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ABSTRACT

Malaria has long been a threat to survival and persistently challenging at vaccine development. With a stuttering rise
in drug resistant strains of the human parasites - Plasmodium falciparum and Plasmodium vivax, it is of paramount
concern to identify new drug targets, which would render infection unsustainable at the earliest stage. As an
essential co-factor iron has a critical role in virtually every cell from the simplest prokaryotes to complex eukaryotes.
In humans, the fine tuning of iron homeostatic mechanism also dictates the outcomes to various infections.
Plasmodium with its intricate life cycle and immense replication potential exhibits a high demand for iron at multiple
stages during its development. During its intra-erythrocytic development Plasmodium has several possible iron
reservoirs at its disposal in the host cell such as the iron bound in ferritin, the cytosolic labile iron pool and
hemoglobin. The parasite’s mechanism for iron uptake from the host and, its storage still remain shrouded due to
the complexity in relating genome sequence of Plasmodium spp. to specific proteins and function. In this thesis
project we have attempted to explore the function of two novel iron transporters in Plasmodium: Divalent metal
transporter (DMT1) and Vacuolar iron transporter (VIT) homologues and, investigate the effect of compromise of
their function on parasite development and virulence. Understanding the iron transport mechanism will shed some

light on possible methods to target such machinery, if found essential.

Keywords: Malaria, Iron transport, Plasmodium, Divalent Metal transporter, Vacuolar iron transporter



RESUMO

A maldria continua a ser uma ameaca a sobrevivéncia e persiste ao desafio da formulagdo de uma vacina. Com o
aumento da prevaléncia das estirpes de Plasmodium falciparum e Plasmodium vivax resistentes aos farmacos
disponiveis, torna-se cada vez mais relevante a identificacdo de novos alvos moleculares para o desenvolvimento de
farmacos que inibam a infecdo em fases precoces. O ferro, um co-factor essencial, tem um papel fundamental em
virtualmente todas as células, desde o mais simples procariota até ao mais complexo eucariota. No Homem, a
regulacdo da homeostase do ferro determina o resultado de varias infecdes. Dado o seu ciclo de vida complexo e o
seu grande potencial replicativo, Plasmodium spp. requerem uma grande disponibilidade ferro durante o seu
desenvolvimento. Durante a sua maturagdo nos eritrdcitos, Plasmodium tem na célula hospedeira varias reservas de
ferro disponiveis, tais como, o ferro ligado a ferritina, o ferro livre no citosol e o ferro contido na hemoglobina. Os
mecanismos utilizados pelo parasita na obtencdo de ferro a partir do hospedeiro e no seu armazenamento
continuam elusivos. Um obstaculo reside em parte na dificuldade em relacionar uma dada sequéncia gendmica
de Plasmodium spp. com a fung¢do da proteina resultante. Neste trabalho, tentdmos explorar a funcdo de dois
transportadores de ferro identificados em Plasmodium: o Transportador de metais divalentes (do inglés, DMT) e o
Transportador vacuolar de ferro (do inglés, VIT). Nesse ambito estuddmos o efeito da disrup¢do da sua fungao no
desenvolvimento e na viruléncia do parasita. A melhor compreensdo desta maquinaria do parasita, se considerada

essencial, elucidara possiveis métodos para a modular e utilizar como alvo terapéutico.

Palavras Chave: Malaria, Transporte de ferro, Plasmodium, Transportador de metais divalentes, Transportador de

ferro vacuolar.
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[.  INTRODUCTION

1. Malaria at a glance

Malaria is among the most notorious infectious diseases in the world today, with an incidence of 198 million cases
and a mortality rate of 524000 individuals in 2013*. The death toll of malaria is most severe in sub-Saharan Africa,
with Asia and Latin America next in line (Figure 1). The causative agents comprise of protozoan parasites belonging
to the genus Plasmodium. The parasite is transmitted exclusively by mosquitoes of the genus Anopheles to
vertebrate hosts such as humans, monkeys and mice during the mosquito’s obligatory blood meal. There are five
Plasmodium species known to infect humans and causing malaria of different degrees. The most fatal manifestation
is the malignant malaria caused by Plasmodium falciparum; which is endemic in Africa, South America and Central
and Southeast Asia, with highest prevalence in sub-Saharan Africa’. The other common variant of Clinical malaria is
caused by Plasmodium vivax which is classified by acute febrile illness and anemia; and mostly prevalent in parts of
Asia, Oceania and South America®.The closely related monkey parasite, Plasmodium knowlesi, which has recently
been classified as the fifth human malaria parasite can attain high peaks of parasitemia quickly due to its 24 hour life
cycle and if not timely diagnosed, can lead to severe illness and death. This parasite was shown to be capable of
transmission between vertebrate hosts (from monkey to humans) and demonstrated as fatal in Rhesus monkey
(Macaca mulatta). Plasmodium knowlesi is common in Southeast Asia, possibly by virtue of abundance of its
invertebrate host Anopheles balabacencis in that region®. The other species such as Plasmodium ovale rarely cause a
serious disease’ while Plasmodium malariae infections cause fevers with 3-day intervals. While relatively less severe,

in the long term a lack of treatment may lead to glomerulonephropathy due to formation of immune-complexes.

Though malaria in its early stages does not demonstrate a very clinically conspicuous profile, it may later accelerate
into fatal conditions such as metabolic acidosis, severe malarial anemia and cerebral malaria. Deaths due to malaria

can be a result of organ failure or systemic shock.
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Figure 1. Malaria deaths per 100,000 (Image adapted from WHO World Malaria Report-2014)

Despite the persisting challenges in treatment and transmission control undertakings, there are optimistic reports
indicating 26% reduction in the frequency of malaria infection, and reduction by 47% of the malaria induced
mortality with respect to the malaria statistics in 2000; globally (Figure 2). The WHO predicts a further decrease by

8% in mortality rates by 2015, if the current trends for decline in mortality are maintained®.
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Figure 2. Percentage change in Malaria mortality rate: 2000-2013 (Image adapted from WHO World Malaria Report- 2014)




1.1. Plasmodium species Life cycle

Plasmodium exemplifies an intricate life cycle, involving two obligatory hosts: the mosquito and a vertebrate to

complete its sexual and asexual developmental stages respectively (Figure 3).

P
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Figure 3. Plasmodium life cycle in the mosquito and the vertebrate host. [Image adapted from Ménard, 2005 |

The transmission to a vertebrate host is initiated during a blood meal, wherein an infected female Anopheles
mosquito releases saliva containing anti-coagulants into the victim and along with it, the Plasmodium parasite in its
sporozoite form. The sporozoites move through circulation to reach the liver where they may traverse through
Kupffer cells and several hepatocytes before infecting a final hepatocyte®. Upon entry into a hepatocyte, the
sporozoite subsequently undergoes a large number of nuclear divisions (asexual) within a host cell derived
vacuolated structure called the parasitophorous vacuole (PV). This stage is known as the exo-erythrocytic form (EEF)
and each infected hepatocyte can contain up to new 20,000-30,000 merozoites, formed from one infectious
sporozoite. The infected hepatocyte eventually ruptures and releases the merozoites into the blood circulation
where these invade RBCs. The following development of the parasite constitutes the erythrocytic cycle, wherein it
matures from an initial ring like structure to a vacuolated trophozoite. Mature trophozoites can undergo rapid
asexual replication giving rise to schizont forms each of which can contain 6-32 merozoites depending on the
Plasmodium species or, develop into gametocytes (the mosquito-transmitted form of the parasite). The former
causes the infected RBC to eventually rupture in a synchronous manner and release thousands of merozoites
(leading to typical malaria fevers) that further colonize more RBCs and continue the erythrocytic cycle. This blood

stage replication of parasites is responsible for the symptoms associated with this disease.



When a pregnant female Anopheles mosquito takes her blood meal from an infected vertebrate host, the
Plasmodium parasites in their gametocyte stage are also taken up. Within the mosquito stomach the lowering of
ambient temperature, elevated pH and other mosquito-specific factors, trigger the maturation of the gametocytes
into the male and the female gametes; eventually leading to fertilization. The fertilized cell transforms into a motile
and invasive form called the ookinete which crosses the midgut wall of the mosquito to form stationary spherical
structures known as the oocysts, just below the basal lamina of the midgut. The oocysts in turn produce several
hundreds of motile forms of the parasite (Sporozoite) that migrate to the mosquito’s salivary glands. The bite of such
infected female Anopheles hence transfers the Plasmodium sporozoites into a vertebrate host and re-initiates

development of the parasite paving way for malaria’.

1.2. Treatment of Malaria and unforeseen consequences

The WHO indicates malaria to be a preventable and treatable disease with the primary aim being removal of parasite
from the blood of patients. Thus, most anti-malarial drugs currently in therapeutic application target the blood stage
of the parasite. The liver stage in contrast is asymptomatic but presents an attractive target for parasite clearance

and prophylactic treatments®.

In the 1950s the WHO devised large scale projects for malaria eradication through indoor residual spraying and mass
use of anti-malarials like chloroquine (CQ) and sulphadoxine-pyrimethamine (SP). Such medical urgency paved way
for inconsiderate application; eventually paralyzing this mammoth effort and falling prey to
dichlorodiphenyltrichloroethane (DDT) resistant variants of Anopheles mosquitoes and CQ - SP resistant variants of

Plasmodium’.

CQ is a synthetic derivative of quinine that was derived from barks of Cinchona trees and used in traditional
treatments. However, in the 1960s, CQ resistant variants were detected to this first-line treatment in Southeast Asia
and South America. After decades of investigations into the mechanism underlying the chloroquine resistance,
transfection studies have shown that point mutations in CQ resistance transporter gene (pfcrt) and mutations in
other genes like Plasmodium falciparum multidrug resistance (pfmdrl) gene confer the resistance to CQ in

10,11

Plasmodium falciparum™"". Mutations and increased copy number of pfmdrl gene has also been attributed to

confer resistance against other quinoline antimalarials, e.g. mefloquine and halofantrine®*?

. Due to CQ resistance,
SP was introduces in the 1970s. Not so ironically, resistance to SP developed rapidly in the areas of South Asia and
CQ -SP multi-drug resistance spread to other parts of Asia and Africa as well’. Sulphadoxine and pyrimethamine
belong to the group of antifolate anti-malarials which interfere with the parasite DNA replication through blockade
of folate and pyrimidine biosynthesis. Pyrimethamine and biguanides inhibit the Plasmodium dihydrofolate

reductase-thymidylate synthase (DHFR-TS), and sulphonamides /sulfones disrupt the target enzyme dihydropteroate

synthase (DHPS). Point mutations in the DHFR-TS and DHPS genes were found to confer the resistance to



13,14

pyrimethamine and sulphonamides, respectively™™~". Thus, the resistance of Plasmodium spp. to the first line anti-

malarials and mosquitoes to insecticides has been a critical medical concern.

In such a globally burned out zone of anti-malarials, the endoperoxide artemisinin derived from ancient Chinese
herbal medicine was discovered as a potent drug during second half of the 20" century by Chinese scientists™. The
artemisinin-combination therapies (ACTs) today represent the first-line treatment and include derivatives of
artemisinin such as dihydroartemisinin, artesunate (hydrophilic), arteether and artemether (hydrophobic). The
metabolically active agent of artesunate and artemether is dihydroartemisinin. Artemisinin and its derivates are

potent antimalarial drugs and tolerated well overall.

Artemisinin and its derivatives however, come with their own share of pros and cons. They are powerful drugs that
are cytotoxic to gametocytes in early development stages and clear out parasites from the blood relatively rapidly
compared to quinine derivatives. The limitation of however, is their short half-life, thus given alone without a
partner drug artemisinins may cause parasite recrudescence as its metabolic derivates are rapidly cleared out in
humans. The cidal effect of artemisinin can be attributed to several interactions of the drug with high molecular
weight proteins in the parasite. Artemisinins are proposed to be activated by ferrous iron or heme molecules arising
from Plasmodial hemoglobin catabolism™ through disruption of the endoperoxide bridge. The resulting free radicals
have been proposed to interact with several malarial proteins, one of which is translationally controlled tumor
protein (TCTP). Artemisinin has also been shown to interact with and inhibit the Plasmodial endoplasmic ATPase
(PfATP6)**° which is a SERCA orthologue Ca** pump localized to the membrane of sarco/endoplasmic reticulum and

21,22

involved in Ca* homeostasis . Nevertheless, the exact mechanism of action of artemisinin drugs remains a matter

of scientific debate.

The WHO recommends the use artemisinin in combination with partner drugs in order to have a balance between
the pharmacokinetic effects, the blood parasite clearance rate and the ease of parasite recrudescence. Nevertheless,
artemisinin resistance began emerging recently in countries of the Greater Mekong Subregion'. Though the
observed decrease in efficacy of artemisinins is still not at the level of classical drug-resistance (isolated parasites
were still susceptible to drugs in vitro), it has been observed that parasite clearance in the treated patients is
prolonged. The proposed causes are believed to include the use of low quality artemisinin singly for a long period of
time, or in case of combination therapies use of partner drug to which resistance already exists. Currently
artemisinin combination therapy (ACT) is suggested as the first line for treatment of uncomplicated P.falciparum
malaria”®. Combinations recommended by the WHO for ACT include artemether-lumifantrine, artesunate-
mefloquine, artesunate-amodiaquine and artesunate-sulfadoxine/pyrimethamine®. The financially worrisome
component of ACT is the associated cost which can be much higher in comparison with non-artemisinin or
artemisinin only therapies. Also, in the near future there appears to be hardly any sign of lowering of treatment cost
per person. This is a major roadblock in convincing developing countries to establish ACT in full swing, despite such

regions being the ones worst affected by malaria®.

10



1.3. Drug Discovery, Malaria Vaccines and future prospects

With the rivers running dry in the area of malaria treatment, there is a burning need for novel potent candidates.
Drug discovery platforms now enable synthesis of small molecule drugs and provide repositories of structurally
diverse molecules to target a plethora of entities in an organism. The challenging component to confirming a
molecule as a therapeutic agent is the identification of an appropriate target through genetic and biochemical
manipulation of the organism, and subsequent validation through functional characterization and high-throughput
inhibition assays. Drug discovery approaches come in two flavors: target based screens and phenotypic screens.
While target based screens offer greater operational feasibility through studying the target ex-vivo in terms of
structure and chemistry; it mandates the identification of a target as priority. The screen then enables an array of
molecules to be tested on the target for detection of those that can significantly inhibit the target function. Target
based screens have been developed for Plasmodium proteins such as Dihydrofolate reductase (DHFR), Heat shock

protein 90 (Hsp90) and Dihydroorotate dehydrogenase (DHODH) among others®.

On the other hand, advantages of phenotypic screens over target-based high throughput screens are that
compounds active against all targets of the parasite are identified and that “hits” will possess the necessary
requirements regarding cell permeability and activity in the cellular context. With relevance to malaria, the
predominant phenotypic screen involves studying parasite growth in RBCs. Molecules such as DNA and stage-specific
parasite proteins can be studied by fluorescent probe, PCR and antibody based detection. This screening method
does not focus on molecular mechanism of target inhibition, which makes it difficult to interpret drug specificity. Its

target identification capacity is also redundant, yielding previously known targets frequently®.

While the blood stage of the parasite has understandably been in the limelight of treatments, the liver stage, though
still under-investigated is a feasible and interesting target. Drugs that clear out parasite from both the blood and
liver of the host are seemingly meager (e.g.: primaquine). The liver as a target to clear parasites is attractive
considering that clearing parasite burden at this stage, which is several folds lower than in the blood, prevents the
onset of symptoms of malaria disease and also prevents transmission. Additionally, drugs targeting this stage are at
lower imminent threat of resistance. Additional challenge for antimalarial drug development present reservoirs of
latent forms of malaria parasites, called hypnozoites, that reside in hepatocytes and can lead to a potential relapse
even years after the infective mosquito bite®®. Of the Plasmodium species infecting humans, hypnozoite forms only
are only produced by P. vivax and P. ovale. The identification of compounds active against the hypnozoites has been

severely limited due to the challenges of culturing these parasite forms in vitro®’.

Studies on the differential genomic and proteomic profiles of Plasmodium at different developmental stages in all its

hosts uncovered a promising number of liver stage specific players that can act as potential drug targets (Figure 4)%.
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Figure 4. Functional grouping of genes differentially expressed during pre-erythrocytic stage of Plasmodium yoelii. (RAS-
Radiation attenuated strain, SPZ- Salivary gland sporozoites, 24/48 hr LS — time specific liver stage parasites. Figure adapted
from Williams et al”’)

A highly exigent area of study in parallel with drug development in malaria has been that of vaccine strategies. It has
been observed that continuous exposure to malaria parasite at an early age initially manifests into parasitemia and
later confers protection against severe malaria and clinical symptoms. Though, such exposure must be repeated in
order to maintain the infection associated immunity, the y-globulin fraction from such semi-immune individuals has
been shown to have protective effect against disease in non-immunized individuals®®. Found mostly in malaria

endemic area, such immunity rarely confirms protection against the liver stage parasite®.

The primary goals for vaccine benefit, as outlined by the Malaria Vaccine Technology Roadmap in 2006 were 50%
efficacy rate of a vaccine against the fatal forms of malaria with protection covering at least 12 months and a vaccine
with long term effect and 80% efficacy against clinical malaria. However, these goals may be farfetched with respect
to the available technological platforms which do not promise malaria control or eradication. The past decade has
been a period of major makeover in the face of funding and cooperation in malaria vaccines. Major research and
funding institutions such as the Bill and Melinda Gates foundation, Wellcome trust (UK), US NIAID, Medical research
Council UK, European Vaccine initiative and WHO have contributed towards the stabilization of economic grounds
and opportunities for large scale clinical trials. Some vaccine candidates currently in clinical trial RTS,S/AS01 as the
most advanced malaria vaccine to date®®, Circumsporozoite protein targeting antibodies, adenovirus vectored
vaccine expressing circumsporozoite protein and multiple epitope-thrombospondin-related adhesion protein
(ChAd63-MVA CS and ChAd63-MVA ME-TRAP, respectively),Attenuated whole organism vaccine and Adch63/Mva
Me-TRAP.
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2. The multiple facets of Iron and Plasmodium infection

Nutrient sensing and homeostasis is at the heart of survival, Plasmodium being no exception. Molecular players
involved in nutrient uptake, storage and utilization pathways are valid candidates towards identification of novel
drug targets. Iron is an essential micronutrient for Plasmodium; however knowledge of its acquisition, transport or

storage remains unknown.

Iron is of particular interest because of its transitional chemistry. Within eukaryotic cells, iron is either sequestered in

3173 Cellular iron reservoirs maintains an equilibrium between

proteins such as ferritin or in vacuoles as Fe** form
the cellular Fe*" and Fe* pools to keep Fe** concentration below explosive thresholds®®. Fe* is extremely reactive
and can generate large amounts of hydroxyl radicals through the Fenton reaction (Equation 1). OH" is among the

most reactive free radicals and capable of inducing lipid peroxidation and oxidation of proteins.
Fe?** + H,0, —» Fe3' + OH + OH™ Equation (1)

This observation paves way for the fundamental question as to how does Plasmodium acquire iron from such a tight

P* showed the inhibition of

host regulated circuitry and moreover, not enter into an oxidative catastrophe. Dey et a
hepatocyte mitochondrial aconitase on infection with Plasmodium yoelii and associated elevation in superoxide
radical and depletion of mitochondrial GSH in Balb/c mice hepatocytes. They also show the disruption of
mitochondrial Fe-S clusters and release of Fe that is later believed to induce apoptosis in such infected
hepatocytes. While speculative, it is tempting to believe that some parasite strains have robust mechanisms to

mobilize and sequester host cytosolic iron without causing an immediate oxidative surge in the parasite

compartment or any chaos in its host hepatocyte.

In what seems to be a complicated host-pathogen relationship, the susceptibility and progression of malaria has
been shown to be affected by the iron availability in the host®, especially in the hepatocyte and the erythrocyte. In
addition, the iron status also exerts implication on the host immune response to infection. The participation of iron
in complex biological functions such as immunological response and host-parasite interaction are recent revelations,

making this micronutrient stand out in a whole new perspective in addition to being a co-factor.

While a great amount of work and interest has been invested in research of how different hemoglobinopathies
affect malaria®, the iron metabolism of the malaria parasite and competition with the host for iron procurement is a
relatively nascent domain of research. In malaria endemic areas of Africa, the occurrence of anemia in children
represents a serious concern regarding impact on health and growth. The clinical trial conducted in Pemba, Zanzibar,
aimed at managing the morbidity and mortality due to anemia in children between 1-35 months, through oral
supplementation of iron, folic acid and zinc. The trial had to be interrupted mid-way due to death and high morbidity
in children receiving iron and folic acid supplementation. This region is holoendemic for malaria (with Plasmodium

falciparum accounting for majority of severe cases) with a mean of 405 infective bites per person per year. The
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children showing adverse reactions displayed increased infection susceptibility (both malarial and non-malarial). The
study hence, concluded that iron supplementation to counter iron deficiency in children must be managed with
malaria prevention in areas of high malaria incidence®. Finding the most adequate iron supplementation regime for
malaria endemic regions remains a matter of debate until present day. The mechanisms of how iron deficiency
potentially protects from malaria infection and iron supplementation increases risk of infection remain unclear®.
With respect to this, identification of molecular mechanisms in Plasmodium for iron uptake and metabolism are

crucial for understanding the parasite-host competition for this micronutrient that is essential for both organisms.

With respect to the involvement of iron availability in parasite survival, a study by Gordeuk et a/ demonstrated
enhanced clearance of P.falciparum from patients treated with Desferroxamine B (DFO-B)*® (CHEBI: 4356), which is a
siderophore (iron chelator) derived from the actinobacteria Streptomyces pilosus. There was however a relapse of
malaria in most of the patients. A more detailed study on the effect of iron deprivation during various
developmental stages of P.falciparum by Whitehead and Peto elucidated that the effect of iron withdrawal was most
detrimental to parasites in pigmented trophozoites and early schizogony stages, whereas the young non pigmented
or ring trophozoites were completely unaffected by it*. It has been observed that parasite maturation in RBC is
accompanied by increased permeability of the RBC plasma membrane®. DFO-B is a polar compound; hence the lack
of effect of DFO mediated iron chelation on young parasitic forms in erythrocytes is not the chief indicator of
dispensability of iron at ring or trophozoite stages of Plasmodium development, as the erythrocyte membrane is less

permeable.

Through dissection of phenotypes into molecular pathways, Painter et al outlined one of the critical molecular
functions of iron in the electron transport chain of P.falciparum. The electron transport chain (comprising of iron and
iron-sulfur clusters as essential co-factors) was shown to be indispensible to the parasite, as it was the primary
centre for the regeneration of ubiquinone. Ubiquinone is necessary as the electron acceptor for dihydroorotate
dehydrogenase (DHOD), the latter being a crucial enzyme in pyrimidine biosynthesis. Considering the rapid

I**, A related

proliferation of the parasite within infected cells, nucleotide biosynthesis is at the heart of its surviva
study by Ferrer et al substantiated the observation that withdrawal of available iron with another high affinity iron
chelator — FBS0701 in Plasmodium falciparum reduces the blood stage parasitemia. Additionally they also outlined a

developmental arrest of stage V gametocytes and associated decline in transmission efficiency to mosquitoes*.

An attempt to appreciate iron metabolism in the parasite would be futile without an understanding of the iron
homeostatic pathways in the mammalian host. In mammals, most of the iron is bound to hemoglobin in the
circulating RBCs and the rest is divided into - iron stores that can be mobilized on demand and, iron bound to muscle
myoglobin and enzymes. The cellular mechanisms for recycling and storing iron are tightly regulated, outlining a
critical requirement for maintenance of homeostasis. Iron requirement varies with age, and iron deficiency can have

severe effects on growth, cognitive development and immune function®.
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2.1. Iron Acquisition and homeostasis in Mammals

Dietary iron (Fe*') is absorbed in the duodenum via the divalent metal transporter 1 (DMT 1) on the enterocyte
apical membrane; and as bound to heme through heme transporters. The iron must exist in Fe** form for it to be
transported by the enterocytes and this is achieved through the activity of surface ferrireductases, such is duodenal
cytochrome B reductase (DcytB). Within the enterocytes, the iron is either stored or transported to the basolateral
membrane based on the systemic iron demand. Iron is released into the circulation via the only known mammalian
iron exporter- ferroportin. Exported iron is reoxidized to Fe* state, either by the action of hephaestin or

ceruloplasmin®.

The circulating iron is picked up by soluble iron scavenging protein- transferrin. The iron-transferrin complex on
interaction with the surface transferrin receptor 1 (TfR1) (on liver and erythroid precursor cells mainly) is
endocytosed into the cell. Acidification of the endocytosed vacuole by H* ATPase leads to the dissociation of bound
iron. The vacuole matures into recycling endosome and transports the Apo-transferrin bound to TfR1 back to cell
surface. The iron is then mobilized to the cytosol by the vacuolar Divalent Metal Transporter 1. In the cytosol the
iron can either be stored as bound to ferritin or transported to mitochondria where it is incorporated into heme or

iron-sulphur clusters.

Another major compartment for iron fluxing through circulation is represented by the macrophages (Figure 5). Since,
there is no known mechanism for excretion of iron from the body (it is mainly lost during blood loss through
menstruation, injury and sloughing of enterocytes), macrophages are key players in recycling systemic iron.
Circulating and tissue macrophages extract iron from senescent or damaged RBC and from circulating hemoglobin
bound to its carrier haptoglobin. The endocytosis of RBC or hemoglobin-haptoglobin complex is followed by the
degradation of heme to release iron via the action of heme oxygenase I. The transport of Fe?* from the phagosome
to cytosol is facilitated through Fe®* specific transporters namely DMT1 (also known as Nramp I1) and Nramp I. The
cytosolic Fe®* ions are reactive and toxic molecules that must either be exported or confined into the cytosolic iron
store of ferritin. Depending on the iron demand or infection status of the body the iron is mobilized accordingly.
Similar to that in the enterocytes, export of Fe?* from macrophage to circulation is through ferroportin. The major

sink of iron in the body is the bone marrow which uses it for erythropoeisis**.
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Ferritin

Figure 5. Schematic representation of macrophage based iron scavenging and recycling (Image adapted from T.Ganz, 2012%)

The signaling entity that regulates the partitioning of iron from macrophages and enterocytes to blood is a 25 amino
acid liver synthesized hormone known as hepcidin. Hepcidin exerts its effect by binding to ferroportin and flagging it
for endocytosis and subsequent degradation. The effect hence, translates into sequestration of iron in macrophages
and enterocytes leading to restricted iron bioavailability. This in turn paves way for anemia. Hepcidin expression is

strictly regulated by sensing of erythroid demand, systemic iron status and inflammatory profile®.

In the event of an infection, inflammatory cytokines such as IL-6, upregulate the expression of hepcidin® and other
iron scavenging proteins (haptoglobin, siderocalin, ferritin). Increased hepcidin levels lead to sequestration of iron in
macrophages and enterocytes. The resulting systemic hypo-ferrimia is protective against pathogen invasion

especially for agents heavily dependent on iron for growth and survival.

2.2. [Iron Acquisition and homeostasis in Plasmodium

The particular nature of the iron sources of Plasmodium within the Hepatocyte/RBC during its different stages of
development is still hazy. While the hepatocytes are metabolically active cells with abundant iron and protein

reserve, the RBCs, which become the long term residence for the parasite with disease progression, lack active
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biosynthetic machinery. In order to replicate extensively, there is a high demand on the parasite’s end for amino
acids, nucleotides and also iron. During the erythrocytic stage, Plasmodium derives most of the amino acids from
digestion of endocytosed hemoglobin by the action of parasite aspartic/cysteine proteases, metalloproteases and
aminopeptidases in its digestive vacuole (Figure 6). The heme prosthetic group that is released through the digestion
of hemoglobin is highly toxic to the parasite. The vast majority of heme is polymerized and sequestered into inert
crystalline structures known as hemozoin. This process may be the sole way to detoxify heme, for the recently
discovered Plasmodium falciparum putative heme oxygenase 1*® was shown to lack degradative effect on heme®’.
The small amount of heme uncoupled from hemozoin crystallization, can be degraded non-enzymatically by H,0,
within the parasite digestive vacuole releasing Fe*" ions which may be a possible source of iron. However such
oxidation of free heme moiety is also a source for ROS*. Apart from RBC cellular reserves, Plasmodium can derive

nutrients and iron from the serum through permeabilization of the RBC cell membrane®°.

RED BLOOD CELL
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Figure 6. Schematic representation of heme metabolism of Plasmodium in the erythrocyte. [Image adapted from Siaga et al,
2012°7]

The iron circuitry in the parasite has only begun to be unveiled and is an exciting area of research with promising

prospects of drug target discovery.
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3. Excavating molecular players and pathways: Plasmodium iron
homeostasis

The whole chromosome shotgun sequencing of the P.falciparum genome revealed large datasets of genetic

information for prediction of a putative proteome based on sequence homology and domain conservation®! (Table

1).
Feature Number Per cent
Total predicted proteins 5,268
Hypothetical proteins 3,208 60.9
InterPro matches 2,650 52.8
Pfam matches 1,746 33.1
Gene Ontology
Process 1,301 24.7
Function 1,244 23.6
Component 2,412 45.8
Targeted to apicoplast 551 10.4
Targeted to mitochondrion 246 4.7
Structural features
Transmembrane domain(s) 1,631 31.0
Signal peptide 544 10.3
Signal anchor 367 7.0
Mon-secretory protein 4,357 82.7

Table 1. Schematic Plasmodium falciparum proteome predicted from genome sequence53

The proteome so outlined boasted of a large number of entities unique to the organism, however with a greater
inclination of homology to eukaryotic proteins than prokaryotic ones. A Gene Ontology (GO) term classification
based on biological process and molecular function (Figure 7) identified an optimistic percentage of transport
proteins. Within the modest repertoire of membrane transporters, the fraction of solute carriers appeared further
infrequent; therefore narrowing the boundaries of identifying cation transporters by prediction alone. Nonetheless,
a more stringent analysis yielded a hit with Nramp divalent cation transporter like protein that may have specificity

to manganese or iron transport.
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Figure 7. Classification of P.falciparum proteins according to the (a) biologlcal process and (b) molecular function ontologies of
the Gene Ontology system53
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The scarcity of both experimental data and bioinformatics data on membrane transporters, especially inorganic ion
transporters, remains a challenge to reckon with. The permeome analysis of Plasmodium falciparum by Martin et al
aided in excavating several more candidate transporters through prediction of multiple pass transmembrane
domains and secondary structure homology with known transporter superfamilies in eukaryotes. The presence of
transporters for vitamins, amino acids, nucleosides and solutes were confirmed in parasite plasma membrane
and/or intracellular membrane bound compartments. Such transporters were previously postulated to be absent in
Plasmodium®*. There still remain ample plasma membrane transporters, with insignificant sequence and structural
homology to classical transporters, yet showing hydropathy plots indicative of known transporters. Such

transporters are believed to be unique to Plasmodium and open new avenues for specific drug target identification®.

Though interesting, the bioinformatics based knowledge requires experimental confirmation to connect the dots and

elucidate nutrient homeostasis pathways in the parasite and effects of disrupting such equilibrium.

The modus operandi in present practice involves the identification and characterization of macromolecules
participating in the iron regulatory pathway from predicted putative transporter candidates annotated in the
Plasmodium genome. This bottom-up approach will enable creation of a pool of molecular players and information
regarding their position in iron homeostasis in the parasite during different developmental stages. Among the
current findings with respect to this include the ZRT/IRT-like Protein (ZIP) domain-containing protein (ZIPCO) that
was shown to be involved in iron/zinc uptake and on knockout, severely impairs the liver stage parasite
development®®. Plasma membrane iron transporters belonging to the ZIP family have also been identified in the

protozoan parasite Leishmania and shown to participate in aiding survival in macrophages™

In this work we attempt to identify and characterize two more iron transporters in the rodent parasite Plasmodium
berghei that maybe involved in iron uptake and/or detoxification. Among them one belongs to the Nramp family of
Divalent Metal transporters (DMT1/Nrampll) and the other to the CCC1 superfamily of Vacuolar Transition Metal ion

transporters.
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[I. MATERIALS AND METHODS

1.1. Ethics Statement

All in vivo protocols were approved by the internal animal care committee of the Instituto de Medicina Molecular

and were performed according to national and European regulations.

1.2. Animals

Mice were housed in the Rodent facility of the IMM. C57BL/6J WT and Balb/c WT mice were purchased from Charles

River® Breeding Laboratories.

Anopheles stephensi WT were obtained from the breeding facility at IMM. Housing and infections were performed at

IMM.

1.3. Parasites

Plasmodium berghei ANKA strain was obtained from Wellcome Trust Sanger Institute, UK. Asexual parasitic forms
were maintained through passage of infected blood in Balb/c mice. Stock of blood vials were maintained at -80°C for

all parasite lines.

Sporozoites for infection were obtained by dissection of Anopheles stephensi mosquitoes 19-20 days post-infection
of mosquitoes. For in vitro infection of Huh7 hepatoma cells, 50.000 sporozoites were used to infect 50.000 cells per

well a 24-well plate.

1.4. Bacterial Transformation

Escherichia coli strains DH5a (IMM_UMA developed strain) and XL-10 gold ultracompetent cells (Agilent
Technologies®) were employed in cloning of modified Plasmodium DNA sequences. XL-10 gold cells were mixed with

B-mercaptoethanol at 4%v/v, prior to use.

Competent cells were kept at 4°C and ligation mixture was added to aliquoted cells at 5% v/v. The mixture was
swirled gently and maintained at 4°C for 30min, followed by heat shock at 42°C for 45 seconds and then for 2

minutes at 4°C. 900uL of pre-warmed (42°C) SOC medium (Super optimal broth supplemented with 20mM Glucose)
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was added to heat shocked transformation cocktail and allowed to incubate at 37°C, 200rpm for 1 hour. The bacteria

were then plated on Luria-Bertani (LB) Agar containing Ampicillin (1pug/mL) and incubated overnight at 37°C.

1.5. Molecular cloning

1.5.1 Generation of plasmids for Conditional knockdown of DMT

A. Protein level knockdown: Destabilization Domain (DD) method

For the generation of parasites expressing PbDMT_DD or PbDMT_HA_DD fusion protein — the DD sequence was
amplified by PHUSION® High fidelity PCR kit (Thermo Scientific®) (Appendix) from the pBMN DHFR (DD)-YFP
(Addgene®) plasmid with the primers UMA1803 and UMA1804 (Appendix List of primers) for PbDMT_DD and the
primers UMA1959 and UMA1804 (Appendix List of primers) for PbDMT_HA_DD. The PCR product was resolved on
1% agarose gel to verify the amplicon size and followed by purification of the PCR product (Qiagen QlAquick® PCR
Purification Kit). The blunt end PCR product was then ligated to pJet 1.2 blunt (ClonelET® PCR Cloning Kit-Life
Technologies) intermediate cloning vector and transformed into E.coli DH5a competent cells. Transformed colonies
were transferred to LB-Ampicillin (1pug/mL) broth and incubated overnight at 37°C and 200rpm. Plasmid DNA was
extracted from cells in culture (Promega Wizard® Plus SV Minipreps DNA Purification System) and quantified by
spectrophotometry at 260nm (Thermo Scientific Nanodrop 2000®). Preliminary verification of insert was performed
by sequential digestion of plasmid DNA from the transformed bacteria with Apal and Notl (New England Biolabs®)
and resolving the digestion mixture on 1% agarose. Clones with appropriate insert size were sent for sequencing
(454 sequencing- Stabvida®) to confirm the absence of mutations in the open reading frame of the DD/HA_DD

insert.

Clones with negligible mutations and the target expression vector (PbDMT_GFP vector: previously developed) were
sequentially digested with Apal and Notl, which released the DD/HA_DD fragment from its pJet construct and the
GFP fragment from the expression Vector backbone respectively. The digestion mixtures were resolved on 1%
agarose. The DD/HA_DD fragment and the expression vector backbone were gel extracted and purified (Qiagen
QlAquick® Gel Extraction Kit). Both Insert and Vector DNA samples were ligated (Appendix Routine protocol
conditions) in the molar ratio 10:1 respectively, overnight using T4 ligase (Life technologies®). This ligation mixture
was used to transform E.coli DH5a competent cells. Transformed colonies were transferred to LB-Ampicillin
(1pg/mL) broth and incubated overnight at 37°C and 200rpm. Plasmid DNA was extracted from cells in culture and
quantified by spectrophotometry. The complete construct was digested with BamH1 and Notl to confirm
appropriate size of insert in the complete expression vector construct. Selected clones were sequenced and the one

with negligible mutations in the PoDMT_DD or PbDMT_HA_DD ORF was selected for parasite transfection.
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For transfection in P.berghei; = 30ug of the PbDMT_HA_DD construct (Appendix Maps of plasmids) was linearized
with Hindlll. DNA was extracted from the digestion mixture by acidification with 3M Sodium Acetate (pH 5.5,
0.1%v/v) followed by precipitation with 100% Ethanol (200% v/v) and incubation at 4°C, overnight. Precipitated DNA
was obtained by centrifugation at 14000rpm for 5min at RT. The supernatant was discarded and the pellet washed
with 70% Ethanol and centrifuged at 14000rpm for 1min at RT. The supernatant was decanted and the transparent
pellet allowed to air-dry. The air dried pellet was resuspended in 10-15 pL DNAse/RNAse free water and incubated

overnight at 4°C to enhance solubility.

B. Transcriptional regulation based knockdown: Inducible knockdown system (iKo)

The plasmid construct backbone employed to generate Inducible knockdown DMT mutants in P.berghei
(PbDMT _iKO) was kindly provided by Dr. Paco Pino (Soldati Lab, University of Geneva). A portion of the 5" UTR and
the DMT gene was amplified from the P.berghei ANKA genomic DNA using primers UMA2233, UMA2234 and
UMA2231, UMA 2232 respectively (Appendix List of primers). The respective amplicons were verified on 1% agarose
for their size. PCR products were purified (Qiagen QIAquick® PCR Purification Kit) and then ligated into plet1.2 (Life
Technologies CloneJET® PCR Cloning Kit) blunt end immediate cloning vector through blunt end ligation. The ligation
mixture was then used to transform E.coli XL-10 competent cells. Transformed colonies were transferred to LB-

Ampicillin (1pug/mL) broth and incubated at 37°C and 200 rpm overnight.

Plasmid DNA was extracted from cells in culture (Promega Wizard® Plus SV Minipreps DNA Purification System) and
quantified spectrophotometrically at 260nm (Thermo Scientific Nanodrop 2000®). Preliminary verification of insert
was performed by double digestion of plasmid DNA from the transformed bacteria with Sacll and Nhel (New England
Biolabs®) for pbdmt 5’UTR and Nael and Nhel (New England Biolabs®) for pbdmt gene and, resolving the digestion

mixture on 1% agarose. Cloning of the UTR and the gene into the expression vector were done sequentially.

Clones with appropriate insert size were sent for sequencing (454 sequencing-Stabvida®) to confirm the absence of
mutations in the target sequences. The 5’'UTR clones with negligible mutations along with the expression vector
were digested with Sacll and Nhel, which released the 5’UTR fragment from its pJet construct and a fragment from
the expression Vector backbone respectively. The digestion mixtures were resolved on 1% agarose. The 5’UTR
fragment and the expression vector backbone were gel extracted and purified (Qiagen QlAquick Gel Extraction Kit).
Both Insert and Vector DNA samples were ligated in the molar ratio 10:1 respectively, overnight using T4 ligase (Life
technologies®)( Appendix Routine protocol conditions). This ligation mixture was used to transform E.coli XL-10
competent cells. Transformed colonies were transferred to LB-Ampicillin (1pug/mL) broth and incubated overnight at
37°C and 200rpm. Plasmid DNA was extracted from cells in culture and quantified by spectrophotometry. The partial
construct along with the pbdmt-pJet construct were further digested with Nael and Nhel to release a fragment from
the partial construct and pbdmt gene from its plet construct. Insertion of pbdmt into the partial expression construct

was performed similar to its 5’UTR and the final expression construct was verified through enzymatic digestion and
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sequencing. Clones with a stable and unaltered pbdmt 5’UTR and pbdmt gene fragment were selected and expanded

to obtain the plasmid.

For transfection in P.berghei; = 30ug of the PbDMT_iKO construct was linearized with Nhel. DNA was extracted from
the digestion mixture by acidification with 3M Sodium Acetate (pH 5.5, 0.1%v/v) followed by precipitation with 100%
Ethanol (200% v/v) at 4°C, overnight. Precipitated DNA was obtained by centrifugation at 14000rpm for 5min at RT.
The supernatant was discarded and the pellet washed with 70% Ethanol and centrifuged at 14000rpm for 1min at
RT. The supernatant was decanted and the transparent pellet allowed to air-dry. The air dried pellet was

resuspended in 10-15 puL DNAse/RNAse free water and incubated overnight at 4°C to enhance solubility.

1.5.2 Generation of plasmids for Tagging of DMT and VIT : Localization in Plasmodium berghei

A. C-terminal myc tagged constructs

DMT and VIT sequences were amplified by Pfu (Thermo Scientific®) from the genomic DNA of P.berghei ANKA using
the primers UMA1814 and UMA1815 (Appendix Primers list) for DMT and; UMA1812 and UMA1813 (Appendix List
of primers) for VIT. The amplicons were resolved on 1% agarose gel and purified. The blunt end PCR products as well
as the expression vector backbone (kindly provided by Dr. Gunnar Mair) were then digested with BamH1 and EcoRV
(New England Biolabs®) to generate compatible sticky ends. The resulting DMT and VIT fragments were ligated
individually into the myc vector backbone containing the dhfr selection cassette (kindly provided by Dr. Gunnar Mair)
in the molar ratio of 10:1; using T4 ligase (Life technologies®). The ligation mixture was used to transform E.coli
DH5a competent cells. Transformed colonies were selected with Ampicillin (1 pg/mL) and transformants were
cultured in LB-Ampicillin (1 pg/mL) broth at 37°C, 200rpm, overnight. Plasmid DNA was extracted from the broth
clulture of transformed colonies and digested with BamH1 and EcoRV to verify the presence and the size of the
respective inserts (DMT/VIT). Clones with appropriate insert size were sent for sequencing and those with negligible

mutations in the DMT_myc and VIT_myc ORF were selected for preparation of the transfection construct.

The transfection construct was prepared by linearzing the PbDMT_myc and PbVIT_myc plasmid constructs with
Hindlll and BstX1 (New England Biolabs®) respectively to generate fragments with suitable homology to the genomic
counterparts of DMT/VIT respectively that would enable homologous recombination on transfection with linearized

plasmid.
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1.6. Plasmodium berghei transfection55

A. Preparation of Donor mice:

A Balb/c mouse was injected intraperitoneally with P.berghei infected blood from a cryopreserved vial and allowed
to develop parasitemia of around 5%, following which the mouse was sacrificed and its blood collected by cardiac

puncture (Heparin treated 1mL syringe-26G needle).

The blood so collected was immediately passaged into two Balb/c mice via intraperitoneal injection of 200uL of
infected blood. The parasitemia in these mice was monitored by microscopic examination of Giemsa stained smears

and, allowed to develop between 1-3%.
B. Preparation of schizont culture:

When the desired parasitemia was reached the donor mice were sacrificed and 1-2mL blood was collected via

cardiac puncture (Heparin treated 1mL syringe-26G needle).

The blood was washed once in Complete culture medium (25% FBS supplemented RPMI) (CCM) at 2000 rpm. The
Blood pellet was transferred to 50mL CCM and split equally between two 250mL culture flasks with filter paper lined

screw caps. The flasks were incubated in horizontal position, at 37°C, 5% CO, for overnight.

The presence of normal schizonts was confirmed by microscopic examination of Giemsa stained thin smears

prepared from the overnight cultures.
C. Isolation of Schizonts:

The medium was gently removed and the RBC were flushed and transferred to 50mL falcon tubes. Erythrocytes were
harvested by centrifugation at 2000rpm for 5min; the supernatant was discarded. For separation of schizonts, the
blood suspension was distributed equally between 4-5, 15mL falcon tubes. The tubes were positioned so as to
minimize shear and a glass Pasteur pipette was inserted per tube. Using a micropipette, 7-8mL of 60% v/v Nycodenz
(in PBS) was poured through each Pasteur pippete to gently underlay the blood such that the boundaries remain
separate and visible. Nycodnez is used to separate the schizonts by density gradient centrifugation. The arrangement
is centrifuged at 2058 rpm (450g- Eppendorf® 5810R) for 20 min in a swing-out rotor at RT without acceleration or
brake (to minimize disturbance to separated fractions). The schizonts at this stage appear on a thin belt at the
interface of the two larger fractions and were extracted gently with a pasteur pipette, taking care to avoid disturbing

the fractions. The schizonts were then washed in CCM at 450g for 8min; the supernatant was discarded.
D. Schizont preparation and transfection:

The schizonts were carefully resuspended in 1mL of CCM. 9mL of CCM was further added to the schizont suspension

and the final suspension was distributed equally between 10, 1mL microcentrifuge tubes.
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Prior to electroporation, the mice to be infected were transferred to a fresh cage and warmed under an Infrared
lamp to enable the swelling of the tail vein and subsequent ease in performing the intravenous injections. The
electroporation working solution (EWS) was prepared by mixing the solutions provided by Amaxa® in the suggested
dilutions. An aliquot of the schizont suspension was centrifuged at 2000rpm and the supernatant discarded. The
schizont pellet was gently resuspended in the 100uL EWS and 10uL of the linearized DNA fragment intended to be
inserted into the parasite genome was added. This solution was then transferred to the electroporation cuvette and
inserted in the Amaxa Nucleofactor®. The transfection protocol U33 was activated. Post electroporation, 100uL CCM
was immediately added to the contents of the cuvette, and the clear supernatant (100uL) removed with a plastic
Pasteur pipette and transferred to a fresh microcentrifuge tube. A mouse was immobilized in a restrainer and
intravenously injected with this suspension through the tail vein using an Insulin syringe. Since the vector backbone
for all transfections performed, had a single hdhfr gene cassette, selection of mutant parasites was performed by

supplying the infected mice with 70pg/mL Pyrimethamine (Pyr) in drinking water 1 day post-transfection.
E. Monitoring and verification of mutant parasites:

The appearance of parasites in the blood of the infected mice was monitored from day 4 post infection by
examination of Giemsa stained blood smears. This was done until the parasitemia was around 2-5%. Most clones
were visible on blood smear from 6-8 days post infection (dpi). Mice positive for clonal parasites were sacrificed and
their blood collected via cardiac puncture for preparation of parasite glycerol stocks (to be maintained frozen at -
80°C) and for extraction of genomic DNA. Total blood DNA was extracted (Qiagen® DNeasy Blood and Tissue Kit) and
further used for parasite genotyping. The confirmation of appropriate integration of target sequence into parasite
genome and elimination of WT locus containing parasites was performed by genotyping the total blood DNA with

primers respective for the WT and the integration loci (Appendix Primers list).

1.7. Infections and parasitemias

Experimental infections in mice were performed through intravenous injection of 10° infected red blood cells

through the tail vein.

Parasitemia in the blood was monitored by staining of methanol fixed blood smears in Giemsa (10% v/v) stain. All
transgenic parasites carry constructs with the human Dihydrofolate Reductase (hdhfr) gene cassette [hdhfr gene
cassette enables resistance against the drug Pyrimethamine used for eradication of wild type (WT) parasites] and
mice infected with transgenic parasites were provided with 70 pug/mL Pyr in drinking water or intraperitonially

injected with 40 mg/kg Pyr.
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1.8. Invitro ookinete culture

Balb/c mice were infected with 10> PbDMT_myc or PbVIT_myc parasitized RBC and allowed to develop 20-30%
parasitemia and around 1% gametocytemia. Thin smears were prepared on daily basis to monitor the exflagellation
events (mobilization of the male gamete from infected RBC), till they were about 3-10 per microscopic field. At this
stage the blood of these mice were collected and transferred to Ookinete medium (Appendix), at a dilution of 1:10.
The blood in culture was maintained at 19°C for 22-24 hours, creating conditions conducive for fertilization of the

mature gametes and formation of the zygote/ookinete.

1.9. Parasite pellet extraction for Western Blotting

Complete parasite pellet extraction protocol is performed at 4°C to minimize proteolytic activity and
autodegradation of target protein. The whole blood samples were lysed in complete Radio-immunoprecipitation
(RIPA) buffer (Appendix). The pellet is obtained by centrifugation of the lysed blood sample at 14000rpm for 3min.
The supernatant was discarded and the pellet was washed twice in PBS containing 1X protease inhibitor cocktail

(Roche® cOmplete Protease inhibitor tablets, EDTA free) and then resuspended in fresh complete RIPA buffer.

The pellet extract was then sonicated at 5 Ampu (3x10 seconds) and the supernatant was collected. Quantification
of the total protein content was performed spectrophometrically by measuring absorption at 280nm. Equal
guantities of protein (40 pg) were boiled at 95°C for 10 minutes in Laemmli buffer. Denatured total parasite protein
fractions were then resolved on 8% Polyacrylamide gel (SDS-PAGE). Resolved bands were transferred to a
Nitrocellulose membrane via dry electro-transfer (iBlot® Dry Blotting System- Life Technologies). Protein transfer to
membrane was confirmed by staining in Ponceau S solution, post electro-transfer. Blocking of membrane surface

was performed in WB Blocking solution (Appendix) for 2 hours at RT.

The blot containing the proteins was incubated in primary antibody solution (prepared in blocking solution)
overnight at 4°C. Primary antibodies used here were rabbit anti-HA antibody (Abcam 9110%, 1:1000) and mouse anti-
Hsp70 (2E6, 1:100). Following incubation in the primary antibody, membranes were rinsed in 0.1% Tween 20 -Tris
Buffer Saline (TBST) buffer and incubated in Horseradish Peroxidase (HRP)-conjugated secondary antibody solution
(prepared in blocking solution, 1:5000) at RT for 1 hour. Protein bands were visualized post addition of Luminata
Crescendo Western HRP substrate (Merck Millipore®) to the membrane; on the ChemiDoc XRS+ Gel imaging System

(Bio-Rad®).

All quantification of protein on Nitrocellulose membranes were performed on Image Lab software (version 5.2.1)

(Bio-Rad®)
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1.10. Immuno fluorescence Assay (IFA) for localization studies

a. RBC were washed in PBS and fixed with 4% PFA containing 0.0075% glutaraldehyde at room
temperature(RT) for 30min. Fixed cells were washed in PBS and permeabilized by 0.1% Triton X-100 in
Phosphate buffered saline (PBST) treatment for 10 minutes at RT. Blocking of permeabilized RBCs was
performed in 3% BSA (in PBS) for 2 hours at RT. Primary antibodies against targeted Plasmodium berghei
transporter were prepared in blocking solution at respective dilutions (Appendix) and blocked samples were
incubated overnight at 4°C. Post incubation with primary antibody(-ies) the samples were rinsed in PBS and
incubated in secondary fluorophore conjugated antibody solution (prepared in blocking solution) for 1 hour
at RT. Stained RBC were rinsed and finally resuspended in PBS followed by adhesion on Poly-D-Lysine coated
coverslips. Excess RBCs were removed and the coverslips were mounted on glass slides with Fluoromount

G™ (Southern Biotech). Prepared samples were allowed to dry overnight prior to imaging.

b. Hepatocytes (Huh7/HepG2) to be imaged were seeded on Poly-L lysine coated coverslips (50,000cells/well)
in respective culture medium (complete RPMI/DMEM). Post infection, cells were washed in PBS and fixed at
different time points with 4% PFA (in PBS) at RT for 15 minutes. Fixed hepatocytes were washed in PBS
followed by blocking and permeabilization in BBT buffer (Appendix) for 2 hours at RT. Blocked hepatocytes
were incubated in the primary antibody solution (prepared in BBT buffer, details in Appendix) for 2 hours
followed by rinsing with 1X PBS and incubation in Secondary antibody solution (prepared in BBT buffer) for 1

hour at RT. Stained and rinsed coverslips were mounted on glass slides with Fluoromount G®.

1.11. Imaging

All localization imaging were performed on Zeiss® LSM 710 Confocal point-scanning microscope at 100X (Plan
Apochromat oil immersion) magnification for RBC and 40X and 63 X magnifications (EC-Plan Neofluar Qil immersion)
for Hepatocytes. All images were captured at a pixel resolution of 1024x1024. Analysis and processing of confocal

images was performed on Image J (version 1.49p)56.

1.12. Quantifyving Iron accumulation in iRBC on disrupting transporter
function5?

Labile iron pool of erythrocytes infected within WT and VITKO parasites was determined by flow cytometry method
using Phen Green SK (Life Technologies®) fluorescent iron probe. Balb/c mice infected with WT and VITKO P.berghei
were allowed to develop upto 1.5-2.8% parasitemia and then sacrificed to collect whole blood. Post rinsing in serum

free RPMI (RPMI’), the RBC were either used directly for the experiment or transferred to CCM, adjusted to 2-2.5%
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hematocrit. Post overnight incubation, presence of schizonts was confirmed by microscopic examination of Giemsa
stained smears from the cultures. The blood was rinsed once and stained in 10uM Phen Green SK in RPMI for 45
minutes at RT. Stained cells were rinsed in PBS and incubated in RPMI" containing 0.5 uM Syto61 DNA stain, in the
presence or absence of 100 uM DFO or 100uM FeS0O4 + 1mM ascorbic acid . Treated and stained cells were washed
in PBS and analyzed on FACS Calibur (BD Biosciences®). Geometric mean of Phen Green SK fluorescence for FL1-H,
FL4-H subset was determined for all samples and for each sample the amount of labile iron was estimated as relative

to DFO condition (AMFI).

1.13. Statistical Analysis

Comparison of parasitemia between two experimental groups and the volumetric intensities on Western blot were
performed using the Mann-Whitney U test at 95% confidence. Comparison of survival curves between two groups
was performed by Log rank (Mantel-Cox) test at 95% confidence. All statistical analysis were performed on Graph

Pad Prism 5 software®®,
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[II. RESULTS

1. Plasmodium Vacuolar Iron Transporter homologue

Iron is imperative for cellular processes; however it is useful in a fairly narrow range of concentration. Due to its
transitional chemistry and the chemical environment within a cell, iron can be extremely reactive in its biologically
relevant form (Fe®*). Among the chief concerns regarding ferrous ion reactivity is the generation of Reactive Oxygen
Species (ROS) that can rapidly oxidize proteins and lipids in the cell creating a biochemical chaos and eventually
facilitating cell death. In the stringent homeostatic pathways for iron mobilization and utilization in cells, safe storage
of iron is of special importance. Detoxification of any excess intracellular iron is typically attained through its
sequestration by iron-binding/storage proteins, such as ferritin, or by its transport into separate organelles.
Transport of excess intracellular iron into acidic vacuoles for storage and detoxification is particularly common in

plants and fungi®®®°

Vacuolar Iron transporters (VIT) are transmembrane proteins known to be present on vacuolar membranes and
involved in transport of iron and manganese ions from the cytosol into vacuoles®. VITs are members of the CCC1
superfamily of proteins (InterPro family ID: IPRO08217). The CCC1 (Ca** sensitive cross complementer 1) domain was
first identified in the Saccharomyces cerevisiae CCC1 protein. S.cerevisiae mutants lacking CCC1 are sensitive to
increased extracellular concentrations of iron. In addition to yeast, VITs have been best described in plants®’. In
Arabidopsis seeds, VIT1 was described to participate in vacuolar enrichment of iron in the embryo and maintaining a

normal germination processsg’62 .

Presence of a VIT homologue in Plasmodium species was a recent observation that put forth several questions
regarding its involvement in the parasite’s iron homeostatic pathways, especially since Plasmodium lacks known
homologues of the iron storage protein: ferritin. The latest ongoing work in our laboratory aims to characterize the

function VIT in the iron homeostasis of Plasmodium species.

The P.falciparum homologue of VIT was previously annotated in the Plasmodium Genomic resource — PlasmoDB®.
P.berghei homologue - gene PBANKA 143860 was identified through BLAST similarity to P.falciparum VIT gene.
Prediction of transmembrane domains (TMD) for the protein encoded by PBANKA_ 143860 (PbVIT) was performed
by employing Hidden Markov Model approach®. PbVIT was predicted to possess 5 TMDs (Figure 8), that is typical of
the CCC1 family of proteins.
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Figure 8. Probability distribution for predicted transmembrane domains along the length of PbVIT protein sequence

Constraint based alignment BLAST® of VIT homologues in Plasmodium, with Arabidopsis thaliana, Saccharomyces
cerevisiae and other parasitic protists revealed high sequence similarity. To examine the phylogenetic distance
between these homologues a phylogenetic tree was constructed (Figure 9)®. The VITs of the rodent malaria
parasites (P.berghei, P.yoelii and P.chabaudi) were phylogenetically closest with minimum divergence; as were the
primate parasites (P. falciparum, P.vivax and P.knowlesi). VITs of kinetoplastids (Leishmania and Trypanosoma)
formed a separate branch from Apicomplexan species (Plasmodium, Toxoplasma and Cryptosporidium). Overall,

Plasmodium VIT proteins showed greater homology to Arabidopsis than to Saccharomyces VIT homologues.
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Saccharomyces cerevisiae CCC1
Plasmodium yoelii VIT

Plasmodium chabaudiVIT
Plasmodium berghei VIT
Plasmodium vivax VIT
Plasmodium knowlesi VIT
Plasmodium falciparum VIT
Cryptosporidium parvum VIT
Toxoplasma gondii VIT
[ Trypanosoma brucei VIT
Leishmania braziliensis VIT

Arabidopsis thaliana VIT1
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Figure 9. Phylogenetic tree highlighting the divergence between selected VIT homologues. Saccharomyces cerevisiae CCC1 has
been used a root/out group.

Saccharomyces cerevisiae CCC1 was shown to be involved in vacuolar transport of iron and manganese ions and,
mutants lacking this transporter were susceptible to toxicity at high extracellular iron concentrations. Slavic et a/
demonstrated that expression of yeast codon-optimized Plasmodium falciparum VIT gene (pfvit) was able to rescue
strains of Saccharomyces cerevisiae lacking CCC1 (ACCC1) from iron toxicity at increased iron concentrations. The
ability of PfVIT to rescue ACCC1 strains from iron toxicity implied its role in iron transport. To directly test the ability
of PfVIT to transport Fe®*, uptake of *>Fe? into vacuolar vesicles isolated from transfected ACCC1 was measured.
These experiments also confirmed the specificity of PfVIT for transport of iron, over other transition metal ions, such
as zinc. In addition, iron transport by PfVIT was found to be pH (optimal around pH 7) and temperature-dependent.
These studies demonstrated that PfVIT is indeed an iron transporter and have paved the way for future explorations

of its role in Plasmodium iron homeostasis.

Therefore in the light of these recent findings in our laboratory, specific aims of my thesis project were to establish
the localization of P.berghei homologue (PbVIT) throughout the parasite life cycle, and to investigate the role of this

transporter in iron homeostasis of Plasmodium blood stages.
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1.1. Localization of PbVIT in different developmental stages of Plasmodium
berghei

The prime intent was to establish the expression and localization of PbVIT across the different developmental stages
of Plasmodium berghei. Transcriptomics data indicated the elevation in PbVIT expression from the ring to the
trophozoite stage followed by a relative decline in expression in the following erythrocytic stages®’. To elucidate the
nature of localization of PbVIT in different stages of parasite development, a C-terminal myc tag was added to the
endogenous, PbVIT gene in Plasmodium berghei (PbVIT _myc) through a single crossover recombination at the WT
PbVIT locus. In addition to PbVIT_myc P.berghei line, a previously generated transgenic P.berghei line expressing a C-
terminal GFP fusion protein of PbVIT was employed in parallel to study the localization of the transporter by

immunofluorescence assay (IFA).

Localization studies performed with both parasite lines yielded consensual results on the nature of localization of
PbVIT during different erythrocytic stages. While there appeared to be some overlap between PbVIT and the
parasite cytosolic Hsp70 protein (2E6), PbVIT did not have a uniform distribution as the latter. Rather, PbVIT
appeared to be granular, possibly vesicular (Figure 10A). Moreover these vesicular structures did not seem to co-
localize with the parasite plasma membrane either, as evident from the lack of overlap with the parasite plasma
membrane marker- Merozoite Surface protein 1 (Msp1) (Figure 10B). In all the stages of erythrocytic development,
there existed an elevated PbVIT signal confined to a region, which co-localized with Plasmodium endoplasmic

reticulum (ER) resident protein-BiP (Figure 10C).
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Figure 10. Localization of PbVIT using C-terminal myc or GFP tag respectively; in different stages of erythrocytic development
with (A) cytosolic protein PbHsp70 (2E6); (B) Plasma membrane resident protein-Msp1; (C) Endoplasmic reticulum resident
protein BiP using Point scanning Confocal Microscopy

To extend the investigation of PbVIT localization to other life cycle stages of malaria parasites, P.berghei ookinetes
were obtained by culturing the infected RBCs in conditioned medium, to yield ookinetes in vitro. PbVIT _myc was
then visualized along with PbHsp70 (2E6) by IFA. The region of greatest signal for PbVIT appeared to possess a
structure, yet to be clearly identified through co-staining with other organellar markers (Figure 11). However, there
also exist some diffuse signals in the rest of the ookinete cytosol. Therefore, PbVIT is not limited to the cytosol in

ookinetes and presents itself in what seems to be reticular structures.
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Figure 11. Localization of PbVIT containing C-terminal myc tag with Plasmodium Hsp70 (2E6) in ookinetes

Furthermore, to study the mosquito phase of the infection, the midguts of mosquitoes were analyzed 19 days post
infection to localize the PbVIT pattern in sporulating oocysts. PbVIT appears to localize within the parasites
(organized as radial stacks in mature oocysts) in an organized arrangement (Figure 12). It does not appear to co-
localize with the PVM marker-Upregulated in infectious sporozoite 1 protein (Uis4) which has an apical organization
at this phase, consistently forming an outer concentric arrangement with respect to PbVIT. However, as in the case
of ookinetes, the precise nature of PbVIT localization remains to be deciphered through co-localization studies with
other markers. Nevertheless, these experiments clearly demonstrate expression of the PbVIT protein during the

parasite development inside the mosquito midgut.

PbVIT_GFP B Hoechst

Figure 12. Localization of PbVIT containing a C-terminal GFP tag, withUis4, in sporulating midgut oocysts 19 days post infection

Extending the localization investigation to the exo-erythrocytic form of the parasite (liver stage of parasite
development), PbVIT was monitored at different time points in Huh7 hepatoma cells infected with sporozoites
(PbVIT_GFP). The different time points coincide with major developmental events and throughout all of them, the
maximum PbVIT signal intensity appeared in foci that neatly co-localized with Plasmodium ER resident protein-BiP
(Figure 13A). The signal was not solely limited to the ER, but extended as granular entities in the parasite cytosol. No
visible overlap was noticed with the PVM protein marker Uis4, excluding a possible PVM localization of PbVIT for all

the developmental stages studied (Figure 13B).
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Figure 13. Localization of C-terminal GFP tagged PbVIT during liver stage infection (exo-erythrocytic forms) at developmentally
distinguishing time points with (A) ER resident protein-BiP; (B) PVYM marker protein-Uis4 using Point scanning Confocal
Microscopy

While not completely transparent as to why PbVIT localizes to the ER, a possible doubt could be, whether the protein
is arrested in the ER due to a large tag that affects its insertion into target membranes? To account for the certainty
of PbVIT localization, a C-terminal myc tagged fusion protein of PbVIT was used in addition to the GFP tagged line.

Imgaing in PbVIT _myc P.berghei infected hepatocytes is still under optimization.

The myc tag is considerably smaller compared to GFP and still presents similar results regarding ER localization and

cytosolic granular distribution in erythrocytic stage parasites. The ideal situation would be to use an antibody
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directed to PbVIT however, the currently available PfVIT antibody is not suitable due to its non-specific binding to

off-target proteins in the parasite as shown in Figure 14.

WTPbVIT

Anti-VIT

PbVIT Knockout

Anti-VIT

Figure 14. Immunofluorescence analysis of P.berghei WT and PbVITKO blood stage parasites, using PfVIT antibody

Recently, two plant transporters with demonstrated functional homology to CCC1 have also been localized to ER
bodies with their proposed role in the metal ion homeostasis®. Thus, in addition to studies in plants, our study

paves the way to explore further the role of the ER in iron detoxification.

1.2. uantitative estimation of accumulation of ferrous ions in cvtosol of WT and
VITKO Plasmodium bergheis’

It was previously observed in our laboratory that disruption of the PbVIT locus through a homologous double
crossover recombination with Toxoplasma dhfr cassette providing resistance to pyrimethamine, did not eradicate
parasite populations in the erythocytic stage. This indicated PbVIT to be dispensable in the blood stage of
development. However, PbVIT knockout P.berghei (PbVITKO) produced a significantly lower parasite load in livers of

mice infected with sporozoites, in comparison to those infected with the WT P.berghei sporozoites. It was also
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demonstrated that PbVITKO were mildly compromised in induction of cerebral malaria in C57BL6/J mice; as well as

demonstrated lower blood parasitemia with respect to their wild type counterparts.

With this present knowledge of parasite requirement for VIT to achieve normal development during both the blood
and liver stages, the aim here was to understand the cause of lower parasite burden both at liver and blood stages of
infection with PbVITKO parasites. With the established role of PfVIT in iron transport, the succeeding question was,
what does VIT do in the parasite? Specifically, are Plasmodium VITs involved in uptake of iron across the parasite
plasma membrane or detoxification of iron by transporting this metal into an organelle? In order to address this

question, we proceeded to compare the levels of labile iron pools in WT and PbVITKO parasites.

To determine the parasite labile iron pool, we relied on flow cytometry approach based on a probe which
fluorescence depends on the cellular iron content. Phen Green SK is an iron probe that permeates the cell
membrane and its fluorescence is reversibly quenched in the presence of Fe*". Therefore, with the efficient removal
of Fe** from cytoplasm by the addition of high affinity iron chelators, such as desferoxamine, iron is removed and the
Phen Green SK probe fluorescence is consequently increased. Alternatively, the addition of excess iron quenches
Phen Green SK fluorescence (Figure 15). Thus, comparison of Phen Green SK fluorescence of DFO-treated and

untreated samples provides an effective method for assessing the relative labile iron content of cells.

In such settings, RBCs were taken from Balb/c mice infected with WT or VITKO parasites and were incubated under
three experimental conditions: iron depleted (DFO treatment), untreated control and excess extracellular iron. All
samples were then stained with a fluorescent iron probe - Phen Green® SK and a DNA stain SYTO 61 for further

analyses by flow cytometry®”®

. The RBCs infected with PbVITKO parasites were found to have a greater labile iron
pool compared to the WT- parasitized RBCs (Figure 16). Therefore, these data indicate a role for PbVIT in cellular iron

detoxification in blood stage parasites.
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Figure 15. Representation of the flow cytometry method used for determination of labile iron pool of iRBC. A. Gating strategy
used to select the P. berghei-infected RBC from non-infected RBC based on SYTO 61 DNA staining (FL 4). B. An example of
histogram showing the Phen Green fluorescence intensity of Syto-61 positive subsets of FeSO, treated sample (red) and DFO
treated sample (yellow)
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Figure 16. The labile iron pool (LIP) of P.berghei WT and PbVITKO-iRBCs analyzed by flow cytometry. AMFI was determined by
evaluating the change in mean fluorescence intensity of Phen Green-loaded iRBCs (SYTO 61-positive subset), after incubation
with 100 uM DFO (AMFI=MFIDFO-treated —MFIDFO-untreated). For each independent experiment, the MFI of PbVITKO-iRBCs
was normalized to the mean MFI of WT-iRBCs. Shown is a pool of 4 independent experiments (N = 14), ** P = 0.0028 (unpaired,
two-tailed Student’s t test; WT mean + SEM = 100 * 6, PbVITKO mean + SEM = 137.1 £ 10).
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2. Plasmodium Divalent Metal transporter 1 homologue

The physiochemical property of iron in the extracellular fluid does not permit it to effortlessly cross lipid membranes
around or within cells. Organisms therefore, have a variety of mechanisms for import of iron that enables effective
acquisition and shuttling of iron at optimal oxidation state for storage or metabolic utilization. Among some of the

most well studied players in acquisition of iron, is the Divalent metal transporter 1 (DMT1/Nramp ).

DMT1 was the first mammalian transmembrane iron transporter to be identified”® and shown to be a proton-
coupled metal ion transporter’’. DMT1, also known as Nrampll”® possesses a conserved transmembrane structure
characteristic to those in the Nramp family (InterPro ID: IPRO01046) of proteins’®. This family of proteins comprises

of members involved in solute transport across membranes.

The Nrampl gene was identified and classified originally as being involved in the natural resistance of mice to
intracellular pathogen infections and expressed exclusively in macrophages and Polymorphonuclear leukocytes
(PMNL)”. Nrampll or DMT1 on the other hand is expressed ubiquitously and participates in uptake of dietary iron by
enterocytes and transferrin dependent iron uptake in the periphery. DMT1 is highly conserved from bacteria to
human. The presence of a 3’ iron responsive element has been reported in some isoforms of DMT1 mRNA that
account for its stabilization through interaction with iron regulatory proteins’* and also indicates mechanisms of

sensing systemic iron demand and subsequent regulation of DMT1 expression.

DMT1 is capable of transporting iron in Fe®* state and thus, is accompanied by ferrireductase in its vicinity, to reduce

extracellular iron (Fe**)”

. The intriguing finding that Plasmodium lacks transferrin or transferrin receptor
homologues, sparked an interest as to how the parasite can acquire iron from its host especially considering the

rapidly replicating parasite would dearly require this micronutrient?

A DMT1 homologue was identified in the genome of Plasmodium falciparum®', which opened up avenues to
understand the role of this putative iron transporter in iron acquisition and homeostasis. In addition to studies of
Plasmodium VIT, elucidation of iron acquisition mechanisms in Plasmodium by DMT1 homologue is another area of

active investigation in our laboratory.

The P.berghei gene PBANKA_ 123860 was identified via BLAST similarity to the P.falciparum DMT1 homologue. The
resultant protein (PbDMT) was predicted to have 12 TMDs® (Figure 17), which are characteristic of the Nramp family
proteins (10-12 TMDs) and, an unusually long cytosolic N-terminal domain which is poorly conserved in sequence

across different species.
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Figure 17. Probability distribution for predicted transmembrane domains along the length of PbDMT protein sequence

Ehrnstorfer et al recently described the crystal structure and key amino acids involved in chelation of Fe* in SLC11
(NRAMP) transporters in Staphylococcus capitis’®. The signature comprises of an Aspartate (D) residue in close
proximity of an Asparagine (N) residue in the first helix of the transmembrane domain and, a thiol containing residue
in the sixth transmembrane helix. Constraint based Alignment BLAST® of DMT1 homologues from Plasmodium
species and some other phylogenetically diverse organism (Figure 18) displayed a stretch of conserved sequence
across the first transmembrane helix. Additionally the signature D and N arrangement was observed towards the end
of the first TM sequence; except for TgDMT where the signature was in its second TM domain which may not be too
disparate considering TgDMT has 13 TM domains. All TM domains for unreviewed protein sequences (Plasmodia and
Toxoplasma) are strictly predicted by ‘Hidden Markov-Model’ posterior probabilities that work at over 95%

sensitivity yet with an error window of 3-4 positions.
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Figure 18. Identification of signature residues in the first TM helix of DMT homologues. Green underline marks the span of the
first TM except for Toxoplasma where it is the second TM helix

To examine the phylogenetic distance the between these DMT1 homologues, a phylogenetic tree was constructed
(Figure 19)%. The DMTSs of rodent malaria parasites (P.berghei, P. yoelii and P. chabaudi) were minimally divergent;
as were the primate parasites (P. falciparum, P. vivax and P. knowlesi). DMT1 homologues of Apicomplexan species
(Plasmodium and Toxoplasma) were overall distant phylogenetically from other eukaryotic and prokaryotic DMT1

homologues.
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Figure 19. Phylogenetic tree highlighting the divergence between DMT1 homologues. A.thaliana Nrampll has been used a
root/out group

In addition to the above described VIT homologues, S. cerevisiae has also been successfully used as an expression

system for functional characterization of DMT 1 homologues. S. cerevisiae Fet3 and Fetd4 proteins were
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demonstrated to be involved in uptake of Fe’" at the plasma membrane and account for one of the chief iron
transport systems. Fet3 is a component of the high affinity Fe®* transport system with ferroxidase like function and
essential during growth in iron scarce conditions’’. Fet4 on the other hand is a low affinity Fe®" transporter’®.
Disruption of the fet3 and fet4 loci in S. cerevisiae impairs growth on iron limiting media, a phenotype that was
rescued by transfection with P.falciparum or P.berghei DMT 1 homologues to complement the Fet3Fet4 function
[Slavic et al unpublished data]. The iron transport function of P.berghei DMT 1 homologue (PbDMT) was confirmed
by uptake of *°Fe”* by PboDMT complemented Afet3fet4 cells. Additionally, iron transport by PbDMT was found to be
pH (optimal around pH 4-5) and temperature-dependent. These studies corroborated the role of PbDMT as an iron
transporter and opened avenues into the investigation of the role of DMT 1 homologue in Plasmodium iron

acquisition and homeostasis.

Recent studies in our laboratory suggest an essential role of PbDMT for the blood stage P.berghei parasites, as
repeated attempts of pbdmt knock-out did not result in gene disruption. In order to unravel the effect of PoDMT
disruption on both the erythrocytic and the exo-erythrocytic stages of parasite life-cycle, it would be necessary to
demonstrate the correlation between the deficiencies of PboDMT function and associated developmental defects and

whether revival of WT PbDMT function could rescue such parasites.

Thus, under the current revelations of DMT 1 homologues in Plasmodium, this thesis project aims to establish the
role of the DMT 1 homologue in Plasmodium iron homeostasis pathways by studying its cellular localization through
different life stages and by employing conditional gene knockdown systems to induce a reversible, inducible
knockdown of PbDMT. However, transmembrane proteins have different post translational processing and
degradation pathways than classical cytosolic proteins, making it difficult to deduce whether a certain technique
would be superior to others. Hence, in this thesis two conditional knockdown systems were employed targeting

different cellular machineries to obtain protein level knockdown.
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2.1. Localization of PbDMT in different developmental stages of Plasmodium berghei

The primary aim here was to elucidate the distribution of the DMT 1 homologue in Plasmodium berghei through its
different developmental phases. The localization was studied using three independent mutant parasite lines, where
PbDMT was tagged with either a C-terminal GFP tag, a C-terminal myc tag or a C-terminal HA tag respectively. In the
erythrocytic stage, PoDMT appeared to be granularly distributed in both the cytosol and close to the parasite
periphery (Figure 20). This observation was agreeable in erythrocytic stage for different tagged mutant P.berghei
lines. The cytosolic punctuate signals co-localized with PbHsp70 (2E6). However, while PbHsp70 signal was
homogenous, the PbDMT signal indicated a somewhat punctuate distribution (Figure 21A). There was also a co-
localization with parasite plasma membrane as elucidated by the overlap of PbDMT signal with Msp1 (Figure 21B).
With respect to retention of PoDMT in the endoplasmic reticulum, no clear overlap was observed with the parasite

ER resident protein BiP (Figure 21C).

PbDMT-GFP | Hoechst | Brightficid
2 pm

Figure 20. Localization of C-terminal GFP fusion protein of PbDMT in erythrocyte (trophozoite form)
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PbDMT_HA_DD

PbDMT_HA_DD

PbDMT_HA_DD Brightfield

PHDMT HA DD Brightfield

PLDMT_HA_DD ' Brightfield

Figure 21. Localization of PbDMT using C-terminal HA or myc tag respectively; in different stages of erythrocytic development

with (A)Cytosolic protein PbHsp70 (2E6); (B) Plasma membrane resident protein-Msp1; (C) Endoplasmic reticulum resident
protein BiP using Point scanning Confocal Microscopy
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To extend the investigation of PbDMT localization to other life cycle stages of malaria parasites, P.berghei ookinetes
were obtained by culturing the infected RBCs in conditioned to generate ookinetes in vitro. PbDMT_myc was then
visualized along with PbHsp70 (2E6) by IFA. The PbDMT_myc signal appeared to be spread through the ookinete

cytosol and also co-localized with the cytosolic protein marker: PbHsp70 (2E6) (Figure 22).

FbDMT_myc 5 Merged

Figure 22. Localization of PbDMT containing C-terminal myc tag with Plasmodium Hsp70 (2E6) in ookinetes

Proceeding with the localization studies into the liver stage of parasite development; the exo-erythroctic forms were
studied in P.berghei sporozoites infected HepG2 hepatoma cells at developmentally relevant time points. PbDMT
possessed a strongly peripheral arrangement that overlaps with Msp1, though slimly excluding Uis4 considering the
proximity of parasitophorous vacuole membrane (PVM) and parasite plasma membrane (PPM) and, the resolution
achieved with the current optical settings (Figure 23). The co-localization of PbDMT with Msp1l is faint after
formation of individual merozoites and PbDMT signals appear more punctuate, indicating its possible allocation
during ctyokinesis in the parasite. It is known about nutrient transporters to reside in plasma membrane as well as in
vesicles involved in nutrient delivery and mobilized on cellular nutrient demand. The punctuate signals of PbDMT

that may or may not totally merge with the Msp1 signal, may abide to a similar pattern.
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Figure 23. Localization of C-terminal GFP tagged PbDMT during liver stage infection (exo-erythrocytic forms) at developmentally

distinguishing time points with (A) PbHsp70 and (B) Plasma membrane marker-Msp1 and PVM marker protein-Uis4 using Point
scanning Confocal Microscopy [Slavic et al unpublished data]




The localization observed in this study is in alignment with the DMT protein distribution patterns seen in other

79,80

eukaryotic cells"™™". Plasmodium does not possess any transferrin receptor homologues, which further complicates

the understanding of how it is able to transport iron at the host-parasite interface.

2.2. Effect of PbDMT knockdown on survival and parasitemia in mice

A. Destabilization Domain (DD) strategy

The working principle of this technique involves the fusion of a modified Escherichia coli DHFR sequence (DD) to the
C-terminal of the target protein. The DD is inherently unstable causing misfolding of the entire fused protein and
targets it to the proteasome. However, in the presence of a small molecule (Trimethoprim in this case), the DD is
stabilized and supposedly does not interfere with target protein structure of function. The knockdown is therefore,
induced on removal of trimethoprim (TMP), directly at the protein level making this technique quick to bring about a
phenotype caused by depletion of a target protein®' .In this thesis project, we employed two independent DD lines
namely PoDMT_DD and PbDMT_HA_DD. Integration of transgenic locus containing 3’-DD or 3’-HA_DD in to the

parasite genome was confirmed by genotyping PCR (Figure 24).

A Positive cantrol WT locus Integration

Pasitive control WT locus Integration

Figure 24. Genotyping PCR confirming pure populations of (A) PbDMT_DD, 1-WT P.berghei ANKA; 2-PbDMT_DD clone 1; 3-
PbDMT_DD clone 2 and (B) PbDMT_HA_DD, 1-WT P.berghei ANKA; 2-PbDMT_HA_DD clone 1; 3-PbDMT_HA_DD clone 2 ; 4-
PbDMT_HA_DD clone 3 of Plasmodium berghei
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Following the successful generation of the transgenic P.berghei lines expressing PoDMT-DD or PbDMT-HA-DD fusion
proteins, the following step was to examine the effect of PbDMT destabilization on the parasite development and
the outcome of infection. To this end, C57BL/6J male mice were infected with 10° PboDMT_DD or PbDMT_HA_DD
P.berghei parasitized RBC and mice survival along with parasitemia were followed daily. . In both the DD parasite
lines, the destabilization of the transporter by removal of trimethoprim did not result in any statistically significant
difference in survival of infected mice; nor protection against cerebral malaria compared to its stabilized counterpart

(Figure 25B and 26B).

With respect to the effect of PbDMT knockdown on progression of parasite load; parasitemia in blood was
monitored in C57BL/6J mice throughout the experiment. In addition to C57BL/6J mice which develop cerebral
malaria, parasitemia was monitored in Balb/c mice which do not develop cerebral malaria and succumb to very high
levels of parasitemia instead. Balb/c mice were also infected with 10° iRBC (i.v). In C57BL6/J mice infected with
PbDMT_DD P.berghei, destabilization of the PbDMT-DD by trimethoprim removal led to significant decrease in
parasitemia on days 3 to 6 post-infection, compared to the PbDMT-DD stabilized condition (Figure 25A). However,
with progression of infection death of mice by cerebral malaria reduced the number of animals in the experiment,
thus the difference in parasitemia was no longer significant. In infected Balb/c mice, the parasitemia patterns
appeared similar to that in C57BL6/J mice with the stabilized PbDMT parasite maintaining a higher parasitemia
throughout the course of infection (Figure 25C). The difference in parasitemia was significant over a longer period
than in C57BL6/) mice. Due to the lack of a dedicated antibody against PbDMT and the absence of a fusion tag in the
PbDMT_DD line, the knockdown could not be quantified at the protein level through Western blotting. Therefore,
the experiments were reiterated with the PoDMT_HA DD Plasmodium berghei line that would enable quantification
of the extent of knockdown on PbDMT destabilization, and associate the same to the observed phenotype in

parasitemia.
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Figure 25. Parasitemia and survival proportions mice infected with PbDMT_DD P. berghei line, on stabilization and
destabilization of PoDMT in (A) Parasitemia of C57BL/6J mice upon infection with 105 iRBC i.v., ** p<0.01, Mann Whitney test
(B) Survival of C57BL/6J mice upon infection with 105 iRBC i.v., (C) Parasitemia of Balb/c mice upon infection with 105 iRBC i.v.,
* p<0.05, ** p<0.01, Mann Whitney test. N=5
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The trend of parasitemia in C57BL6/J mice infected with PbDMT_HA_DD Plasmodium berghei, though initially
slower, with the destabilization of PbDMT; did not consistently progress as such throughout the experiment (Figure
26A). A similar trend of parasitemia was observed in the Balb/c mice infection model, where the parasite with
destabilized PbDMT initially kicked off with a lower blood parasite load compared to its stabilized counterpart, but

did not consistently remain lower throughout the experiment (Figure 26C).
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Figure 26. Parasitemia and survival proportions mice infected with PoDMT_HA_DD P. berghei line, on stabilization and
destabilization of PoDMT in (A) Parasitemia of C57BL/6J mice upon infection with 10° iRBC i.v., (B) Survival of C57BL/6J mice
upon infection with 10° iRBC i.v., (C) Parasitemia of Balb/c mice upon infection with 10° iRBC i.v., * p<0.05, , Mann Whitney test.
N=5
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Visualization of the extent of knockdown was performed by antibody based detection of HA-tagged PbDMT from
whole parasite extracts, obtained from the blood of infected Balb/c mice (14 days post infection). Normalized to the
PbHsp70 (Loading control), there appeared to be no significant statistical difference between the volumetric
intensity of the signal from the stabilized and destabilized forms of PbDMT (Figure 27). The effect of destabilization
did not appear to strikingly reduce the levels of the PbDMT protein, which explains the lack of notable differences in

infection phenotype in terms of parasitemia.

PbDMT_HA_DD+TMP PbDMT_HA_DD-TMP
:3. &

PhDMTHADD”' --—----r—-—--.«.. _— 100kDa

PbHsp70 (266) T ! - e --

:

Volumetric Intensity (Normalized to Hsp70)
2

Destabilization status

Figure 27. Quantification of knockdown in destabilized PbDMT with respect to stabilized PbDMT (p>0.05,Mann Whitney Test)
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B. Inducible knockdown through transcriptional regulation of gene expression (iKo)*

The inducible knockdown technique employs the principle of promoter modification, upstream of the target gene
such that it can be inducibly controlled by addition of a small molecule like tetracycline. The organization of the
recombined locus comprises of the native promoter being followed by a coding sequence for a fusion protein
composed of Tetracycline Repressor and transactivating domain (TRAD) (Figure 28). The binding of the TRAD to the
TetO7 promoter sequence which is placed upstream of the gene of interest, activates transcription of the target
gene. However, in the presence of tetracycline or its derivative anhydrotetracycline (ATc), the interaction between
TRAD and TetO7 is disrupted by severe reduction in affinity of the former to the latter, eventually leading to a
plummeting transcription of the gene or even a transcriptional shutdown. This system is however reversible
depending on addition of tetracycline enabling the possibility of rescuing the parasite from the knockdown of

essential gene.
WT gene locus Gene promoter Gene CDS

Partial gene
promoter

gene locus

Figure 28. Schematic representation of the working principle of transcriptional repression mediated Inducible knockdown of a

Transfection construct

gene in Plasmodium berghei
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In this work, we tested the inducible knockdown system for PbDMT gene promoter in P.berghei . The desired
construct was introduced into P.berghei genome via a double cross-over recombination followed by Pyrimethamine
treatment of infected mice to pressure the removal of non-transgenic parasites in vivo. Confirmation of integration

at desired genomic loci and removal of wild type parasites was performed by genotyping PCR (Figure 29)

WT locus Construct locus Integration

1 2

Figure 29. Genotyping PCR confirming clonal populations of PoDMT _iko, 1-WT P.berghei ANKA; 2-First generation of PbDMT _iko
parasite line (PbDMT _iko parasites were still mixed with a small population of WT parasites); 3- Second passage of PbDMT_iko
transgenic parasites with additional round of pyrimethamine drug pressure

Upon generation of transgenic population of PbDMT _iko parasites without detectable WT P. berghei population,
containing the TRAD-TetO7 construct in the 5’UTR region of the pbdmt gene; we proceeded to examine the effect of
transcriptional knockdown of PbDMT on the parasite development and outcome of infection. The experiments were
performed in C57BL/6J mice. Infection was carried out by intravenous injection of 10° PbDMT_iko parasitized RBC
into the mice and monitoring the parasitemia and survival on a daily basis. The knockdown group received ATc in
drinking water containing 5% sucrose w/v, while the untreated control were maintained on 5% w/v sucrose in

drinking water.

The group under knockdown conditions exhibited a significantly lower parasitemia than its non-induced counterpart
on 3, 5 to 7 and 11 days post infection (Figure 30A). There was no statistical difference in survival between the two
groups (Figure 30B), however the mortality rate in both groups were very low, with 100% survival in the knockdown
induced group. Comparison of survival and parasitemia to WT P.berghei infected mice with and without ATc, is
proposed to be done shortly to deduce whether alteration of PbDMT promoter alone produced a protective

phenotype.
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Figure 30. Parasitemia and survival proportions mice infected with PoDMT _iko P.berghei line in the presence or absence of
transcriptional knockdown (A) Parasitemia of C57BL/6J mice upon infection with 10%iRBC i.v., **p<0.01, * p<0.05, Mann
Whitney test. N=5 (B) Survival of C57BL/6J mice upon infection with 10° iRBC i.v.,p>0.05, Log Rank (Mantel-Cox) test
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IV. DISCUSSION

Iron is an essential nutrient for Plasmodium as well as the host cells however, the biochemical pathways involved in
acquisition and mobilization of iron in the parasite remain little divulged. With experimental evidence indicating iron
availability as a limiting factor for parasite proliferation and survival, understanding the molecules and their role in
the Plasmodium iron homeostasis will yield significant knowledge to develop a new class of anti-malarial drugs. In

this study we have explored two novel iron transporters in Plasmodium.

Presence of a CCC1 homologue (VIT) was previously identified in the Plasmodium genome VIT homologues in
Plasmodium are predicted to possess 5 TMD, which conforms to the structural properties of the CCC1 superfamily.
Estimation of the phylogenetic distance between the different CCC1 homologues denotes greatest conservation of
VIT between Plasmodium species that infect similar hosts. This in turn could possibly hint towards a host specific
adaptation of the Plasmodium VIT sequence. Plasmodium VIT was confirmed to be specific for the transport of Fe?".
VIT was dispensable in the blood stage and the knockout parasite could progress from erythrocytic stage to the
mosquito phase and subsequently to form exo-erythrocytic forms (EEF) in vivo and in vitro. However, the VIT
knockout parasites demonstrated a lower blood parasitemia in vivo, as well as reduced liver load as estimated by
gRT-PCR and counting EEF in liver slices. The EEF of the knockout parasites were also smaller when compared to
their WT counterpart. Considering the homology of Plasmodium VIT to those in plants and yeast, it was hypothesized
that the former may be involved in vacuolar Fe** shunting hence, detoxification of cytosolic iron as in plants and
yeast. The hypothesis was tested by subjecting WT or VIT knockout parasitized RBC to iron excess or depleted
conditions and then estimating indirectly the cytosolic labile iron pool in both parasite strains by flow cytometry
approach using an iron-sensitive fluorescent probe. The rationale behind this measurement was to quantify the
ability of the VIT knockout parasite to maintain its basal cytosolic iron concentration under iron overload stress. In
agreement with the role of VIT in plants and yeast, the VIT knockout parasite presented with a somewhat
compromised ability to detoxify cytosolic iron. At this juncture, the primary concern became the localization of VIT
and the same was then examined through the different developmental stages of Plasmodium berghei. In the
erythrocytic form, the limit of optical resolution only allowed the deduction that PbVIT localized in the parasite’s
endoplasmic reticulum and in addition in what seemed to be punctuate structures/vesicles in the cytoplasm. In
mosquito midguts, sporulating oocysts appeared to have a rather reticular arrangement of PbVIT that was apical to
Uis4. While the sporozoites had a cytosolic distribution of PbVIT, the EEF in Huh7 hepatoma cells distinctly showed

ER localization of PbVIT; in addition to presence in grainy structures.

The apparent vesicular distribution of VIT presents an interesting possibility, especially on the nature of these
vesicular structures. Plasmodium berghei has several food vacuoles containing hemozoin, yet the VIT appears to
localize in other vesicular bodies. Equating the role of VIT as a possible iron detoxifier to that of possible reservoirs of
inorganic ions in the parasite, a plausible location could be Acidocalsiosomes. Acidocalsiosomes are acidic organelles,

containing electron dense matrix and are found from bacterial to complex eukaryotic cells. These compartments are
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rich in phosphorous available as polyphosphates or pyrophosphates with inorganic cations; primarily calcium. In
Apicomplexan parasites, of which Plasmodium is a member; acidocalsiosomes were shown to store calcium,
magnesium, sodium, potassium, and zinc. In addition the acidocalsiosome membrane is decorated with inorganic ion
pumps and exchangers®. The structure serves as a reservoir for phosphate and inorganic ions, which are utilized by
the organism depending on its developmental or metabolic requirement®. Iron rich acidocalsiosomes were
identified in trypanosomatids such as Trypanosoma cruzi® and Phytomonas frangai®, thus opening up possibilities
for acidocalsiosomes storing Iron in Plasmodium species. However, there are no committed antibodies against
acidocalsiosomes, and verifying the possibility of VIT being present on this organellar membrane is a task for the

near future.

Thus, VIT though not essential to any of the parasite developmental stages, is involved in its iron homeostasis
pathway and its absence leads to compromised growth of the parasite at both in blood and liver. There may exist

other proteins that may complement the function of VIT, thus compensating for the lack of the same.

The existence of Nrampll (DMT) homologue was predicted upon the whole genome sequencing of Plasmodium
falciparum®®. Plasmodium DMT was predicted to possess 12 TMDs, which is within the characteristic range for
members of the SLC11 superfamily. DMT 1 homologues in most Plasmodium species had the signature D and N
residue in their first TMD, which has been shown to be critical for chelation of Fe** by members of the SLC11
superfamily’®. Phylogenetic analysis revealed that DMT as in VIT was less divergent within Plasmodium species, and
in addition, more conserved among species infecting similar hosts. Overall the DMT 1 homologues from diverse
organism groups appeared to be highly conserved in the TM regions (Appendix whole alignment). Plasmodium DMT
was confirmed to transport Fe?" at the plasma membrane most favorably around pH 4-5. PbDMT was found
refractory to genetic deletion in the blood stage infection which indicated a possible essential role for DMT in the
erythrocytic development of Plasmodium berghei. To establish if DMT is indeed essential for the development and

survival of malaria parasites, two different inducible knock-down approaches were attempted in this project.

Conditional knockdown of PbDMT by fusion of a Destabilization domain did not show any significant differences in
survival of C57BL6/J mice infected with the mutant parasites under destabilizing conditions (withdrawal of stabilizing
drug TMP). Parasitemia in Balb/c mice infected with the transgenic parasite was significantly lower under
destabilizing conditions when compared to the parasite with stabilized PbDMT, though the trend was not consistent
among different clones of the DD tagged PbDMT lines of P.berghei. Quantification of protein level knockdown, failed
to show a striking reduction in PbDMT under destabilizing conditions. The conclusion therefore was that direct
protein knockdown through the destabilization domain method did not yield a satisfactory level of knockdown nor
presented with any striking phenotypes in terms of protection from cerebral malaria and parasitemia in vivo. Similar
observation has been reported in a DD based conditional knockdown in Plasmodium yoelii recently®®, thus this work
contributes to the understanding of the limitations of using DD in P.berghei despite its successful application in
P.falciparum. A curious observation in the destabilization domain in vivo experiments was the reversion of the

mutants to WT pbdmt locus on withdrawal of Pyrimethamine, indeed suggesting the parasites’ requirement for an
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intact pbdmt locus. Pyrimethamine was the drug used to maintain a selection pressure, since the PbDMT_DD
mutants were generated via a single crossover recombination where it is possible to regain the WT locus by
recombining out the transgenic locus. The preference to maintain the WT pbdmt locus indicates that destabilization
of PbDMT was a stress to the parasite and when opportune, the transgenic locus was excised. Eukaryotic cells have a
plethora of protein editing mechanisms and chaperone mediated rescue of misfolded proteins, which could account
for one of the possible reasons for the failure of protein level knockdown. Another possibility could involve

upregulation of transcription/translation machinery to cope with the reduced transporter function.

In order to obtain a greater stringency in the knockdown, the Promoter modification based inducible knockdown
system was applied. Upon induction of the knockdown by addition of ATc, there appeared to be a reduction in
parasitemia in comparison to the un-induced group. The trend was consistent through the exponential growth phase
of the parasite maintaining a significant difference in parasitemia between the two groups. However, the difference
was overridden in the later days of infection. A possible explanation could be that the parasites were not a pure
clonal line therefore; a residual sub-population of WT P.berghei could have thrived as ATc does not have any
antibiotic activity. Repetition of experiments with pure clone populations may serve to address this apparent
anomaly. C57BL/6J mice infected with the PbDMT _iko parasite did not show a significant difference between the
knockdown-induced and un-induced groups. A curious observation here was the complete lack of occurrence of
cerebral malaria in the knockdown induced group. The uninduced group was not markedly different, as majority of

mice did not develop cerebral malaria

There are no known homologues of Transferrin receptor in Plasmodium, which fuels hypotheses towards the
possible machinery involved in uptake of iron at the host-parasite interface. The presence of a DMT homologue in
Plasmodium, and confirmation of its ability to transport Iron makes it a strong candidate for iron acquisition at the
host-parasite boundary. Localization studies throughout the developmental stages of Plasmodium berghei were
performed, employing three differently tagged lines. In the erythrocytic stage, PbDMT appeared in foci close to the
parasite periphery. Co-localization with a plasma membrane marker protein confirmed the presence of PbDMT in
the parasite plasma membrane as well as in foci in the parasite cytosol, which may possibly be vacuolar structures. In
the ookinete stage, PbDMT mostly co-localized with the cytosolic Hsp70, but presented higher signals around the
nucleus. In the EEF form within HepG2 hepatoma cells, PbDMT localized on parasite periphery, that appeared to be
on the plasma membrane at 24 and 48 hours post infection. At later time point, PoDMT was also found on the newly
synthesized merozoite membranes. Drawing from the degree of structural and functional conservation of DMT
through bacteria to human, the localization of DMT could be similar among different cell types. With regard to this,
the distribution of DMT in mammalian cells does not strictly follow plasma membrane localization, rather DMT is
also found in lysosomal membrane as well in the perinuclear region’. In Saccharomyces cerevisiae the DMT1
homologues appear on the plasma membrane, though their localization may vary from plasma membrane to

cytosolic vesicles during metal starvation®. In line with these observation the PbDMT, appears to follow a similar
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trend, however the precise nature of its distribution needs to be visualized by Immuno- transmission electron

microscopy.
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V. CONCLUSIONS AND FUTURE
DIRECTIONS

The pressing requirement for new-anti malarial drugs in a globally burned out zone of potent anti-malarial therapies
fuels the need to study and characterize novel drug targets in the parasite. With recent studies indicating the
criticality of iron homeostasis for parasite development and virulence in the host, the prospect of exploring

molecular players involved in the Plasmodium iron regulatory system for novel drug targets is an attractive one.

The present work comprises of characterizing two iron transporters in Plasmodium and contributes to the
understanding of iron partitioning in the parasite cell. While only the DMT 1 homologue was found to be essential,
exploring the functions of VIT has unraveled interesting details on the ability of the parasite to cope with acute iron
overload stress. Among the major conclusions drawn from this study is the probable involvement of Plasmodium VIT
homologue in iron detoxification and further confirmation of such function will be performed in the near future
through in vitro iron challenge in Plasmodium falciparum and estimating the rate of clearance in wild type and VIT
knockout parasite strains. Another area of profound curiosity was the localization of VIT in Plasmodium during its
different developmental stages, especially to correlate whether the localization would agree with those found in
other Apicomplexan organisms such as Eimeria and Toxoplasma, and its proposed function. Current work in the
laboratory aims to examine the VIT localization using other peptide tags and other Plasmodium specific organellar

markers.

Characterization of the Plasmodium DMT homologue has been especially challenging by virtue of its essentiality in
the blood stage development of the parasite. Construction of conditional knockdown systems in the experimental
model used in this project (P.berghei) is known to be demanding and few cases of absolute success have been
reported. We faced similar road blocks in developing a conditional knockdown system for the DMT 1 homologue in
P.berghei. While the Inducible knockdown method appeared to promising from the phenotypic aspect, there is a
need to develop pure clonal strains and replicating the experiments to observe whether the phenotype on inducing
the knockdown (iKo) is preserved. There also remains the mammoth task of then proceeding to examine the ability
of the PbDMT _iKo parasites to progress through the mosquito phase and whether a knockdown in that phase would
have any effect on parasite fecundity and transmission. Last but not the least, the effect of knockdown in the liver
stage awaits scrutinization once the phenotype is confirmed to be robust in the blood and mosquito phase of
parasite life-cycle. The localization of PbDMT, in alignment with that of PbVIT has been intriguing and demands
further investigation with more Plasmodium organellar markers. We also hope to be able to catch in action the
compromise of iron uptake in PbDMT knockdown strains, once the phenotype is characterized completely. An
optimistic and distant aim is to screen libraries of small molecule inhibitors of DMT 1 homologues to identify possible

candidates for drug development.
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Though extremely exigent, the exploration of DMT and VIT homologues in Plasmodium berghei has yielded better
insights into the complexity of the parasite’s iron homeostasis and yet more possibilities to chalk out novel drug

targets.
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APPENDIX

1.1. Reagents and Drugs Composition

1.1.1. Ookinete Culture medium : in RPMI1640 medium(Gibco@ Life Technologies)
25mM HEPES
10% Fetal Bovine Serum
2g/L Sodium Bicarbonate
11mM Glucose
0.4mM Hypoxanthine
100uM Xanthurenic acid
50000U/L Penicillin
50mg/L Sreptomycin
pH 7.6-7.8

1.1.2. Western Blotting: Reagents composition

a. RBC Lysis buffer : 0.05% w/v Saponin and 1X protease inhibitor cocktail (Roche® cOmplete Protease inhibitor
tablets, EDTA free) in PBS

b. Parasite pellet Lysis Buffer : Complete Radio Immunoprecipitation buffer (in PBS)-RIPA
30mM Tris-HCl pH 8
1mM EDTA
0.5% v/v Triton X-100
0.1% w/v SDS
0.5% w/v Sodium deoxycholate
1mM PMSF
1X Protease inhibitor cocktail

c. Sample washing buffer : 1X protease inhibitor cocktail in PBS
d. SDS-PAGE loading composition : 40ug protein in 1X Laemlli buffer (Nzytech®)
e. Blocking Solution : 5% w/v Non fat dry milk in 0.1% TBST
f. Blot membrane wash solution : 0.1% Tween-20 in Tris Buffered Saline (TBS)
1.1.3. Immunofluorescence: Reagents composition
a. Fixing Solution for erythrocytes : 4% Paraformaldehyde and 0.0075% glutaraldehyde in PBS
b. Fixing Solution for hepatocytes : 4% Paraformaldehyde in PBS
c. Permeabilization buffer for erythrocytes : 0.1% v/v Triton X-100 in PBS
d. Permeabilization buffer for hepatocytes : 0.1% v/v Triton X-100 and 2% BSA in PBS (BBT)
e. Blocking Solution for erythrocytes : 3% BSA in PBS
f. Blocking Solution for hepatocytes : BBT
1.1.4. Frozen Vials Preparation
a. Bacterial stocks : 0.6% v/v Bacterial culture in 50% glycerol in Luria broth
b. Blood stocks : 0.4% v/v whole blood in 30% glycerol in PBS
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1.1.5.

1.1.6.

Giemsa stain working solution
Giemsa stain modified solution (Sigma-Aldrich®) in distilled water — 1:10 dilution

Drug preparations
a. Intraperitoneal injections : 100puL of 1mg/mL Pyrimethamine in DMSO
b. Oral Administration
70ug/mL Pyrimethamine in water
250ug/mL Trimethoprim in water
200ug/mL Anhydrotetracycline with 5% w/v Sucrose in water
c. Other applications
100pg/mL Ampicillin in LB broth/agar
1:300 Fungizone in RPMI/DMEM for cell culture

1.2. Routine Protocol Conditions

Restriction Digestion: Overnight incubation of substrate DNA in digestion buffer at recommended reaction
temperature for respective restriction enzyme (New England Biolabs®).

Ligation Reaction: Incubation of Insert and Vector DNA in ligation buffer and T4 DNA ligase (Thermo
Scientific® Life Technologies), for 2 hours at 37°C followed by overnight incubation of ligation cocktail at 4°C.
Genotyping PCR temperature cycle: 95°C (3min) »92°C (30 sec) » 56°C (45 sec) = 68°C (2min) : 34
cycles(red)

followed by final extension at 68°C (10 minutes).

PbDMT_DD PCR temperature cycle: 95°C (3min) » 92°C (30 sec) ¥ 56°C (45 sec) = 68°C (2.5min) : 34
cycles(red)

followed by final extension at 68° (10 minutes).

PbDMT_iko PCR temperature cycle: 95°C (3min) —» 92°C (30 sec) » 54°C (45 sec) »68°C (2.5min) : 34
cycles(red)

followed by final extension at 68° (10 minutes).
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1.3. Lists

1.3.1. Antibodies
Primary Source Target protein Solvent Application Dilution (ratio)
Antibody organism
Rab_anti-HA Rabbit HA tag 3%BSA in PBS IFA/ 1:300/1:100/1:1000
Immumo-
TEM /WB
Rab_anti-myc Rabbit c-myc tag 3%BSA in PBS | IFA/Immumo- 1:300/1:100
TEM
Rab_anti-Msp1 Rabbit Plasmodium 3%BSA in PBS IFA 1:300
berghei PYM
resident protein
Msp1l
Rab_anti-BiP Rabbit Plasmodium 3%BSA in PBS IFA/WB 1:500/1:1000
berghei ER resident
protein BiP
Rab_anti-GFP Rabbit Green Fluorescent | 3%BSA in PBS | IFA/Immuno- 1:500
Protein TEM
Mou_anti-myc Mouse c-myc tag 3%BSA in PBS IFA 1:300
Mou_anti-2E6 Mouse Plasmodium 3%BSA in PBS IFA 1:100
berghei cytosolic
Hsp70 like protein
Mou_anti-GFP Mouse Green Fluorescent | 3%BSA in PBS IFA 1:500
Protein
Goat_anti-Uis4 Goat Plasmodium 3%BSA in PBS IFA 1:300
berghei liver stage
PVM resident
protein Uis4
Secondary Source Target Solvent Application | Fluorophore/Enzyme | Dilution
Antibodies Organism | Organism conjugate (ratio)
DAG_A568 Donkey Goat 3%BSA in PBS IFA Alexa568 1:500
DAG_A660 Donkey Goat 3%BSA in PBS IFA Alexa660 1:500
DAR_A546 Donkey Rabbit 3%BSA in PBS IFA Alexa546 1:500
DAR_A549 Donkey Rabbit 3%BSA in PBS IFA Alexa549 1:500
DAR_Dylight549 Donkey Rabbit 3%BSA in PBS IFA Dylight549 1:500
DAM_A488 Donkey Mouse 3%BSA in PBS IFA Alexad88 1:500
GAR_A488 Goat Rabbit 3%BSA in PBS IFA Alexa488 1:500
Hoechst - 3%BSA in PBS IFA - 1:1000
Anti-Rab_HRP Goat Rabbit 3%BSA in PBS WB HRP 1:5000
Anti-Mou_HRP Goat Mouse 3%BSA in PBS WB HRP 1:5000
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1.3.2. Primers

Primer Primer Sequence Application Target Target Concentration
Code Name Organism gene (M)
locus
umal288 PbVIT RTf GTATGATACCTCTATTTTCTTATGTCC Genotyping P.berghei PbVIT 50
PCR, qPCR
umal289 PbVIT RTr GTGGTAAACTGGGACTTGAATAAAC Genotyping P.berghei PbVIT 50
PCR, qPCR
umal292 | PbDMT RTf GTGAATAAAGACCTTAGTAATACAGCA gPCR P.berghei PbDMT 50
umal293 | PbDMT RTr TCATTATAACCATTGCCATCA Genotyping P.berghei PbDMT 50
PCR, qPCR
umal340 PbDMT CACTTTGGCATATAACATTTTTATAG Genotyping PCR | P.berghei PbDMT 50
Sint 5'UTR
umal34l PbDMT CACATTCATTATTTTTATTGGTGC Genotyping PCR | P.berghei PbDMT 50
3intR 3'UTR
umal342 PbVIT5int GCATTAATTCATAACTCTGATGTG Genotyping PCR | P.berghei PbVIT 50
5'UTR
umal343 | PbVIT3intR CATTATTATGTATTTAAAGGCATGG Genotyping PCR | P.berghei PbVIT 50
3'UTR
umals803 DD for 1 ATGGGCCCATCAGTCTGATTGCGGCGTTAG DD Cloning pBMN DD 50
DHFR(DD)-
YFP
umal8osd DDrev1 TAGCGGCCGCGGTCATGCGTAG DD Cloning pBMN DD 50
DHFR(DD)-
YFP
umal8i2 PbVIT tagatatcCATAGTCACTATCATAATCTCGATA | Genotyping PCR | P.berghei PbVIT- 50
myc f AG myc f
umal8i3 PbVIT atggatccATCCCCTGAGTTTGTTTTAAGT Genotyping PCR | P.berghei PbVIT- 50
myc r myc r
umal8isg PbDMT tagatatcGCTATTATAGGTGTATTTGTG Genotyping PCR | P.berghei PbDMT- 50
myc f myc f
umal815 PbDMT atggatccACTGTCTTTGTAATATGTTTTTG Genotyping PCR | P.berghei PbDMT- 50
myc r myc r
umal959 HA-DDfor atGGGCCCTATCCATATGATGTACCAGATTA PbDMT_HA_ P.berghei PbDMT 50
TGCAgcaATCAGTCTGATTGCGGCGTTAG DD cloning
uma2231 | PbDMT iKOf atGCCGGCATGCATCAAGACAAATCGATG PbDMT _iko P.berghei PbDMT 50
cloning iKOf
uma2232 | PbDMT iKOr | taGCTAGCCTAAATTCTTTTCGGCATAATGC PbDMT _iko P.berghei PbDMT 50
cloning iKOr
uma2233 5'PbDMT taGCTAGCGTATGGATATAATATAGAAAGA PbDMT P.berghei 5'PbDMT 50
iKOf GTTAG 5’ UTR Cloning iKOf
uma2234 5'PbDMT atCCGCGGctttgtgattatatatttcttgttc Genotyping P.berghei | 5’PbDMT 50
iKOr PCR, PbDMT iKOr
5’ UTR Cloning
uma2262 Tet_for GAGAAAAGTGAAAGTCGAGCTC Genotyping PCR | P.berghei PbDMT 50
uma2263 Trad_rev Gagttgatgactttgctcttgtc Genotyping PCR | P.berghei PbDMT 50
uma2264 PbDMT CACCTATAATAGCTTGCAAATGTG Genotyping PCR | P.berghei PbDMT 50

rev
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1.4. Maps of Plasmids

a.

PbVIT_myc vector: used for generating a C-terminal myc tag fusion protein of PbVIT through single cross-
over homologous recombination at the native PbVIT genomic locus in P.berghei.

EcoRV (75)
BlpI (110)
?54(:5‘:32. ?“‘u BsaBI* (131)
(7544) Nhe Aarl - BfuAl - BspMI (231)
(73158) Bsu361 1 / >
(7299) BmgBI \ e

Spel (295)
(7185) BsaAI

(6977) Smal - Srfl
(6975) TspMI - Xmal _

(6899) BglIl -

(6828) PpuMI

(6787) Stul

(6554) Eagl

(65439) PaeR7I- ThI - XhoI

(6335) BspEI

(6211) Miul-___
(6167) BseRI

BsmlI (891)
BamHI (335)

Xbal (1073)

Acc651 (1536)
_ KpnI (1540)

KasI (1713)
— Narl (1714)
- Sfol (1715)

PluTI (1717)
PbVIT_myc ~ pfol (1501)
7934 bp
(5767) Btgl —
(5725) Nrul
(5706) Agel

Scal (2459)

(4775) Dralll

AhdI (2340)
(4750) BstZ171

(4242) BdT* BspQI - SapI (3945)

b. PbDMT_myc: used for generation of C-terminal myc tag fusion protein of PoDMT through single cross-over
homologous recombination at the native PoDMT genomic locus

(7737) Bmitl EcoRV (76)
(7733) Nhel
(7505) Bsu36I1 \ BsaBI (570)
(7488) BmgBI | i BspDI - Clal (s20)
(7374) BsaAl Y=
(7166) Smal - Srfl
(7164) TspMI - Xmal

Swal (934)
(mg??e}as'}m?alln- e BamHI (1124)
(6975) Stul —
(5933) Bsgl

(6743) Eagl —
(6528) PaeR7I - THI - Xhol

(6523) BspEI __ff

(6400) Miul [
(6356) BseRI —— ||

_Xbal (1262)

Acc651 (1725)
/" KpnI (1729)

KasI (1902)

NarI (1903)
. Sfol (1904)
Pb[;:gg;nvc PluTI (1%908)
G e — L
(s5855) Agel
Scal (2643)

(4964) Dralll

AhdI (3129)
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C.

PbDMT_DD: employed to generate C-terminal Destabilization domain fusion of protein of PoDMT through

single cross-over homologous recombination at the native PbDMT genomic locus; and produce a conditional
knock down system for PbDMT in P.berghei.

(1) ACCbSL Kpnl (5)

BStZ171 (439)

(5753) BseRI
(ss68) PAIFI - Tth111I

BsaBI (4397)
(5513) Xbal

BspDI - Clal (547)

HindIII (594)
(5485) EcoNI BclI* (738)
(5408) BbsI '
(5403) SexAT*
(5309) MscI*

(5297) PpuMI PspOMI (1051)
(5276) PFIML
(5233) Ncol - Styl

Apal (1055)
Pmel (1145)
BbvCI (1237)
(4344) Spel HincII (1246)
(4678) AfIL . PbDMT_DD
(4646) Pstl —_ 6258 bp
(4638) Stul
[CAP Binding site|

— Eagl - NotI - SacIl (1537)
(4387) BspQI-Sapl

(4270) Pcil ~ :

— BstBI (1992)

KasI (2155)
Narl (2156)
Sfol (2157)
PluTI {2153)
BsStAPI (2212)
Zral (2461)
AatIl (2463)
(3332) Adl -
(3316) Bsal
(3297) BsrFI Scal (2901)
(3235) NmeAIIl

d. PbDMT_HA_DD: employed to generate a C-terminal HA tag and Destabilization domain containing fusion

protein of PoDMT by single cross-over homologous recombination at the native PbDMT genomic locus; and
produce a conditional knock down system for PbDMT in P.berghei.

(1) Acces1 Kpni (5)

BstZ171 (49)

(5794) BseRI
(5599) PFIFI - Tth111I
(5544) Xbal |
(5516) EcoNI
(5437) BbsI
{5434) SexAl*
(5340) MscI* _
(5328) PpuMI
(5307) PFIMI -
(5264) Ncol - Styl

‘BsaBI (437)

BspDI - ClaI (547)
HindIII (554)

BelI* (738)

_PspOMI (1051)

— Apal (1055)
Pmel (1177)
_ BbwCI (1268)
(4975) Spel HinclI (1277)
(4709) AfII

(4677) PstI
(4669) Stul

CAPbinding sitg~ \\

PbDMT_HA_DD
6289 bp

Eagl - NotI - SaclI (1568)
(2413) BspQI-SapI ~  \

(4301) Pcil

BstBI (2023)
- KasI (2186)
— Narl (2187)

Sfol (z188)
PluTI (2120)

BsStAPI (2243)
Zral (2492)

_ Aatll (2494)
(3413) AhdI

(3347) Bsal \
(3328) BsrFI Scal (2932)
(3266) NmeAIIl

74



e. PbDMT_iKo: used to introduce a TRAD-TetO7 sequence in the 5’UTR region of the native PbDMT gene via

double cross-over homologous recombination and produce an inducibly regulated promoter to conditionally
knockdown PbDMT expression.

(0) Hpal Aval - BsoBI - PaeR7I - PspXI - TIiI - XhoI (20)
/' BmeT110I (21)
Acc65I (323)
(8351) BamHI / / __KpnI (327)
e G / /7 [cAMS6 minimal promoter
(8265) BpulOI A\ ) 7 7 Pstl (651)
(8176) SexAI* ™~ N\ \ | S
(8174) BbsI_ . “\\| - oL/ - a
(8098) ECONI -~ “1\| &

———  NgoMIV (720)
————__ Nael (722)

. BspDI-ClaI (741)
— BclI* (872)

" SnaBI (1189)

MISFwd - == Swal (1546)

(7030) PluTI-
(7028) Sfol ———

- " Nhel (1736)
) - BmtI (1740)
(7027) Narl ——_— " BsmlI (2239)
(7026) Kasl _— Spel (2577)
(6976) BStAPI Sacll (2702)
—— Stul (2784)
i I~ PmiI (2845)
6403) XmnI e “._ PspOMI (2859)
( ) XmnI Apal (2863)
(6284) Scal BtgZI (2575)
Nrul (2994)
[AmpR|
(5865) Bsal

[l L : . ) PpuMI* (3355)

f N AvrII - StyI (3649)
f 'l N T FspAI (4406)
.'I | R Eagl - Notl (4507)

(4795) BspQI - SapI

75



1.5. Constraint based alignment Tool (COBALT) Multiple sequence alignments

Vacuolar Iron transporter homologues

M GKQKIID ARKAYYE GDIEKSKEIH---SHYHNLDKHAEH  HSLDKDHLKTIIFGSLDGIITIFAI
M GKQKIID ARKAYYE GDIEKSKEIH---SHYHNLDKHAEH  HSLDKDHLETIIFGSLDGIITIFAI
M GKQRIID ARKAYYE GDIEKSKEVH---NHYHSLDKHAEN  HSLDKDHLKTIIFGSLDGIITIFAIL
M VSKKTLE ARKAFYD DDVEKSKEAH---D5YHSLDKHGEQ  HSLDKDANLKTIIFGSLDGIITIFAI
M VSKKETLE ARKAFYD EDVEKSKEAH---DSYHSLDKHGEQ  HSLORDMLKTIIFGSLDGIITIFAI
M VSKKTIE ARKAYYN EDVVLSKEAH---DFYHNLDEHGEN  HNLOKDNLKTIIFGSLDGIITIFAI
M VSKKTIE ARKAFYD EDVEKSKEAH---DSYHSLDKHGEQ  HSLDRDNLKTIIFGSLDGIITIFAI
M SESAALN[14]ARSAFRA GDVEASRREH---MKPMHIESHNSS  AS---EYVKSVWFGGLDGIMTTFAI
M SESEKID[12 JARKAFET GDIEMSRMEH---QKHIYKEVHNPS  AS---DYVESVWFGGLDGIITSFTV

PBVIT 1
PYIT 1
PerviT 1
PRVIT L
PWIT 1
PAIT 1
Peyvit 1
LBVIT L
THVIT 1
ANVITY L
sc_ccer 1
POMIT 63
PywvIT 63
PchVIT 63
PRMVIT 63
PWIT 63
PMVIT 63
PeyMIT 63
LbVIT 74
TEMIT 72
AMVITT 53
§c_CCC1 119
POMIT 148
PYWIT 146
PchvIT 148
PKVIT 148
PVIT 140
PMVIT 148
PoyIT 146
LbvIT 158
ToWVIT 148
AMITT 129
Sc_CCC1 198
POMIT 220
PyIT 228
PehvIT 220
PKVIT 220
PAWVIT 220
PMVIT 228
PoyVIT 228
LT 226
TovIT 224
ANVITT 201
Sc_CCC1 2638

——————— [ 3]EEDKITRISI-epEKQTLLDHHTEK  HFTAGEIVRDIIIGVSDGLTVPFAL
M[17]GSGGTSE[14]5N5SRHD[ 16 JQDLENSPMSV gk dNRNGDNGSDMEK [6]QSVDPRVISDLITIGLSDGLTVPFAL

VSGCVGANITPAQVIIIGVGNLFANAISMGFSEYTSSTAQIDFM- - - LAERQREEWEIENCP TEEKQEMIDIYINKYKFD
VSECVGANITPAQVIIIGVGHLFANAISMGFSEYTSSTAQIDFM- - - LAERQREEWEIENCPTEEKQEMIDIYINKYKFD
VSGCVGANITPAQVIIIGVGHNLFANATSMGFSEYTSSTAQIDFM- --AAERQREEWETENCPTEEKQEMIDIYINKYKFD
VSGCVGAKITPAQVIIIGVGNLFANAISMGFSEYTSTTAQRDFM- - - LAEKKREEWELENCPSEEKQEMIDIYMNE YKFD
VSGCVGAKITPAQVIIIGVGNLFANATSMGFSEYTSTTAQRDFM- - - LAEKKREEWETENCPSEEKQEMIDIYMNK YKFD
VEGCVGAKITPTOVIIIGIGHLFANALSMGFSEYTSSTAQRDFM- - - LAEKKEREEWELENCPSEEKQEMIDIYMNEYKFD
VSGCVGAKITPAQVIIIGVGNLFANATSMGFSEYTSTTAQRDFM- - - LAEKKREEWETENCPSEEKQEMIDIYMNKYKFD
IAARAGSGONYATVLIFGFSNVIADGFAMGFGEYVSGEAERENA- - -WSERHREEWEVENSFDLEVDEMVQIYMAKGL -5
VSAAVGSNSSVASVLIFGFSNVIADGFAMGFGEYVSGEAERDNA- - - LSERRREEWEVENAF DMEVDEMVQIYEMKGL -5
AAGLSGANASSSIVLTAGIAEVAAGAISMGLGGYLAAKSEEDHY - - - AREMKREQEEIVAVPETEAAEVAET - LAQYGIE
TAGLSSLG-DAKLVITGGFAELTSGAISMGLGGYLGAKSESDYYhaeVKKEKRKFYDNSHLINRETEDILLEINPNFSDE

SKDAKNLVEITFRMKHFFLEHMMSEELGLILTNEDKSEAFKRGILMFLSFCFFGMIPLFSYVLYNLFFSAENYTSSFAVY
SKDARNLVEITFRNKHFFLEHMMSEELGLILTHNEDK SEAFKKGILMFLSFCFFGMIPLFSYVLYNLFFSAENYTASFAVY
SKDAKNLVEITFRNKNFFLEHMMSEELGLILTHEDK TEAFKKGILMFLSFCFFGMIPLFSYVLYNLFFSAANYTASFAVY
SEDARNLVEITFRMKNFFLEHMMSEELGLIITHEDKNESLKRGIIMF LSFCVFGMIPLFSYVAYTFFFQYTOYNTSEVWY
SEDARNLVEITFRNKIFFLEHMMSEELGLIITHEDKNESLKKGIIMFLSFCWFGMIPLCSYVAYTFFFEYTDYNTSFRVY
SEDARNLVEITFRNKNFFLEHMMSEELGLIVTNEDKNECLKKGIIMFLSFAVFGIIPLSAYVAYTVFFGYTOYTTSFLVY
SEDARNLVEITFRNKNFFLEHMMSEELGLIITHEDKNESLKKGFIMFLSFCIFGMIPLCSYVAYTFFFEYTOYNTSFFVV
FODAQTIVGIISKDPKMFVDFMMVE ELGLLVDLDDAYGPMKQGWWMF ISFVLFGSIPLLAYLPGK -- - -GQGTDLVFFVS
HEDATTIVNIISKDPKLFVDFMMTEELGIIIDTEDTHGPKKQGLVMF LSFMFFGAVPLLAYLPGK -- - -GKGIDGVFALS

PHEYSPVVMALRKNPQAWLDFMMRFELGL - -EKPDPKRALQSAFTIAIAYVLGGFIPLLPYMLIP------ HAMDAVWAS
--TIVSFIKDLQRTPELMVDFIIRYGRGL--DEPAENRELISAVTIGGOYLLGGLVPLYPYFFVS-- -~~~ DVGTGLIYS
FISTLITLFILGLFKSQFTTQK PIVCALSMVLNGSIAGMLPFLFGVLLKTNSGD 273
FISTLITLFILGLFKSQFTTQK PIVCALSMVLNGSIAGMLPFLFGVLLKTNSGD 273
FISTLITLFILGLFKSQFTTQK PIVCALSMVLNGSTAGMLPFLFGVLLEKTNTAD 273
FVSTLITLFILGIFKSQFTNQK PIECALYMVLNGSIAGMVPFLLGILLKNNISD 273
FVSTLITLFILGIFKSQF TNQK PIQCALCMVFNGSIAGMVPFLLGILLKNKIAD 273
FISTLTTLFILGLFKSQFTHNQK PITCALYMVLNGMIAGMVPFLLGVVLKNNISE 273
FVSTLITLFILGIFKSQFTNQK PIHCALCMVFNGSTAGHMVPFLLGILLKNNIAD 273
CFLTMASLVFLGSVKGYLVGYS MGRSAVLMVLNGIISGIFSFLACGHLIQMALTT[18] 289
CFLATCALIVLGMLRGYLSGVS MLRSAALMVFNGWWSGLFSFTVGSLVEHALR-[ 5] 281
VVITLFALFIFGYAKGHFTGSE PLRSAFETAFIGATASAAAFCLAKVVOH---- 258
ITVMVVTLFWFGYVETKLSMGS [ 6] KVTEGVEMVYVGOVAAGAAKFFVKLLG----- 322

Divalent Metal Transporter 1 homologues

76

62
B2
62
62
62
62
62
73
71
52
118

139
139
139
139
139
139
139
149
147
128
197




AtNramp

ScSmfi
TgDMT
EcDMT
PbDMT
PvDMT

PchDMT
PcyDMT

PKDMT
PvDMT

PIDMT

151

149
144
145
1s5@
121

£ 3

658

212
202
210
228
223
232
195

e e T T P

MHQDKSMIAG-MNQSANGGNDSCD- - INNGRKHDNINRNS - YINNFHIENINNDQ- NGYKDYKSEEPYIYCSOR-
MHQDNSMRRA - INQSRNGGSDSCD- - INNDREHDNINRNS - YINNFHIENINSDK-N- - - - -~ EQSYIYCSDRA
MHQDTSMRIP-MNQSRKDGNDSCD- - INNDLEHDN- - RNS - YINNFHIENINNDK - NGYKGYKNEQSYIYRSEKT
MSPAHEGNSNaSVASKKGSNNSREvNLNSGRNRTHQSGNShHIGNAQRRNVKENQaNVYSYRMNAKSKFDQEENE
MSPSGKSKSGaSVASREGSNQSRESNLYSSRNGAQE SRNNe YGRKGQRRNGKENQaNVYSYRMNATKASHQEENE
MSPTHEGSSGaSVASKKGSNS SREVALNSGRNRAHOGGNARHGGNTQRRNGKENQaNVY SYRMNAK SKAGOEENE
MEKDFTERS - - TKGQRKLANGWVE - NTES -~ - === ==snnsnn KLKNHLDNN-NVINKSVNYE- - -~ -~

498  SFAARLLVPSPSPS[4]PGSPSLSSNSALGSLLLSCAQSSCNSSLCSA-DDAAPETSAASRPLWCSFFfapFSLPGLSSP

70 EVIDPILGNRKHTH[4]NSSELFSRTRYEYSNKNnVDMEMYNMSNNNT yNGNNNIHSNDIIDY INNNNhvnKDL SNTANN
64

QVTDSILGNRKYTH[4]NSTEMFSRTNYEYSNKNnVDIEMYNI SNNNF yNGNNNGHSNDI IDYINNNN- vnKDL SNTSNN

69 DVTDPILGNRKHAY[ 4 JNSSELTARTNYEYSTKTAMGIEMYNMGHNNNF yNGNNNLHSSDTINY INNNN - vEKDLONTENN
76 AGEAAEAAVAPDVG - -EVKQSKHDNAYDGKF - IKKDVCNMGKIN- - NOKSNMNSNATSTNFKEE - - - - SSMANVOMD
76 REYVTHRVAAVDGG  --EVKESRHNNEYELNF - IGKDSCSFSKIN- -NDNSNMNSNATSTNFEEEG- - -SSIANMDMD
76 AGEAAEAAVAVEAA[ 4 ]AAEVKQSKHDOAYDGKF - IKKDVCNLGKLN- -NOKLNMNSNATSSNFKEE - - - -SSVANADVD
M e DVM  CSNVKLSVHDDEYDIKN-IKKDVCNLSKLS--EERLSNN----- ISLKDNN- - -KVWKNPEID

----------------------------------------------- MENDVKENLEEEDRLLPPPPPSQSLPST
--------------------------------- MVNVGPSHAAVAVDASEARKRNISeEVFELRDKKdS TVVIEGE
CFL15SRYVSRCLLGFSTFSVSSRQTHARRSSP[13JRLCLLATCVALPLAVLLLFLNLLLILAQLLMRGL--~----~-
TDT- -NTYIKKLTSNQSTAYCDGNGYNESVNGS[ 2]---DINFRDAIKNNNNKSYKNNIN-------====- NNHVHDD
ADI- -NTYIKKLTSNQSTAYCDGKGYNESANGS[ 2]-~-DINFROVIKNNANKNYKNN- === === =nsznznn NHVPDO
AEI- -NTYIKKLTSNQSTAYCDGKGYNESAHGS[ 2]---DINFROVIKSNNNKNYKNNIN- - --=nn=n- NKHVPDE
TEKvhSMYIKKLNSTQSTMNIEGNNDTYKEEEL [ 10 ]KMEDCSYNYKNKKMTKSKHKNNNNmL EDKMDDQL - - ANGEDGD
PERArSMYIKKLQSTQSTMHMEGNTDIYKEE--[ 9]KMEDCMYSYKNKRMSKSKHKNNN- -LDDTMDHQL - -A-EEDGD
AEKvrSMYIKKLNSTQSTHNIEGNNDTYKE EEL [ 10 JNMEDCTYNYKNKKMIKSKHKNNK - - LEDKMDNQL - - ANEEDGD
TKTarQQYKKRLNSTQSTHNIEGNINNEKDDLT [ 20 1KRNNNNNNNNNRNNNNNNNNNNNNANNNNNNNNN - - SNNVDNR

DsesEAAFETNEKILIVDFESpDDPTTGDTPPPFSWRKLWL -FTGPGFLMSIAFLDPGNLEGDLQAGAL » == === mmmun
A-~~PVRTFTSSSSNH- ~ERE-DTYVSKRQVMRDIFAK - YLKFIGPGLMVSVAY IDPGNYSTAVDAGAS = e = mommns

M1elGDRSFDSSFYMHNNVEE - TDNERSSKLSFMSKLKMYFNYFGPGWIVAIAYLDPGNICGNLNVGLIRSADFNNADSS
MlelGDRSFDSSFYIHNNVEE - IDTERSNRLSFMSKLKMYFNYFGPGWIVATAYLDPGNICGNLNVGLIRSDDFINVNSS
M1elGDGSFDSSFYMHNNAEE - VDNEEQGALSFMNKLKIYFNYFGPGWIVALAYLDPGNICGNLNVGLIRDNDFNSANGT
e e EMYNNSFYLSDNM-E- ELGNEEKNISFIKKIKMCFNYFGPGWIVATAYLDPGNLCSNLNVGLIRSPVDNATNNL
Kenwae= EMYNHSFYLSDNMEE - ELSTDGKNISFMKKIKMCFNYFGPGWIVAIAYLDPGNLCSNLNVGLIRSPGD - - TNNL
K== EMYNNSFYLSDNMDE - ELSNGGKNISFIKKIKMCFNYFGPGWIVATAYLDPGNLCSNLNVGLIRSPDDNVNNNL
KrnkMNEECYDESYCISDNL-D-EITSYRNKLSLYNKLRMCFNYFGPGWIVATAYLOPGNLCSNLNVGLIRSPDP----TL

77

457

69
63
68
75
75
75
45

577

15e
143
148
143
14z
149
100
29
43
657

11
201
209
227
222
231
184

97
1e5
713
a7

280
288

294
3e5
268




AtNramp
ScSmf
TgDMT
EcDMT
PbDMT
PvDMT
PchDMT
PcyDMT
PkDMT
PvDMT

PIDMT

AtMNramp
ScSmf1
TgDMT
EcDMT
PbDMT
PvDMT
PchDMT
PcyDMT
PkDMT
PvDMT

AiNramp
ScSmf
TgDMT
EcDMT
PbDMT
PvDMT
PchDMT
PeyDMT
PKDMT
PvDMT

PTDMT

AtMNramp
ScSmi1
TgDMT
EcDMT
PbDMT
PvDMT
PchDMT
PeyDMT
PkKDMT
PvDMT

PIDMT

a8

186
714
48

291
281
289
381
285

269

174
182
794
124
a7l
361
389
381
375
386
349

247
263
867
196

432

452
446
437
4z9

321
372

265
517

515
527
521
532
495

- === AGYSLLWLLMWATAMGLL TQML SARVGVATGRHLAELCRDE YPTWARYVLMSHMAE LAL TGADIQEVIGSATAIQIL
----NQFSLLCITLLSNFIAIFLQCLCIKLGSYTGLDLSRACREYLPRWLNWTLYFFAECAVIATDIAEVIGTATALNIL
APDPKGHAL LWVLLWGHAGGIWI FQVLAARLGNATGLDLATLCRROYSRGVAKWL LWL TETATLGADI QAVIGCAVAFNLL
- - - - FOYQLLWMVVVHANLMAML IQILSAK LGTATGENLAEQIRDHYPRPVVHEYWVQAE ITAMATDLAEFIGAATGFELT
IKDYTGYRLLWVLVYGHIIGFIFHTLSMELGHI TGLDLAALCRKEFSSKFSYFLYICVQIAIWGAHLQATIIGVFVAINLI
VEDYTGEYRLLWVLVYGHI LGFT FHTLSMKLGHI TGLDLAALCRKEFSSKFSYFLY ICVQIATWGAHLQAT IGVEVAINLT
LKDYTGYRLLWVLVYGHILGFIFHIL SMK LGHI TGLDLASLCRKEFSTKFSYFLYVIVQIATWGAHMQAT IGVFVAINLI
VKDY TGYHL LWILAYGHI LGFVFQVLSMELGHVTGLDLASTCYKEFDKKYSYLLYICVQIATWGAHIQATVETFVATHLI
VKDY TGYHLLWILAYGHILGFIFQUL SMELGHYTGLDLASICYKEFDKRYSYLLYFFVQIATWGAHIQAIVGTFVAIHLL
VKDY TGYHL LMILAYGHVLGFVFQULSME LGHYTGLDLASTCYKEFOKKYSYLLYICVQIAIWGAHIQATVETFVATIHLI
ERDYSGYYLLWIMVYGHMLGF TFQULSMRLGHVTGLDLASLCSKEFDRTTSTITYVLVQIAIWGAHIQATIGTFIALNLY

SREFLPLWAGVVITASDCFLFLFLE  NYGVRKLEAVFAVLIATMGLSFAWMFGETKPS--GRELMIGILLPRALSS--K
IK--VPLPAGVAITVVOVFLIMFTY [6 ) IRFIRIFECFVAVLWGYCICFAIELAYIPKStSVKQVFRGFVPSAQMFAhN
VG- -LPVWIGVLVTLVDSFTFLSLN  AERTQQLERVFSFFIGIMAVAFGYTLVLSKPS--FRLILHGLVAPTLPHErA
LG--VSLLQGAVLTGIATFLILMLO  RRGOKPLEKVIGGLLLFVAAAYIVELIFSQPN--LAQLGKGMVIPSLPT-SE
LG--IPVKIAILYTLIEAFAYSFLE  MNKSLDLLEKVLSLLIGILVCCFMFNVFMTPIN--FQEVASSILYPRIPK--G
LG--IPVEIRILYTLIEAFAYSFLE  MKSLOLLEXKVLSLLIGILVCCFMFNVFMTPIN--FQEVASSILYPRIPK--G
LG--IPVEIAILYTLIEAFAYSFLE  MKSLDLLEKILSLLIGMLVCCFMFNVFMTPIN--FQEVTSSIIYPRIPK--G
FG--ISVEVAILYTLVEALVYSFLE  NKSLMLLENVLSLLIGLLALCFIFNVFMTPIN--YKEVAYGILYPRIPE--G
FG--ISVKVAILYTLIEALVYSFLE  MNKSLSLLENVLSVLIGFLAVCFIFNVFMTPIN--YKEVVYSILYPRIPE--G
FG--ISVKIAILYTLVEALVYSFLE  NKSLHLLENVLSLLIGLLALCFIVNVFMTPIN--YKEVAYSILYPRIPQ--G
FG--ISVKVAIFYTLFEAIIYSFLE  MKSLGLLENVLSFLVGILAVSFFVNVFMTPIN--FKELAISILYPRIPK--G

TIRQAVGVVGCVIMPHNVELHSALVOSRKIOPKRKS  RVQEALNYYLIESSVALF-TSFMINLEVTTVFAK -GFYGT
GIVTAISILGATVMPHSLFLGSALVQPRLLDYOVKH] 34 JATKYCHMKYSMVELST TLFLALFVNCAILVVAGS - TLYNS
DAFDLLALVGCIIMPHNIFLHSALVLTRRVKRNSPD  KVAEANYYFSLEAALALA-VSFLLNGCVLCAFAN-PRVET
AVF LAAGYLGAT IMPHVIYLHSSLTQHLHGG - = = = = SRQQRYSATKWOVATAMT - IAGFVNLAMMATAAA-AFHFS
KLLDTMGLLGSVISAHIFYLHSNLTSKKKPVIYNDR  MVKRYNKLGTIESGGSLL-VSCITHCIIVLTFAEVNISGD
KLLDTMGLLGSVISAHIFYLHSNLTSKKKPVIYNDR  MVKRYNKLGTIESGGSLL-VSCITNCIIVLTFAEVNISGD
KLLDOTMGLLGSVISAHIFYLHSNLTSKKKSIIYNDR  MVKRYNKLGAIESGGSLL-VSCITHCIIVLTFAEVNISGD
KGFDAMALLGSIISAHVFYLHTHLTSKKKAVIFNDR  MLKRYNTLGTVESAGSLF - LSCVTNCIIVLTFAEVNINAH
KGFDAMALLGSIISSHVIVLHTNLTSKKRAVIFNDR  MLKRYNTLGTVESAGSLF-LSCYTHCIIVLTFAEVNIKAN
KGFDAMALLGSTISAHVFYLHTHLTSKKKAVIFNDR  MLKRYNTLGTVESAGSLF - LSCVTNCIIVLTFAEVNINAH
KEIDALALLGSIISAHIFYLHTNLTAKKKSVICNDL  SLRRYNTLGTIESGGSLF-LSCLTNCIIVLTFAEVNLKSF

EKANNIGLVNAGQYLQEKFGGG11pI LYIWGIGLLAAGQSSTITGTYAGQFIMGGFLNLRLKKNMRAVITRS -CAIVPTH
PEADGADLFTIHELLSRNLAPA---AGTIFMLALLLSGQSAGVVCTHSGQIVSEGHINWK LQPRQRRLATR--CISIIPC
PEGEDLTLSTAPEALQSAFGHG- - -ALYIWAAGLLAAGONAAMAGTYAGQFVMOGFLDLHFSRPVRLVLTR--LVTILPY
GHTGVADLDEAYLTLQPLLSHA---AATVFGLSLVAAGLSSTVWGTLAGQVVMQGF IRFHIPLWVRRTVT - -~ - - MLPSF
DREKADYMNLFNAYDVMKKYFGKT - - -SMYIWSFGLLSSGNNAS FMCEYASKSVFEGFLNKNVNPFFRVIFSR----TILFI
DRKADYNLFNAYDVMKKYFGKT - - -SMYIWSFGLLSSGNNAS FMCEYASKSVFEGFLNKNVNPFFRVIFSR----TILFI
DIKTDYNLFNAYDVMKKYFGKT - - -SMYIWSFGLLSSGNNAS FMCEYASKSVFEGFLNKNVNPFFRVIFSR----TILFI
DRRDAYNLFTAYEVMKKSFGKI - - -SMYIWSFGLLSSGNNSSFMCEYASKSVFEGFLNKKINTFLRVLSFRFFLFSILYL
ERKDAYNLFTAYEVMKKSFGKI - --SMY IWSFGLLSSGNNSSFMCEYASKSVFEGFLNKKINTFLRVLSFRFFLFSILYL
DRRDAYNLFTAYEVMKKSFGKI - --SMYIWSFOLLSSGHNSSFMCEYASKSYFEGFLNKKVNTFLRVLSFRFFLFSILYL
ERRDOYMLFTAYEVMRKSFGKI - --SMYIWSFGLLSSGNNSSFMCEYASKSVVEGFLNKK INTFVRVFTFRIMLFSLLYM

78

173
181
793
123
ive

368
ige
374
385

246
262

195

431
439
451

456
418

3ze
7
940
264
516
586
514
526
520
531
404

399

1e1:
336
589
579
587
683
597

571




AtNramp 488  IVAIVFNtSEASLDVLNEWLRVLQSVQIPFALLPLLTLVSXEEIMGDFEIGPIL QRIAWTY

ScsSmif1 447 LVISICI-GREALSKALNASQVVLSIVLPFLVAPLIFFTCEKSIMKTEITVOHT [ 12 ]R5AGSVI
TQDMT 1016 AVLADL--DQAVVDSICRVVNIAQAFLLPFALVPLLLFSTSRRVMGRFALDGWR WGAVLAL

EcDMT 337 IVILMGL~----DPTRILVMSQVLLSFGIALALVPLLIFTSDSKLMG KQTGWVI
PODMT 558  MLYAYVSyDKYTIDQLSNFINVVQILLLPLAIIPLYRFSIHKNY KYLVFVL
PvDMT 588  MLYAYVSyDKYTIDQLSMFINVVQILLLPLATIIPLYRFSIHKN KYLVFVL
PchDMT 588  MLYAYVSyDKYTIDQLSNFINVVQILLLPLAIIPLYRFSIHKNVI KHLVFY

PecyDMT 684 FLLY----DEYSIDQLTMFINVIQVLLLPLAIVPLYRFSI KLFVFVI

PKDMT 598 FLLY----DKYSIDQLTNFINVIQVLLLPLAIVPLYRFSIHKNVLGEK KLFVFVI

PvDMT 609 FLLY----DEYSIDQLTMFINVIQVLLLPLAIVPLYRFSIHKNVLGK KIFVFVI

PMDOMT 572 FLTL----NKYTLDQLTNFINVIQVLLLPMATIPLYRFSIHENVLGEFRLKKFP KFAVFLI

AtNramp 472 LLDFF- - VSEVDGF - LFGV-TVCVWT TAYIAFIVY [6]FFPSPw---S555IELP[ 8] 53@
ScSmif1 545 IT--=-=-------- VIAI-IVWLFLSLLNVYAIV  QLGMShgdIS------- 575
TgDMT 1086 AFYQLaalQLSPQL-CFGG---MTLLLLYAAVLIV TARQK---IRGVFCVYL[102] 1232
ECDMT 485 [V----oeeeeeG-tAlAL-~mrrm e mm e s 412
PDODMT 662 TLFDF--LQYAPSM-LYVM-LIFICSIFYLLFIIY  FFNIP---ITKTYYKDS 706
PvDMT 652  TLFDF--LQYAPSN-LYVI-FIFISSIFYLLFIIY  FFNMP---ITKTYYKDS E96
PchDMT 660  TLFDF--LEYASNS-LYVM-FILLCSIIYLFFIIY  FFNMP---LITKTYYKDS 784
PcyDMT 672  TVFDF--IQKVP-N-LY¥S--==smemmmmonomen  coceececsceseeea- 685
PKDMT 8686 TIFDF--IQKVP-N-IVSVCFATIFSLLYLAFMVE  LFQMP---ITKTYCRLR 716
PvDMT 877 TVFDF--LQKVP-N-LYSVCFAIFFSLIYLSEMLF  LFKMP---ITKTYCRQR 721
PIDMT 5428  TFLDF--VHKET-S-LITIFFLVIFSFLYFGFIIY  FENIP---IKENYIQRN 684

Abbreviations:

AtNramp - Arabisopsis thaliana Nramp

ScSmfl — Saccharomayces cerevisiae Smfl (Nramp homologue)
TgDMT — Toxoplasma gondii DMT 1 homologue
EcDMT — Escherichia coli DMT

PbDMT — Plasmodium berghei DMT 1 homologue
PyDMT - Plasmodium yoelii DMT 1 homologue
PchDMT - Plasmodium chabaudi DMT 1 homologue
PcyDMT - Plasmodium cynomolgi DMT 1 homologue
PvDMT - Plasmodium vivax DMT 1 homologue
PkDMT - Plasmodium knowlesi DMT 1 homologue

PfDMT - Plasmodium falciparum DMT 1 homologue
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