton, and the soluble inorganic pyrophosphatase, can be blocked
by pyrophosphate analogs (bisphosphonates). Renown Professors Docampo and Moreno
pointed out that several drugs, such as diamidines and bisphosphonates, can accumulate
in the acidocalcisomes. These drugs can either increase or decrease the number of these
organelles. The mode of activity of these drugs is analogous to the prenyl diphosphate
synthesis enzyme (107).

6. Diversity of Fatty Acid Synthesis among Apicomplexan spp.

Although the fatty acid synthesis reactions of eukaryotes and prokaryotes share a
common mechanism, their structures are different. In eukaryotes, for instance, malonyl-
COA is synthesized by a combination of ACCase and a small carrier protein. The subse-
quent synthesis of fatty acid chains is carried out by a group of discrete enzymes known
as Type I FAS. (108). ACCase is a multi-domain protein, while malonyl-CoA can be linked
to the antacid component of a massive, multi-functional enzyme known as Type I FAS
that performs the steps of the pathway (56). Plant species are hybrid when it comes to the
synthesis of fatty acid. The plastid contains a type II FAS pathway, which is triggered by
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an endosymbiotic event. This pathway is the only one that leads to the de novo generation
of fatty acids in plants (56). Like other eukaryotes, plants also have multi-domain AC-
Cases in the cytoplasm. These allow for the production of malonyl-CoA and other meta-
bolic pathways (35,109). Most plants also have multi-subunit ACCases in the plastid.
These are similar to prokaryotic structures (109). The exemption being grasses belonging
to the family poaceae, which have an ACCase similar to that of a eukaryotic cell (35,56).
This unusual combination of enzymes is also present in the Apicomplexa.

Parasites that are known to be capable of exploiting two sources of fatty acids,
namely, long chain fatty acids and triglycerides, are known to be the P. falciparum and T.
gondii (35,109,110). The parasites are known to modify the fatty acids found in their host
tissues (110), the inhibitors of these fatty acids converting enzymes have been demon-
strated to possess anti-parasitic properties (12). The mechanisms by which the parasites
modify the fatty acids and efforts to develop effective drugs against this process has been
well documented (109). It has been previously reported that Plasmodium falciparum and T.
gondii can also modify the fatty acids in their host cells. But, according to the genome data
of the parasites, they only produce type II compounds (56). This finding validated the
notion that the parasites can add radio-labeled acetate to their fatty acids (13).

It has been demonstrated that the apicoplast fatty acid pathway is a target of various
Type II FAS inhibitors (109). The complete genome of P. falciparum has allowed the iden-
tification of all the required proteins for type II FAS in the organism's apicoplast. The se-
quence of the fatty acid synthesis pathway in the phylum has also become more complex,
and the interactions between host and parasites are becoming more apparent. It is be-
lieved that some Apicomplexans have both type I and II FAS. Some families have only
one pathway that is involved in the synthesis of fatty acid while the process has been
discarded thoroughly by others (35,108). In Toxoplasma and Plasmodium, type II, apico-
plast-localized synthesis pathway is used whereas in Cryptosporidium parvum, only type I
FAS handles long chain fatty acids (35). In addition, Cryptosporidium parvum also has a
type I FAS that is capable of producing polyketides. These are not found in other Apicom-
plexans (109).

The fatty acyl chain must be attached to the prosthetic 4'-phosphopantetherinyl moi-
ety in order for the synthesis of fatty acid to proceed. On the other hand, newly synthe-
sized domains or enzymes that lack this moiety are apoproteins that do not have the phos-
phopantetheinyl moiety. Transfer of the phosphopantetheinyl residue from the CoA to
the serine residue in the AACP is performed by the PPTase. This process is specific to type
II FAS in certain bacteria (35). ome of the surfactin production enzyme subclasses are spe-
cific to type I. Examples of these include the human PPTase and the yeast Lys5
(56,108,109). In addition to being a critical component precursors production for prokary-
otic organisms, fatty acid synthesis is also crucial in the development of metabolic and
intermediate processes. This process involves the conversion of Acetyl-CoAs into long
acyl chains. Different species have their own reactions that involve these enzymes.

Mechanisms of Apicomplexans uptake of fatty acids

Literature suggest that scavenging of fatty acids in host cells by Apicomplexans have
been examined (111). It has been demonstrated that the incorporation of fatty acids (radi-
olabeled amino acids) by parasites into their bodies happens during the incubation stage
(112,113,114). In the case of T. gondii, this process occurs in free tachyzoite parasites. They
then transform fatty acids from the host into triacylglycerides. These parasites then accu-
mulate these triglycerides in their bodies. The DGAT enzyme is utilized to convert fatty
acids into triacylglycerides (115,116). Different species of Apicomplexans live in host cells
that have different metabolic potentials and architectures. It is possible that the various
cellular mechanisms that facilitate the uptake of fatty acids exist. The various Acyl-CoA
binding proteins and Acyl-CoA synthases that are encoded by the Apicomplexa are in-
volved in the transport and salvage of fatty acids especially in P. falciparum (117), C. par-
vum produces a single acyl-coA binding protein. This component includes an ankyrin and
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a binding domain. It also favorably associates palmitoyl-coA, the precursor of PKS and
FASI (118). This protein, together with C. parvum’s oxysterol binding component, has been
shown to be a component of the lipid salvage process in the host cell (110,119). In Toxo-
plasma, it has been observed that the PV employs a close relationship with the host cell's
mitochondria and endoplasmic reticulum (120), this findings relates to this protein in the
liver stage of Plasmodium (121). The importance of this close interaction has been shown
to be in the uptake of lipid products by bacterial pathogens (122). Another study has
shown that the secretory pathway of the endosome/lysosome is linked to the host cell's
lipid salvage process. This finding was based on the studies that revealed that intracellular
parasites can acquire sterols from their medium (123,124). A study conducted by Coppens
et al. revealed that the microtubular projections of the host cell are transported to the PV's
space. These structures are then trapped in the cavity of the vacuolar membrane, where
GRA?7 is involved (125), see Figure 3.

T. gondii PV in host cell

PV membrane—,

(f) «_ Host cell plasma
membrane

Figure 3. Diagram showing the mechanisms of Apicomplexans uptake of fatty acid. (a) Host cell’s
lysosomal vesicles (source of sterols and fatty acids) trapped by Toxoplasma in the parasitophorous
vacuole (PV), the process is mediated by the parasite’s protein GRA7. (b) and (c) The schizont of
Plasmodium in the liver schizont produces UIS3 that targets PV membrane and binds to host cell
fatty acid binding protein (FABP) thus aiding in fatty acid uptake via direct diffusion or via PV
pores or other transporters. (d)The parasite might secrete factors into the PV to encourage the re-
cruitment of mitochondria of the host cell in order to salvage fatty acids and lipids. (e) The parasite
might secrete proteins into the PV that enhances the recruitment of endoplasmic reticulum (ER) to
the PV’s membrane, thus enhancing fatty acids uptake. (f) Another Apicomplexan, especially the
Cryptosporidium is known to secrete acyl-CoA binding protein (ACBP) into the PV, which is critical
in binding acyl-CoA.

The study also noted that the PV's lysosomes could serve as a conduit for other lipid-
related activities which contradicts the conventional opinion that PVs are dysfunctional
and should be secluded from the endosomes and the secretory pathways. Studies on the
uptake of fatty acids by Plasmodium are needed to develop a more accurate model. The
most recent study focused on the expression profiling of Plasmodium’s genes during the
life cycle. The work revealed that many of these genes are upregulated in the infective
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sporozoite (126,127,128). Studies targeting these genes revealed that they play a critical
part in the parasites’ development more specially at the liver stage. Thus, providing new
and renewed insight and interests in developing live attenuated vaccine against malaria
(129,130). The UIS3 gene is one of the genetic factors that is implicated in the synthesis of
type I transmembrane proteins. It can be inserted into the membrane of infected hepato-
cytes and exposed to the cytoplasm. A two-hybrid screen revealed that the presence of
this protein in the exposed domain interacted with a protein that binds to liver fatty acids
(131). Mikolajczak et al., demonstrated that the L-FABP plays a crucial role as host factor
for effective malaria liver stage growth and that the communication between the UIS3 and
L-FABP is vital for the parasite’s development. Based on literature, it is believed that the
presence of the latter in the host cell promotes the uptake of fatty acid. The recruitment of
L-FABP into the PV membrane could allow the parasites to transport more fatty acids
(131).

6.1. Mechanisms of Apicomplexans using alternative routes for fatty acid synthesis

As described in Mazumdar & Striepen (111), T. gondii incorporation of acetate into
fatty acids does not rely on FASII pathways. In Apicomplexan Cryptosporidium parvum,
there is an alternative pathway described, as it does not also rely on the FASII pathway
because Apicomplexan Cryptosporidium parvum lacks it as well as the apicoplast organelle.
However Apicomplexan Cryptosporidium parvum genome encodes a large (~900-kDa)
FASII-like enzymes, which contains four ACP domains (loading unit, putative terminat-
ing reductase domain, reduction, and three elongation modules) (14). Phylogenetic stud-
ies have likened this enzyme to that of the bacteria polyketide synthase (PKSs). The large
size of the FASI gene makes it difficult to study it (132). CoA is an alternative way of
measuring the enzyme activities (6). Additionally, putative PKS is the second related gene
encoded by C. parvum, and this protein uses palmitoyl-CoA substrate and comprises
seven acyl elongation units of different compositions. It also has unknown end products
catalyzed by CpPKS. Both bacteria and fungi are known to synthesize PKS and they are
used for a number of purposes including their uses as siderophores, toxins, and antibiotics
(133,134). Dinoflagellates are the only known phylum of the Apicomplexan groups known
to synthesize multitudes of PK toxins. Karen brevis is known to be the first from which
dinoflagellate genes were identified and was similar to CpPKS (135). Similar genes shared
by CpPKS and dinoflagellates suggest a horizontal gene transfer between the two before
their division. Three huge FASI/PKStype genes are contained within the genome of T.
gondii, and one of the genes (ToxoDB gene ID 83.m00010) encodes FASI, and the remain-
ing two genes possibly encode for PKSs. FASI and PKS may play a significant role in the
life cycle stages of Cryptosporidium, Eimeria, and Toxoplasma, as a constituent of the imper-
meable and resilient oocyst wall (12).

The fatty acid elongation system is the third method of synthesizing fatty acids, and
the enzymatic procedures are the same as in FAS I & II. However, CoA and not ACP sup-
port the growing chain. Fatty acid elongation is established in the endoplasmic reticulum
and aids in the sequential elongation of fatty acids, thus providing the needed long-chain
fatty acids during the production of phospholipids (136). Elongations 1 & 2 are a critical
source of myristic acid for the glycosylphosphatidylinositol held firmly the highly abun-
dant variable surface glycoprotein of the bloodstream stage, as suggested by genomic data
(137). Three elongated genes were recognized in P. falciparum as well as in T. gondii, and
one was identified in Cryptosporidium. These genes serve as another source of FASII-inde-
pendent 14C acetate incorporation in T. gondii. This is on basis that these genes are im-
plicated in the production of longer fatty acids and possesses high sensitivity to cerulenin
(138). Apicomplexans elongations fatty acids may be engaged in the standard elongation
process instead of de novo synthesis. The synthesis of fatty acid relies on acetyl-CoA, mal-
onyl-CoA, energy, and reduction potential of ATP and NADH(P)H. Cytoplasmic glycol-
ysis is crucial in the supply of phosphoenolpyruvate, which is subsequently transported
to the plasmid and later metabolized to acetyl-CoA (139). P. falciparum has two identified
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putative apicoplast phosphor-sugar transporters with one component constituting the
outermost and the other constituting the innermost membrane, though four membranes
bound the apicoplast (140). Some observational studies have suggested that apicoplasts
likely import phosphoenolpyruvate. Hence apicoplast has pyruvate and phosphoenolpy-
ruvate, including dihydroxyacetone phosphate. Aside from the provision of acetyl-CoA,
PDH, and pyruvate kinase also generates ATP and NAD(P)H, which shuttles the reducing
agents into the organelles (141).
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