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ABSTRACT

The human malarial parasite, Plasmodium falciparum, requires an
axogenous source of purines for survival. This suggests the possibility of using
parasite-toxic purine nucleosides as anti-malarials.

in human erythrocytes (RBCs), adenosine (Ado) influx occurs via a
transporter-mediated process, which is stereoselective for D-Ado and is potently
inhibited by nitrobenzylthioinosine (NBMPR). However, in P. falciparum-infected
human erythrocytes (pPRBCs), a component of Ado influx was NBMPR-
insensitive ana was not stereoselective. These cells remained impermeable to
sucrose suggesting that the new route of Ado entry had solute selectivity
characteristics bayond that of size alone.

Further examination of Ado entry into pRBCs indicated that, in contrast to
the influx of other permeants that enter pRBCs, but not RBCs, pRBC-specific
Ado influx was saturable (Km~14mM), suggesting the involvement of a mediated
route of Ado entry. A lack of significant inhibition of L-Ado influx by the glucose
transport inhibitor cytochalasin B indicated that L-Ado was not entering pPRBCs
via a glucose transport process. In contrast, both phloridzin and furosemide,
compounds previously identified by others as inhibitors of pRBC-specific solute
entry, inhibited the influx of L-Ado in pRBCs (IC;, phloridzin ~50uM, ICx,
furosemide ~4uM). Furosemide was much more selective for the parasite-
induced Ado entry process than was ph'- .dzin, as unlike phloridzin, 50uM
furosemide did not affect Ado influx via the erythrocytic nucleoside transporter.
Furosemide was also a potent inhibitor of the pRBC-specific entry of D-Ado, L-
glucose and D-sorbitol into pRBCs (ICsp <10uM), suggesting that these
permeants shared a route of entry into pRBCs with L-Ado. Further evidence for

a shared route of solute entry was provided by the reduction by 20mM L-Ado of



the entry of 2mM L-glucose or 2mM D-sorbitol into pRBCs to ~30% and ~60% of
control values, respectively.

In order to be useful clinically, a purine nucleoside should be
metabolically converted into a parasite-toxic intermediate. A comparison of Ado
metabolism in pRBCs and RBCs indicated that the rates of conversion of b-Ado
and L-Ado to n_ucleotides were increased in pRBCs, as was the rate of
deamination of L-Ado. L-nucleosides may have potential as anti-malarial agents

based on selectivity of transport and metabolism in pRBCs.
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INTRODUCTION

I. MALARIA: HISTORY AND PATHOLOGY

Knowledge of the disease we know as malaria dates to some of the
earliest records of man's history. As early as three thousand years ago, the
Chinese recorded the existence of "paroxysmal manifestations of chill and
fever". By the fifth century B.C., the Greeks had noted the various periodicities
of these fevers (1).

The fevers and chills we commonly associate with the disease were long
attributed to bad air or "mal'aria” found near stagnant swamps. This was thought
to suggest that the causative agent must be able to enter the human host and
was even predicted to involve insects by Lancisi in 1717 (2). As early as 1716,
Lancisi had described dark pigment in post-mortem examinations of the spleen
and brain tissues of those afflicted with malaria, however, it was Virchow who
linked the preserice of pigment (hemozoin) to the malarial fever in 1848 (2). It
was a French Army surgeon, Charles Louis Alphonse Laveran, who is credited
with discovering the Plasmodium parasite itself while examining blood from a
malaria sufferer (2).

Strong evidence that the Plasmodium parasite was, indeed, the causative
agent of malaria was provided by Gerhardt in 1884 (2) as well as Marchiafava
and Celli in 1885 (1). Those scientists described the transmission of the disease
to subjects by inoculation with infected blood. Plasmodium falciparum was
discovered simultaneously in 1890 by Canalis and also Marchiafava and Celli
(2). Evidence for the natural mode of transmission of the parasite into humans
was supplied by Sir Ronald Ross. In 1897 he discovered the parasite in the
stomach of Anopheles mosquitoes that had fed on malaria-infected humans. in

1898 he also demonstrated that only those mosquitoes which had fed on birds
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infected with the malarial parasite were able to transmit it to previously
uninfected birds thus demonstrating the complete cycle of infection from bird to
mosquito and back to birds (2).

It is now known that, in addition to the Plasmodia that infect birds or
humans, Plasmodium species also infect reptiles, rodents or non-human
primates. Those species have proven useful for malaria research as it has been
possible not only to obtain a large amount of information about Plasmodium
biology, but animal models have also provided an opportunity for drug testing.
Of the many Plasmodium species known, there are four that can cause malaria
in humans. These are P. ovale, P. malariae, P. vivax, and P. falciparum. The
first two listed are fairly widespread but generally produce relatively mild
symptoms and very little mortality. P. vivax is predominant in most parts of the
world where malaria is found and is the only species found in temperate zones.
P. vivax can cause severe infections and even death on occasion. Itis P.
falciparum that is the most devastating malarial parasite. This species is
generally limited to the tropics and subtropics, but is responsible for the vast
majority of the over one million deaths attributed to malaria each year (3).

The complete life-cycle of malaria is quite complex, (discussed in Section
11.1.) but it is the asexual erythrocytic portion of the cycle that is responsible for
the clinical symptoms of malaria. It is the lysis of malaria-infected erythrocytes
that is responsible for the symptoms of fever and chills, but there are a number
of other clinical symptoms, which vary with the severity of the infection. Infection
with P. falciparum is the most serious and presents the highest degree of
morbidity and mortality. The symptoms of malarial infections are due to
hemolysis of Plasmodium-infected and normal erythrocytes (pRBCs and RBCs),
release of parasite metabolites and the resulting immune response, as well as

the formation of malarial pigment (hemozc'n) by the parasite (4). The fever and
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chills associated with infection are most severe in P. falciparum infections. 1tis
not uncommon for fevers to reach 40°C (3). The rupture of erythrocytes, both
uninfected and infected, causes increased phagocytic action by host
macrophages that results in anaemia and an increase in liver and spleen sizes.
Surface changes of pRBCs can lead to clogging of capillaries by these cells and
result in tissue anoxia (4). These effects are tissue-dependent and can be very
debilitating. In severe attacks of P. falciparum malaria it is possible to develop
severe anaemia, renal failure, pulmonary edema, hypoglycemia, circulatory
collapse and shock, spontaneous bleeding of the gastrointestinal tract, repeated

generalized convulsions, aciaemia/acidosis, haemoglobinuria and even coma

(3).

1. THERAPEUTICS OF MALARIA

The long established recognition of malaria as a disease entity has led to
a wide variety of treatments for the infection. These have ranged from attempts
at spiritual healing in early times, to izarre natural remedies, to the synthetic
drugs of today. A key to malaria therapy was the introduction of Cinchona bark
into Europe and the Americas in the 1600's (2). Quinine, the active ingredient in
the bark was isolated in 1820 by Caventou (2) and for a long time was the only
effective anti-malarial agent available. This drug, known as a blood
schizonticide because of its ability to impede the asexual development of the
parasite (see Section lll.1., Fig. 1), is thought to act by inhibition of DNA
replication and RNA transcription by forming a complex with DNA (4). An
alternative mechanism of action for quinine may invoive its ability to inhibit the
activity of the parasite heme polymerase as discussed below for chloroquine.

This hypothesis is based on the ability of quinine to effectively inhibit heme
polymerase in vitro (ICso~18uM) (5).
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Production of quinine by synthetic procedures, though possible, is not
commercially viable (4). Interestingly, although a number of synthetic anti-
malarials have been developed, the mode of actions for any are unknown (6).
This is true even of the drug that has been the mainstay of anti-malarial therapy,
chloroquine. The mechanism of action of this drug is still unknown although at
least three possibilities have been described. The breakdown of hemoglobin by
the parasite produces large amounts of a toxic by-product, ferriprotoporphyrin IX
(FPIX). Although RBCs can degrade FPIX, the parasite cannot and instead
sequesters FPIX in food vacuoles where it is complexed as malaria pigment
(haemozoin). One postulated mode of action suggested that chloroquine bound
to FPIX in the food vacuole prevents its incorporation into pigment (7).
Alternatively, it has been postulated that the ability of chioroquine to act as a
weak base in the acidic food vacuole prevents the breakdown of hemog! bin to
amino acids by acidic proteases (8). A third hypothesis was put forward in 1992
by Slater and Cerami (9) who found that chloroquine inhibited a parasite enzyme
that was responsibie for the polymerization of the parasite-toxic FPIX into
haemozoin. It was hypothesized that inhibition of this enzyme by chloroquine in
vitro resulted in parasite death (9).

The limited effectiveness, and the widespread use of chloroquine has
resulted in the appearance of many chloroquine-resistant strains of P.
falciparum, as wzil as some resistance in P. vivax (10). By 1992, chloroquine
resistance he:= neen reported in all areas with P. falciparum except the Middle
East, Egyr: narts of Central America, Mexico and Hispaniola (4). In
chio:on.ine-resistant areas, quinine is now the drug of choice (3.4). A disturbing
observaion is the existence of populations with naturally occurring resistance to
meficiguine (11), @ modern antimalarial drug recommended for prophylaxis in

areas of chloroquine resistance (12). Artemisinin, a natural antimalarial derived
Page-4



from the Chinese medicinal plant ginghao, has shown great promise in a number
of clinical trials and it is hoped that this drug may have wider applicability in the
near future (13).

In addition to chemotherapy, a large effort has been directed towards
lessening the severity of an infection by chemoprophylactic means. The Worid
Health Organization recommends chemoprophylaxis regimens for travellers,
consisting of chloroquine or mefloguine (12). Alternative steps are also being
exarrined to prevent transmission of the disease including mosquito control as
well as the search for an effective vaccine or vaccines Very encouraging has
been the development of a vaccine designated SPf66, which has shown
protective effects in both ahimal studies and a phase-lli clinical trial (see ref. 14
for a brief review).

In spite of the variety of drug treatments availzble, the incidence of and
mortality due to maiaria is on the increase. This has led o searches for new
approaches to malaria therapy including new drugs and vaccine development. A

key to the future success of these approaches may lie with a better

understanding of parasite biology and its relationship to the host erythrocyte.

Ill. HOST-PARASITE RELATIONSHIPS

Since Plasmodia are dependent on the =v: ““bility of both a vector for
transmission (mosquito) as well as a host (humai) there exists the possibility for
therapeutic intervention in either. The general life cycle of Plasmodia is very
similar for all species and hosts, so this section will be concerned only with the
life cycle of Plasmodium falciparum. The life-cycle of P. falciparum is quite
complex and consists of sexual reproduction in the mosquito vector, as well as

asexuail replication and production of gametes in the human host.
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Ii.1.Life Cycle
11i.1.A. Mosquito
Only the females belonging to approximately 60 of the 200 species of

/Anopheles mosquito are capable of malaria transmission (4). When one of
these mosquitoes takes a blood meal from a P. falciparum-infected subject,
microgametocytes (male) and macrogametocytes (female) are ingested with the
blood. Macrogametoc:tes are fertilized, after flagellar loss by the
microgametocytes, resulting in the formation of a zygote which subsequently
matures into an odkinete and then an oécyst in the mosquito's gut. Then follows

the development of sporozoites, some of which migrate to the salivary gland.

11.1.B. Host

When the mosquito takes her next blood meal some of the sporozoites
are transferred in the saliva to the next host. Approximately 40 min aits:
injection the sporozoites enter liver parenchymal cells and undergo what is
known as the exo-erythrocytic cycle during which the parasite undergoes
asexual replication producing thousands of merozoites in each infected cell.
Rupture of the liver cells results in the release of these merozoites into the
circulation. P. falciparum merozoites are capable of invading erythrocytes of any
age and begin to undergo asexuai replication (schizogony).

During schizogony, after invasion of the erythrocyte (Ul), the merozoite
(M) develops into a ring stage (R) organism, which develops into trophozoite (T)
and schizont (S) stages before the host cell bursts, releasing 8-24 merozoites

into the circulation (Fig. 1). This asexual erythrocytic cycle continues as long as

t-  s=~np s present. Alternatively. the parasite can enter intc gameatogony
L " she micro- and macrogametocytes are formed, thus allowing the
pa:.. ransferred to a new host by the feeding anopheline miosquito.
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Fig. 1. The asexual erythrocytic cycle of Plasmodium falciparum.

fIl.2. Changes to the Host Erythrocyte during parasite development

I.2.A.General changes

The development of the parasite during the asexual erythrocytic cycle,
firs: 2 ~cribed by Golgi in 1885 (1), is related t:: “1e symptoms and pathology of
t . -+ The asexual erythrocytic cycle is ..o the target for the majority of
the commonly used anti-malarials discussed above. The parasite's development
in the erythrocyte results in a number of changes to both the structure and
function of the host cell. These changes allow the parasite to exist in its own
micro-environment inside the host cell. In addition to its own cell membrane, the
parasite is also surrounded by a vacuolar (parasitophorous) membrane, possibly
obtained in part from the host cell membrane during invasion (15), thus making
the cytosol of the host cell the parasite’s extracellular environment. The parasite
is capable of altering this environment to suit its needs. These changes have a
variety of effects on the erythrocyte, one of the most striking of which is the
destruction of the sodium gradient seen in normal erythrocytes (16,17). This
results in a parasite-infected cell cytosol with a high concentration of sodium

compared to normal cells thus allowing a sodium gradient to be established
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between the parasite, which is in the low-sodium parasitophorous vacuole, and
the host cytoplasm (17). There are also a number of metabolic differer. _es
between uninfected and parasite-infected erythrocytes. The parasite has a
substantially greater requirement for nutrients than does its erythrocyte host.
The parasite must obtain these nutrients from the host cell cytosol. Unlike the
host cell, the parasite has a requirement for protein synthesis and hence for a
ready supply of amino acids. The parasite can obtain the amino acids
necessar : for its rapid growth from the breakdown of host cell hemogiobin or
from free amino acids in the host cell cytosol (18). There is also a 40- to 100-
fold increase in glucose consumption and lactate production in the erythrocyte
when it is infected with the malarial parasite (6). This is apparently due to
increased glycolysis by the parasite which has glycolytic enzymes with much
higher (5- to 520- fold) specific activities than many of the erythrocytic
counterparts (19). Mature mammalian erythrocytes lack a nucleus and are
unable to synthesize DNA or RNA while the parasite needs rapid nucleic acid
synthesis for its growth. The parasite is able to synthesize its own pyrimidines
(20,21,22, see below; Section V.) while the primary source of purines appears to
be hypoxanthine (Hyp) (23) which can be obtained either by salvage of the
nucleobase or by the metabolism of adenosine (Ado) (6, see below).

Changes to the host erythrocyte are not solely intracellular. There are
also numerous changes in the characteristics of the cell membrane. Infection
with P. falciparum results in changes to the host cell membrane which include
alterations in the membrane cholesterol, lipid and protein composition (6).
These changes result in increased erythrocyte fragility, increased cyto-
adherence and also increased susceptibility to phagocytosis. A further

consequence of parasite infection is an altered permeability of the host cell

membrane to a wide variety of small solutes.
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{11.2 B. Membrane permeation in malaria-infected erythrocytes

One of the most interesting changes induced in the host erythrocyte by
infection with Plasmodia, is the altered host cell membrane permeability to a
wide variety of small solutes. Studies using non-human models of malaria have
considerably aided the research now underway with P. falciparum. In the late
60's it was recognized that there are permeability differences between
Plasmodium-infected erythrocytes and uninfected cells. Dunn (16) showed that
sodium transport was altered in P. knowlesi-infected erythrocytes from Rhesus
monkeys. Sherman was able to demonstrate altered amino acid and glucose
entry in duck pRBCs infected with P. lophurae (24,25). Rodent malarias have
also provided useful models in studies of glucose (26,27) and nucleoside
permeation (28,29,30,31).

A major breakthrough in malaria research was the development of
techniques for the long-term culturing of P. falciparum in vitro (32). For instance,
this development allowed for the examination of the permeability properties of
human erythrocytes infected with malarial parasites. An early example of
membrane permeability differences between RBCs and P. falciparum-infected
erythrocytes was seen by Lambros and Vanderberg in 1979 (33). They were
able, using sorbitol or mannitol, but not sucrose, to selectively lyse erythrocytes
that cuntained mature parasites (trophozoites and schizonts) while uninfected
cells remained intact. However, it was not until 1982 that this effect was
attributed to altered erythrocyte permeability in P. falciparum-infected cells.
Kutner et al. (34) found that infection with P. falciparum resulted in an increased
erythrocyte permeability to a number of anionic probes to which RBCs were not
permeable. They suggested that an aitered erythrocyte membrane permeability
may have been the cause of the selective lysis seen by Lambros and

Vanderberg. Kutner et al. further demonstrated (34) that the observed
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permeability changes were growth stage specific and dependent on protein
synthesis.

In 1985, Ginsburg et al. (35) demonstrated an increased permeability in
parasite-infected erythrocytes for a number of polyols and amino acids by
utilizing the technique cf osmotic lysis (see also ref. 36). It has since been
demonstrated that P. falciparum-infected RBCs show enhanced permeability to a
wide variety of metabolically important solutes including cations (17,37), anions
(38,39), carbohydrates (35,39,40), amino acids (18,35,39,41), and nucleosides
(39,42,43,44). It has been suggested (e.g., in refs. 35 and 41) that the parasite-
altered host membrane permeability may have evolved due to the parasite's high
demand for nutrients and/or its need to eliminate large levels of waste produced
by the metabolism of these nutrients.

The pathway(s) responsible for the parasite-induced entry of these
compounds into P. falciparum-infected erythrocytes has not been identified.
However, the entry route has been reported to be unsaturabie (39), and non-
stereoselective (e.g., see refs. 35,39,45). Early studies suggested that a single,
positively charged, weakly hydrophobic, pore-like pathway with a fixed radius
was responsible for the parasite-induced solute entry (35,46). Phloretin and
phloridzin were both shown to be effective inhibitors of solute entry by this route
(47,48). However, as a more diverse range of solutes was examined, this
theory, in part due to a wide variation in the effectiveness of inhibition by
phloridzin, was modified to include three possible entry routes (49). These
comprised a pore-like route for hydrophilic and anionic substances, a protein-
lipid interface for the more hydrophobic substances, and also modified
erythrocytic carriers.

Kirk et al. (39,45) have reported that the entry of a wide range of solutes

is inhibited to a similar extent by a number of anion channel inhibitors including
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furosemide and 5-nitro-2-(3-phenylpropylamino)-benzoic acid (NPPB). It has
also been shown that hydrophobicity may be a major determinant of solute entry,
especially among solutes of similar size (e.g. sucrose and Ado) (39,45). Kirk et
al. have suggested that one pathway with characteristics similar to those of a
chloride channel may be responsible for the malaria-induced entry of solutes
into pRBCs (45).

IV. MEMBRANE PERMEATION OF NUCLEOSIDES

IV.1. General Characteristics of Nucleoside Permeation

The physiological nucleosides, though quite small (M.W. ~250), are
relatively hydrophilic and are able to cross cell membranes by diffusion only very
slowly. In mammalian cells, the rapid entry of nucleosides is attributable to a
variety of nucleoside transport processes (see ref. 50 for a recent review). Two
major classes of nucieoside transporters have been described: namely,
concentrative and equilibrative. There are now four systems that have been
described in which nucleoside influx is coupled to the movement of sodium ions
down a concentration gradient. These concentrative nucleoside transporters
differ in their substrate selectivity and their sensitivity to inhibition by
nitrobenzyithio-inosine (NBMPR) and dipyridamole (DPM). Three systems have
been described that are concentrative and also insensitive to NBMPR and DPM.
They are distinguished by their solute selectivity and have been designated "cif"
(concentrative, insensitive, formycin B), "cit " (concentrative, insensitive,
thymidine) or "cib" (concentrative, insensitive, broad) by Belt and co-workers
(51,52). Recently, a system has been reported in leukemia cells from patients
with acute or chronic lymphocytic leukemia that is concentrative and is sensitive

to inhibition by NBMPR and DPM and has been designated "cs" (53).
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Two equilibrative, facilitated diffusion systems have been described, both
of which have broad substrate selectivities. The first is sensitive to inhibition by
NBMPR and is designated "es" for equilibrative, sensitive. A second system,
designated "ei ", is also equilibrative, but is insensitive to 1uM NBMPR (50).
This system is inhibited by DPM, however, the concentration necessary for

inhibition varies somewhat among cell types (50).

IV.2. Membrane Permeation of Nucleosides in Uninfected Ervthrocytes

Human and mouse erythrocytes both utilize es transporters for the
movement of nucleosides across their plasma membranes. This transporter,
which is present in the human erythrocyte membrane at an abundance of
~10,000 copies/cell (54) allows the facilitated diffusion of a wide variety of
nucleosides and their analogs (55,56). The protein responsible for this transfer
has been shown to be a glycoprotein with a molecular weight of about 55,000
daltons, which co-migrates with the erythrocytic glucose transport protein (Giut1)
as "band 4.5" on SDS-PAGE (57). This nucleoside transporter protein has been
purified to near homogeneity and reconstituted in vesicles (54).

The erythrocytic es nucleoside transporter allows the selective entry of
pentofuranosides of purine and pyrimidine bases. A wide variety of substitutions
can be made to the nucleobase moiety of the nucleoside while still allowing the
compound to be a permeant for the transporter. Substitutions at the 2'-position
of the sugar are also well tolerated. In contrast, the transporter is sensitive to
substitution at the 3'-position of the sugar (58).

Nucleoside transport into human RBCs is potently inhibited by a variety of
N6- and S6- nitrobenzyl-substituted 8-8-D-ribofuranosy! derivatives of adenine
(Ade) or 6-thiopurine (59,60,61). NBMPR binds to the transporter polypeptide

(Ko~1nM) and is a potent inhibitor of nucleoside transport in these and other
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celis. As well, dilazep (DZP) (62), DPM (63), and mioflazine derivatives (64) are
effective inhibitors of nucleoside transport in erythrocytes. The glucose
transport inhibitor cytochalasin B (CB) (Ki~140nM (65)) can also inhibit
nucleoside influx in human erythrocytes (ICs, of ~30uM for inhibition of uridine

(Urd) influx) (66).

The es transporter is stereoselective for the D-enantiomers of several
nucleosides (e.g. 57). Studies using mouse erythrocytes and mouse leukemia
(L1210) cells have indicated that p-L-adenosine (L-Ado) is a poor substrate for
the transporter and is able to enter these cells slowly via nucleoside transport

processes in addition to diffusion (67).

IV.3. Membrane Permeation_of Nucleosides in Parasite-infected Erythrocytas

As mentioned above, infection with, and growth of, Plasmodia in
erythrocytes causes changes in the membrane permeability of the host cell to a
variety of small solutes including nucleosides. Neame and Homewood (28) were
among the first to examine nucleoside permeation in Plasmodium-infected
erythrocytes. They examined the entry of pyrimidine nucleosides into P.
berghei-infected mouse erythrocytes and found that, in contrast to earlier results
(68), pyrimidine nucleosides were able to enter pRBCs. Hansen et al. saw an
increased rate of entry of Ado, inosine (Ino), Ade and Hyp into P. berghei -
infected erythrocytes relative to that in uninfected control cells (29).

Gati et al. (30) were able to show the existence of a parasite-induced Ado
entry route in P. yoelii-infected mouse erythrocytes that was not inhibited by
NBMPR. The exclusion of sucrose from those cells indicated that solute
permeation was not determined solely by solute size. It was further
demonstrated (31) that the entry of Ado into pRBCs occurred via three routes:

the es system of RBCs, and two additional parasite-induced routes that were
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insensitive to NBMPR. Kinetic characteristics of ane of the latter routes were
similar to those of the es nucleoside transporter while the other route was
unsaturable. The unsaturable route was without enantiomeric selectivity and
allowed the entry of the non-physiological L-enantiomer of Ado. L-Ado entry, like
that of small solutes into P. falciparum-infected human erythrocytes (69), was
sensitive to inhibition by furosemide (31).

in human erythrocytes infected with P. falciparum, the properties of Ado
permeation may be similar to those reported in the studies with P. yoelii (31).
Gero et al. (42,43) demonstrated that development of the parasite from the ring
to schizont stage was coupied with changes in the Ado and the tubercidin
permeability of the host cell. They saw (42) an increase in nucleoside transport
inhibitor-insensitive Ado entry with growth stage development. They also
reported a decrease in the number of erythrocytic nucleoside transporters as
deduced from a decrease in the number of NBMPR binding sites (42).

it was recently suggested (44) that NBMPR-insensitive Ado influx in P.
falciparum-infected RBCs comprised two components similar to those described
in P. yoelii (31}, in that one was saturable and the other was not; however,
supporting data were not shown. Kirk et al. have reported the apparently

unsaturable entry of thymidine (Thd) into P. falciparum-infected erythrocytes (39).

V. METABOLISM GF NUCLEOSIDES

V.1. General Characteristics of Nucleoside Metabolism

Those cells that are incapable of de novo synthesis of nucleotides must
rely entirely on their ability to salvage free nucleosides and nucleobases by
converting them into nucleotides. Purine and pyrimidine bases are released
intracellularly as a result of nucleotide metabolism. While pyrimidines are not

significantly salvaged by mammalian cells, purine bases can be returned to
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nucleotides by the activities of phosphoribosyltransferases. As well, the
transport processes discussed above (Section IV.) contribute to the salvage of
extracellular nucleosides, which can then be metabolized intracellularly by the

purine nucleoside salvage enzymes found in most cell types.

V.2. Nucleoside Metabolism in Human Erythrocytes

V.2.A. Pyrimidines

Mature human erythrocytes are unable to synthesize pyrimidine
nuclectides de novo due to a lack of dihydroorotate dehydrogenase (DHO-
DHase) activity (70). Urd and Thd are substrates for membrane transport
precesses in erythrocytes, but are not metabolized due to a lack of the

appropriate saivage enzymes (71,72).

V.2.B. Purine nucleosides

Mature human erythrocytes are devoid of nucleic acid and protein
synthesis, but do possess ATP. These cells are incapable of de novo purine
nucleotide biosynthesis and must obtain purine nucleotides via the action of
purine salvage enzymes (see Fig. 2). Ado, which is released into the circulation
by a number of tissues including brain, kidiey and skeletal muscle (6), can be
taken up into erythrocytes by the erythrocytic nucleoside transporter (see above,
Section IV.2.). Ado, at normal physiologica! concentrations (<1uM) can then be
phosphorylated to AMP by adenosine kinage (AK). AMP can also be obtained
by the phosphoribosylation of Ade by adenine phosphoribosyltransferase
(APRTase) although the plasma levels of Ade are quite low (70). Alternatively,
at high concentrations, such as occur during tissue breakdown (73), Ado can be

deaminated to Ino by adenosine deaminase (ADA) and then further metabolized
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Figure 2. Purine salvage pathways in parasite-infected and normal human
erythrocytes.

1. adenosine kinase
2. adenosine deaminase
3. purine nucleoside phosphorylase
4. hypoxanthine/guanine phosphoribosyltransferase
5. adenylosuccinate synthetase
6. adenylosuccinate lyase
7. IMP dehydrogenase
8. GMP synthetase
9. adenine phosphoribosyltransferase
10. xanthine phosphoribosyltransferase
11. 5'-nucleotidase
12. AMP deaminase
13. purine nucleoside monophosphate kinase
14. purine nucleoside diphosphate kinase

* % * *

»

* note; enzyme activities marked with an asterisk are very low or absent
in mature human erythrocytes
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to Hyp and i#P by purin: nucleoside phosphorylase (PNP) and hypoxanthine-
quariine phospheribosyi ‘ransferase (HGPRTase), respectively. In mature
human erythrocytes, t» ~rizyme activities necessary for further metabolism to
AMP or GMP are vary “x ;. assentially non-existent (70). GMP can not be
obtained from the dirz: - shos . ylation of guanosine (Guo), but rather by the
phosphoribosylatiun «f guainine (Gua) by HGPRTase. Guanine can either be
saivaged from the circuiation or be ‘ormed by the intracellular phospnorolysis of
Guo by PNP.

Erizymes of Ado metabetism are yenerally stereoselective for the D-
enentiomer. For example, Asai et 2! (74) and Minoto et al. (75) reported that L-
Adc was cniy very slowly deaminated by the ADA from Aspergillus oryzae. More
recently, Gu ef al. demonstrated that L-Ado was not phosphorylated or

deaminated by the AK or ADA from rat brain (76).

V.3. Nucleoside Metabolism in Malaria-infected Erythrocytes

V.3.A. Pyrimidines

It has been established that Plasmodia are capable of de novo pyrimidine
biosynthesis (20,21,22). Krootch et al. (77) were the first to report DHO-DHase
activity in rodent Plasmodia. The appearance of the parasite equivalents of the
other enzyme activities was reported by Reyes et al. (71) and Gero ef al. (72). A
comparison of the parasite and erythrocytic enzymes in Plasmodium-infected
erythrocytes indicated substantially higher specific activities for many of the
parasite enzymes relative to those of the host (71,72).

Though pRBCs can take up pyrimidine nucleosides (28), they are unable
to incorporate exogenously provided pyrimidine nucleosides into nucleic acids

due to a lack of pyrimidine nucleoside kinase activity in these cells (70).
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V.3.B. Purine Nucleosides

Although Plasmodia are capable of de novo pyrimidine synthesis, they
are unable to synthesize purines and are dependent on an exogenous source of
purines for survival (20,21). Although the host erythrocyte is capable of purine
salvage, infection with P. falciparum results in an increased ability to salvage
purines due to the activity of new gene products of parasitic origin (70) (see Fig.
2). The parasite enzymes appear to differ from the RBC enzymes. Reyes et al.
found increased specific activities for many parasite enzymes when compared
with the host enzymes, including HGPRTase, xanthine phosphoribosyl-
transferase (XPRTase), PNP and ADA (71). The increase in ADA activity may
explain the utilization of Hyp as the primary purine source (78, 79, 80, 81 ,82)
although the parasite is capable of growth in the absence of the ADA pathway
(83). It is also becoming apparent that the enzymes differ in terms of substrate
specificity and inhibition. For example, the parasitic, but not host, HGPRTase
can use xanthine as a substrate (84). There also appear to be immunological
differences between the parasite and human enzymes. The P. lophurae PNP
was not cross-reactive with the human enzyme (85) nor was ADA isolated from
P. falciparum (86). The ADA activity of P. falciparum was of much lower
sensitivity to inhibition by erythro-9-(2-hydroxy-3-nonyl) adenine (EHNA) (1Cs
parasite ~ 120,000 nM, ICg, human ~ 14nM), aithough both enzymes were
potently inhibited by 2'-deoxycoformycin (deCof) (ICg, parasite ~0.32 nM, ICy,

human ~ 0.42 nM) (86).
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Vi. PURINE AND PYRIMIDINE METABOLISM IN MALARIAL PARASITES:
POTENTIAL THERAPEUTIC APPROACHES
VI.1. Modulation of Metabolism

The altered metabolism and membrane permeability of Plasmodium-
infected erythrocytes have been suggested as potential targets for anti-malarial
intervention (e.g. 46,87). It may be possible to interfere with parasite growth and
development by manipulation of either pyrimidine biosynthesis or purine

salvage.

VI.1.A. Pyrimidine biosynthesis

The expression of all six pyrimidine de novo synthesis enzymes by the
parasite suggests the possibility of utilizing these enzymes as targets for anti-
malarial drugs (87). As most cells in host organisms are capable of pyrimidine
salvage, and therefore would not be affected by inhibition of pyrimidine
synthesis (70), this suggests the ability to selectively kill parasite-infected cells.
Three of the parasite-specified pyrimidine synthesizing enzymes may be
relevant therapeutic targets. Aspartate transcarbamoylase (ATCase) is inhibited
by N-phosphonoacetyl-L-aspartate (PALA), however, there is no anti-malarial
effect in vitro, possibly due to a lack of PALA permeation of the host erythrocyte
(70). A second possible target is the orotate-phosphoribosyltransferase/
orotidylate decarboxylase (OPRTase-ODCase) complex, as the ODCase
inhibitor pyrazofurin (3-p-ribofuranosyl-4-hydroxypyrazol-5-carboxamide) has
been shown to be malaria-toxic in vitro though with a significant level of host
toxicity in mice (88). As mentioned above, the host erythrocyte is unable to
synthesize pyrimidines due to the absence of DHO-DHase activity. Therefore
the parasite DHO-DHése provides a third potential target for intervention. In this

case the absence of the host enzyme would also prevent the erythrocyte frem
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providing the enzyme activity necessary to circumvent toxicity. DHO-DHase can
be inhibited in vitro by pyrimidine analogs (72) and compounds that effect
linkage of the enzyme to electron transfer. For example, the ubiquinone analog,
BWS566C, has potent anti-malarial activity through interfering with parasite
electron transfer (70). The orotate analog, 5-fluoro-crotic acid, inhibited P.

falciparum growth in culture with an ICg, of ~6nM possibly by inhibiting the
activity of DHO-DHase and therefore the synthesis of UMP (89).

VI.1.B. Purine salvage

it may be possible to affect purine salvage by '+ bition of nucleoside or
nucleobase entry into pRBCs or by inhibition of purine metabolism. Inhibition of
nucleoside permeation in parasite-infected cells may prevent the entry of purine
nucleosides into pRBCs and decrease purine metabolism by the parasite.

There are a number of parasite-specified purine salvage enzymes which
are absent in the host cell (marked with an asterisk in Fig. 2) and may provide
appropriate targets for antimalarial intervention. Webster et al. (23) showed that
hadacidin (N-formy! hydroxyaminoacetic acid) inhibited adenylsuccinate
synthetase. Webster and Whaun also showed (80) that bredinin inhibited the
conversion of IMP to GMP. However, the existence of these purine-metabolizing
enzymes in other cell types in the host, may preclude the use of these drugs as

anti-malarial agents.

VI.2. Nucleosides as Potential Anti-malari~! agents

V1.2 A. General considerations

Alterations in the structure of the physiological nucleosides may result in
a cytotoxic nucleoside. The key to using such nucleoside drugs therapeutically

is to develop a strategy that increases the therapeutic index of the drug. This
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may be achieved by selectively delivering the drug to the tarceted cells, or-by
utilizing some property of the targeted cells to allow a selective action of the
drug.

Nucleoside analogs are currentily used clinically as anti-cancer and anti-
viral agents. Cytosine arabinoside (ara-C), deCof, fludarabine (Fara-A), and 2-
chloro-2'-deoxyadenosine (2-CdA) can all be used as anti-tumour agents. Many
cytotoxic nucleosides act by competing with pitvsiological nucleosides for
anabolic enzymes (e.g., kinases) and/or by the incorporation of nucleoside
phosphate esters into nucleic acids. The uncontrolled proliferation of tumour
cells may provide some therapeutic selectivity based on the increased
incorporation of cytotoxic drugs into tumour cells relative to host cells. Some
cytotoxic nucleosides (e.g. 2-CdA) can act through the induction of apoptosis
(91).

Nucleoside analogs are currently being used as anti-viral agents as well.
For example, adenine arabinoside (araA), azidothymidine (AZT), 2',3'-
dideoxyinosine (ddl), 2'3'-dideoxycytidine (ddC), acyclovir and ganciclovir all
achieve selectivity by virtue of the properties of viral enzymes. For example,
araA is phosphorylated to AraATP which is a much more effective inhibitor of the

Herpes viral DNA polymerase than the host enzyme (DNA polymerase a) (92).

VI.2.B. P.falciparum

The fact that pyrimidines are not salvaged by the parasite probably
precludes their use as anti-malarials, although 5-fluoro-orotate does have some
activity in vitro (see above). An obvious anti-malarial target is the purine salvage
pathway. A number of potentially malaria-toxic nucleosides have been screened
in an in vitro P. lophurae system by McCormick et al. (93). Some of these

agents, including 3'-deoxyadenosine (3'-dAdo), tubercidin (7-deaza-adenosine),
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and 6-mercaptopurine riboside (6-MP riboside) inhibited ['4C]Ado incorporation
into parasite DNA by >90% at test nucleoside concentrations of 20-40uM (93).

A potentially significant problem is that of host toxicity because none of
the aforementioned drugs are selective for the parasite. A possible solution to
this problem may be the use of "host-protection” tactics as proposed by Paterson
et al. (94) in which targeted cells are exposed to lethal doses of a cytotoxic
nucleoside, while the host is protected by, for example, NBMPR. In pRBCs, this
treatment regimen would involve the administration of a malaria-toxic nucleoside
together with an inhibitor of the host nucleoside transporters, for example,
NBMPR. This tactic has been used with success in the treatment of parasite
infections in mice. El Kouni et al. (95) treated Schistosoma mansoni or S.
japonicum-infected mice with a combination of tubercidin and NBMPR. They
found that NBMPR protected the host from the toxicity of tubercidin while
allowing the parasite to be eradicated. Gati et al. (30) also demonstrated the
effectiveness of this technique by prolonging the survival of P. yoelii-infected
mice when they were treat.:d with a combination of tubercidin and NBMPR.

Another approach to using nucleosides as anti-malarial agents, is to
identify malaria-toxic nucleosides that are substrates for the parasite-induced
route(s) of nucleoside entry, but will not enter uninfected host cells. In addition,
it may be possible to find nucleosides that are selectively metabolized to

cytotoxic agents by the parasite enzymes.

VIl. THESIS OBJECTIVES

As discussed above, Plasmodia have been shown to be dependent on an
exogenous source of purines for their growth. A possible approach to the
treatment of malaria would employ cytotoxic nucleosides as sources of purines

for the parasite. In order to rationally use nucleosides as anti-malarials, it is
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necessary to understand nucleoside permeation processes and nucleoside
metabolism in Plasmodia-infected cells. The potential for the use of nucleosides
in the treatment of malaria would be greatly increased by the development of a
parasite-toxic nucleoside that could be targeted to parasite-infected celis
because of selective uptake into pRBCs or the selective metabolism by parasite
enzymes. This study attempted to determine some of the characteristics of
nucleoside permeation and metabolism in Plasmodium falciparum-infected
human erythrocytes.

We compared Ado influx in malariz-infected human erythrocytes and
uninfected erythrocytes with the assumption that a parasite-toxic purine
nucleoside analog would have permeation properties similar to those of Ado.
The observation by Gati ef al. (31) that L-Ado entered P. yoelii-infected, but not
uninfected, mouse erythrocytes suggested the possibility of utilizing parasite-
toxic L-nucleosides (to be developed, concept only) as anti-malarial agents if
these compounds were permeants for a similar, parasite-induced route, in P.
falciparum-infected human erythrocytes. The permeability of L-nucleosides in
pRBCs was examined by measuring the inward fluxes of radiolabelled L-Ado
([*H]L-Ado) in pRBCs containing schizont and trophozoite growth-stages of the
parasite, as previous experiments with P. yoelii had indicated that these stages
allowed the greatest level of L-Ado entry.

A second aim of this project was to examine some of the other
characteristics of Ado entry into pRBCs in an attempt to determine if Ado shared
the entry route previously described for the parasite-induced entry of L-glucose
(L-Gluc) and b-sorbitol (D-Sorb) (35). This would involve comparing the kinetic
characteristics of inward fluxes of these permeants. As well, similar effects of
inhibitors of nucleoside transport or other membrane oermeation processes, on

the entry of Ado, L-Gluc, and D-Sorb into pRBCs, would suggest the possibility of
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a shared route of entry for these permeants. Mutual inhibition of influx by these
permeants would also provide evidence for a shared pathway.

The entry of L-Ado into pRBCs, but not into RBCs, would suggest the
potential for selectively delivering L-nucleosides to parasite-infected cells.
However, in order to be useful clinically, a L-nucleoside would have to be
converted to a parasite-toxic metaboiite. This study asked if L-Ado was

phosphorylated or deaminated in pRBCs, but not RBCs.

Page - 24



MATERIALS and METHODS

I. MATERIALS
1.1. Cell Culture Media

RPM! 1640 powdered medium (with glutamine, without sodium
bicarbonate) and Gentamicin sulfate (50 mg/mi) were obtained from Gibco Life
Technologies, Burlington, ON. N-{2-Hydroxyethyl]piperazine-N'-[2-ethane
sulfonic acid] (HEPES) was purchased from Sigma Chemical Co., St. Louis, MO.

|.2. Radiolabelled Permeants and Substrates

[2,8-3H]Dp-Ado (39 Cifmmol), [2,8-*H]L-Ado (15 Cilmmol), [1-*H]L-Gluc, and

[U-14C]sucrose (360 mCi/mmol) were from Moravek Biochemicals Inc., Brea, CA.
[1-14C]L-Gluc (55 mCi/mmol) and [U-14C]D-Sorb (325 mCi/mmol) were from
Amersham Canada Ltd., Oakville, ON. {3H]H20 (1.8 mCi/mmot) was from ICN

Radiochericals, Irvine, CA.

1 3. Non-radioactive Permeants, Substrates and Inhibitors

D-Ado, D-Sorb, L-Gluc, Hyp, Ino, AMP, IMP, DPM, CB, phloridzin, and

furosemide were purchased from Sigma Chemical Co., St. Louis, MO. Dilazep
was a gift from Hoffman-LaRoche, Basel, Switzerland. L-Ado was synthesized
by Ms. Danuta Madej, Dept. of Medical Microbiology andalnfectious Diseases,
University of Alberta. NBMPR (96) was a gift from Dr. A.R.P. Paterson,

Department of Pharmacology, University of Alberta.

|.4. Other Materials

LiCl, HsBOs, MgClz, Tris (hydroxymethyl) aminomethane (Tris base), and
paraffin oil (Saybolt viscosity 125/135) were purchased from Fisher Scientific
Co., Fair Lawn, NJ. Dow Corning® 550 silicone oil was from Dow Corning
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Canada Inc., Mississauga, ON. Triton X-100 was purchased from Sigma
Chemical Co. St. Louis MO. EcoLite™ scintillation cocktail was from ICN
Biomedicals, Irvine, CA. Percoll was purchased from Pharmacia Canada Ltd.,
Dorval, Que. or Pharmacia Biotech Inc., Baie D'Ufré, Que. All other chemicals

used were reagent grade.

il. HUMAN ERYTHROCYTES AND SERUM

Type A Rh positive packed human erythrocytes as well as A positive or
AB positive human serum were obtained from the Blood Transfusion Service,
Canadian Red Cross, Edmonton, AB. We gratefully acknowledge the assistance
of Dr. A.R. Turner in this respect. Human erythrocytes were stored up t0 5 wks

at 49C. Serum was stored at -20°C until required.

INl. HUMAN MALARIAL PARASITES

Plasmodium faiciparum, strain FCR-3/FMG, ATCC 30932 batch #SF2032
was obtained from the American Type Culture Collection.

Cryopreserved stocks of P. falciparum-infected human erythrocytes
(0.5ml, 50% hematocrit in 3% sorbitol / 0.65% NaCl / 28% glycerol) were
prepared from ring-stage-infected cultures and stored in the liquid phase of a
liquid nitrogen refrigerator in sterile, sealed glass ampoules or plastic, screw-

capped via's.

IV. SOLUTION COMPOSITION
IV.1. Culture Medium (RHBGS)

RHGBS culture medium consisted of RPMI 1640 medium containing

~ 2.5mM HEPES, 0.04mg/m! Gentamicin, and 0.2% (W/v) sodium bicarbonate at

pH 7.4 with 7.5 or 10% (v/v) human serum.t
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IV.2. Dulbecco's Phosphate Buffered Saline (97) + 5mM Glucose (D-PBS)
D-PBS contained 0.9mM CaClz, 2.7mM KCl, 1.5mM KH2PO4, 0.5mM
MgCl2-6H20, 9.1mM NazHPO4-7H20, 137mM NaCl, and 5mM glucose at pH 7.4.

IV.3. 10X-Phosphate Buffered Saline, pH 7.4
10X-phosphate buffered saline contained 2.7mM KCl, 14.7mM KH2POa4,

91.1mM Na2HPOs-7H20 and 1.37 M NaCl at pH 7.4.

IV.4. 30 mM Sodium Phosphate Buffer (98)

Thirty mM sodium phosphate buffer was an isotonic (~295 mOsm)
solution containing 30 mM sodium phosphate, 2.8 mM potassium chloride and
117 mM sodium chioride at pH 7.4. If necessary, pH was adjusted with 1M HCI
or 1M NaOH.

IV.5. 9 mM Sodium Phosphate Buffer (98)

Nine mM sodium phosphate buffer was a hypotonic solution (~20 mOsm)
containing 9 mM sodium phosphate and 0.8 mM potassium chloride at pH 7.4. If

necessary, pH was adjusted with 1M HCI or 1M NaOH.

IV.6. Transport Oil
Transport oil was prepared at a density of 1.03 g/ml by mixing silicone

and paraffin oil in the ratio 85:15 (v/v).

1Serum concentration was adjusted according to growth conditions.
Freshly thawed parasites were grown in 10% (v/v) human serum, however once
the cultures were established and growing quickly, it was possible to lower the

serum level to 7.5% (v/v) with no effect on the rate of growth.

Page - 27



IV.7. Thin Layer Chromatography (TLC)

The soivent used in the separation of nucleobases, nucleosides and
nucleotides on Polygram® Silica G UV2s4 thin layer plastic sheets (Brinkmann
Instruments (Canada) Ltd, Rexdale, ON) was chloroform / methanol / 15%
NH4OH, 3:2:1 (viv) (99).

The solvent used in the separation of nucleobases, nucleosides and
nucleotides on Polygram® CEL 300 PE/UV2s54 celiulose thin layer plastic sheets
(Brinkmann Instruments (Canada) Ltd, Rexdale, ON) consisted of 1M LiCl,
1.15M H3BO3 at pH 7.0.

Buffer for extraction of nucleobases, nucleosides and nucleotides from

thin layer sheets contained 0.7M MgCiz and 0.02M Tris-Cl at pH 7.4 (100).

V. INCUBATION OF UNINFECTED HUMAN ERYTHROCYTES

Human erythrocytes were stored up to 5 weeks at 4°C before use. Prior
to experiments utilizing uninfected erythrocytes, these cells were suspended at a
5% hematocrit in RHGBS medium and incubated for 4-5days at37°C ina
humidified atmosphere of 5% COz, 5% Oz, and 90% N2. Erythrocytes were
maintained in Nunc 28cm? plastic culture dishes (Gibco Life Technologies,
Burlington, ON.) with daily medium change which involved the aspiration of

spent medium and its replacement with fresh medium.

Vi. MAINTENANCE OF PARASITE CULTURES

Parasites were maintained by a modification of the original methodology
of Trager and Jensen (32). Uninfected human erythrocytes were inoculated with
samples of pRBC-containing cultures to achieve an initial parasitemia of about
1% and a hematocrit of 3-5% in RHGBS medium. Seven ml of the cell

suspension were transferred to a Nunc 80cm? culture flask (Gibco Life
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Technologies, Burlington, ON.) and incubated at 37°C in a humidified
atmosphere of 5% COz2, 5% Oz, and 90% N2. Each day, spent medium was
replaced with fresh medium by allowing the cells to settle in the flasks and
removing most of the spent medium by aspiration. Fresh medium was added
according to the growth requirements of the cuitures so that 5m! of fresh medium
was added to ~4ml of partially spent medium after 24 hours. At 48 and 72 hours
of growth, 7m! of fresh medium was added to cultures from which almost all of
the spent medium was removed. Cultures were subcultured every ~96 hours.
Cultures, synchronized by an adaptation of the method of Lambros and
Vanderberg (33), were given an additional 24 hours of parasite growing time
(total growing time ~120 hours) (and omi of medium) to produce mature stages
for experiments. Synchronization was achieved by pelleting the cells from
cultures containing ring-stage-infected erythrocytes (800xg, 5 min) and re-
suspending the cells in RHGB medium containing 300mM sorbitol at ~20%
hematocrit. Following a 10-min, room temperature, incubation to allow sorbitol
uptake by trophozoite- and schizont-containing pRBCs, the cells were
centrifuged and re-suspended in isotonic RHGB. The return to isotonic
conditions resulted in osmotic lysis of erythrocytes containing mature
(trophozoite and schizont) forms of the parasite. The celi debris was removed
by a single wash step with RHGB before proceeding with subculturing.
Parasitemia (percent infected cells) was determined throughout the growth

period by examination of Giemsa stained thin films.

VIi. ISOLATION OF PARASITE-INFECTED ERYTHROCYTES

IOULA T IVIN A A A s e e ———————

When growth-stage-synchronized cultures containing schizonts reached a
parasitemia of 10-15%, parasite-infected cells were recovered for experiments.

Isolation was based on modifications of the methodologies of Dluzoski et al.
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(101) and Aley et al. (102,103) and employed low speed centrifugation of cells

on sorbitol-containing Percoll step gradients.

VIl.1. Preparation of Gradients

Percoll gradients for the enrichment of P. falciparum-infected erythrocytes
were prepared as follows: 1 volume of 10X phosphate-buffered saline was slowly
added to 9 volumes of stock Percoll suspension with constant stirring to provide
a 90% Percoll stock suspension. Next, 5.5% (w/v) sorbitol was added, with
stirring, to the 90% Percoll suspension to make it hypertonic. After being
adjusted to pH 7.4 with 1M HCI, the 80% suspension was diluted with RPMIt or
D-PBS containing 5.5 % (w/v) sorbitol (S-RPMIt or S-D-PBS, pH 7.4) to make
suspensions containing 37% and 75% Percell. Three ml of the 75% suspension
was added to the bottom of a 15-ml screw-cap polypropylene centrifuge tube
then 2ml of the 37% solution was carefully layered over the 75% solution using a
syringe tipped with a short length of tubing (this allowed controlled addition of
the 37% solution both in speed and positioning). This gradient was easily

scaled up for use in 50-ml tubes if a large volume of cells was required.

Vil.2. Separation and Recovery of Cells

Parasite-nifected erythrocytes were obtained from growth-stage-
synchronized cultures and centrifuged (800xg, 5 min, at room temp in an IEC
HN-S table-top centrifuge) to form a pellet of cells. The supernatant was
removed and the cells were re-suspended to ~ 30% hematocrit in S-RPMIt or S-
D-PBS and left to equilibrate 10 min. A 2.5-ml aliquot of the cell suspension was

then layered onto the gradient with a tubing-equipped syringe.
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Separation of parasite-infected cells from uninfected cells was
accomplished by centrifugation (1500xg, 10 min, 25°C). After centrifugation,
three distinct bands were seen on the gradient:

a) above 37% Percoll - cell debris
b) 37% / 75% interface - schizont and late trophozoite pRBCs
c) pellet - RBCs

Band b) was removed and washed three times by centrifugation (800xg, 5
min) with increasing (10-20) volumes of isotonic RPMIt or D-PBS. The wash
medium was added slowly to provide for a gradual change in osmolarity to
prevent the osmotic lysis of the relatively fragile pRBCs. Populations of pRBCs
containing schizonts and late trophozoites were obtained at parasitemias of
>95% using this method.

Control cells (uninfected erythrocytes) were prepared and separated in
the same manner; however, only a single band (band c) was observed and

recovered from the gradients.

Vill. MEASUREMENT OF INWARD PERMEANT FLUXES

The permeabilities of RBCs and pRBCs were examined by plotting
progress curves for the uptake of various radiolabelled solutes into these cells.
Uptake measurements were carried out using established methodologies (e.g.,
see ref. 31). Inward fluxes were determined as the slopes of the initial, linear
segments of progress curves. The rate between 3 and 5 sec was used for the
the measurement of the inward flux of Ado entry and the rate between 5 and 15
sec was used for the inward fluxes of D-Sorb or L-Gluc entry. All experiments
were conducted at room temperature (22-24°C), and in accordance with

biosafety practices.
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VIIL.1. Influx of Radiolabelled Permeants

Human erythrocytes, either normal or infected with Plasmodium
falciparum, were recovered from cultures and suspended in RPMIt or sodium
phosphate buffer at the appropriate concentration (2 or 4x108 cells/ml}y, which
was determined by counting in a Coulter counter.

Permeant influx was measured by performing single tube assays in
duplicate or triplicate for each time point. Immediately before transport
measurements, the cell suspension (100ut containing 2x108cells/ml or S0ul
containing 4x108cells/ml) was layered over 100yl of “transport oil" (silicone oil /
paraffin oil, density 1.03 g/ml) in a 1.5-ml plastic microfuge tube placed in the
rotor of an Eppendorf microcentrifuge (model 5414).

The influx of solute was initiated at time (T)=zero by the rapid addition of
100pl (at 2X permeant concentration) or 150yl (at 1.33X permeant
concentration) of radiolabelled permeant solution ( inhibitor) to the cell
suspension for a final reaction volume of 200u!l. The tube was quickly closed.

At T=X sec (metronone signals at 120 beats/min, X=1-121sec) influx was
ended by starting the centrifuge, which pelleted the cells under the oil layer

(15000xg, 30 sec). This procedure yielded uptake intervals of X+2 sec due to the

time required for the cells to pass through the oil layer (56).

Cell pellet water space measurements were determined in parallel assay
mixtures with [2H]H20 to measure the total water space and ['4C]sucrose to
measure the extracellular water space (30). Time intervals of cell exposure to

radioactive agents were approximately three sec.

Experiments utilizing inhibitors required the following modifications:

NBMPR, DZP and DPM were added only to permeant solutions, whereas CB (or
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dimethylsulfoxide (DMSO) in controls), phloridzin and furosemide were present
in both cell suspensions and permeant solutions. Cells were incubated at room
temperature with CB for 30 min and with phioridzin or furosemide fer 15 min

before inward fluxes of the appropriate permeants were measured.

VIil.2. Recovery of Cell-associated Radioactivity

Supernatants were aspirated from the tube above the oil layer and the
inside surface of the tube above the oil layer was washed once with water. The
water and oil were removed by aspiration and the cell pellet was re-suspended
in 0.4 mi of 1% (v/v) Triton X-100 and left at room temperature overnight.

The following day, the suspension was extracted with 0.75ml of ice-cold
5% trichloroacetic acid (TCA). After 15 min in a cold room (6-8°C), mixtures were
centrifuged (15,000xg, 3 min, 4°C) to pellet acid-insoluble material. One mi of
the supernatant was transferred to a scintillation vial and 5 mi of EcoLite™ was
added. Radioactivity was measured in a liquid scintillation counter. Background
radioactivity was determined by measuring the radioactivity of vials containing

only Ecolite™.

VII.3. Calculation of Cell-associated Radioactivity

Total water space

ul = H20 sample cpm - bkg cpm) -« (204l - diln factor)
(H20 standard cpm - bkg cpm)

Extracellular water space (EWS)

yl = Sucrose sample cpm - bkg cpm) - (20l - diln factor)
(Sucrose standard cpm - bkg cpm)

Intracellular water space (IWS)

ul = (Total water space - Extracellular water space)
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Specific Activity (SA)

cpm/pmol = Permeant standard cpm - bkg cpm
20ul standard - stock permeant concentration (M)

Radioactivity in the extraceliular space (TP)

cpm = (Permeant std cpm - bkg com ) - EWS (ul)
(2041 std - diln factor)

Calculation of cell content of permeant as pmol/jl cell water

pmol/ul cell water = sample cpm - bl cpm - TP cpm
(SA [cpm/pmol]) - (IWS )

Calculation of cell content of permeant as pmol/107cells

pmol/107cells = (sample cpm - bkg cpm - TP cpm) - 1.15ml - 1x107
(SA [cpm/pmol]) - (1ml) - (celis per assay tube)

IX. METABOLISM
1X.1. The Conversion of Ado to Metabolites

The purpose of these experiments was to ex: nine i e formation of

metabolites from [3H]D-Ado or [*H]L-Ado in RBCs or pKbCs.

One hundred pi of radiolabelled substrate solution (2X concentration in D-
PBS) was added to 1.5ml microfuge tubes and incubated for 1¢ min in a 37°C
water bath, then the tubes were removed from the water bath, 100ul of RBC or
pRBC cell suspension (2x1 08cells/ml in D-PBS at 37°C) was added, and the
tube contents mixed before being returned to the water bath to start the
metabolism reactions.

After specified time intervals (5-30 min), the tubes were removed from the
water bath and quickly transferred to an ice bath. After 5 min, the tubes were

centrifuged (15,000xg, 20 sec) to pellet the cells. The supernatant was quickly
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removed by aspiration and 0.5ml of cold (-20°C) 70% methanol solution was
added to the pellet.2 The cells were quickly re-suspended and the tube placed

in a -200C freezer and left overnight.

IX.2. Separation of metabolites by TLC

For the separation of me’abolites on Silica Gel G thin layer sheets, a
glass chromatography tank was lined with chromatography paper, and
chromatography solvent added to a depth of approximately 0.5 cm. The tank
was sealed with vacuum grease and left to equilibrate at room temperature
overnight. This tank preparation was not necessary for the separation of

metabolites on PEl-celiulose thin layer sheets.

2 |n some experiments the cell peliet was washed once by re-suspension
in ice-cold D-PBS followed by immediate centrifugation for 20 sec.

Tubes for substrate and cell controls were set up to contain either 1) 3H-
substrate solution with the later addition of D-PBS at T=10 min, or 2) D-PBS with
the later addition of cells at T:=10 min. These tubes were processed as abeve
with the exception that the tubes without cells were not centrifuged, Lut were
supplemented with 0.5ml 70% methanol after chilling.

After overnight storage at -20°C, the cell-cont=ining tubes were
centrifuged for 30 sec at 4°C to pellet metharsi-insoluble material. The
supernatants were dried under a strezm of nitrogen, and the residues re-
dissolved in small volumes (~%2ul) of 50% methanol. Residues from the cell
pellets of tubes that contained cells, but not radioactivity (tube 2 above), during
the incubation were redissolved in an equivalent volume (~12u1) of the non-cell-

containing radioar.tive extract (tube 1 above).
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Silica Gel G thin layer sheets were used directly out of the package, but
PEl-cellulose thin layer sheets were washed once in 50% methanol. Using a
pencil, origin locations were marked ~1.5 cm apart and 1.5 cm from the bottom
of Silica Gel G or PEl-cellulose thin layer sheets. A line was drawn 2.5 cm from
the top of the sheet to indicate the limit of solvent migration.

Five pi of a solution containing a mixture of UV-absorbing nonradioactive
standards (at ~1.2mg/ml each in 50% methanol) was spotted at each origin spot
to allow the location of metabolites to be determined after development of the
thin layer sheets. Five pi of each radioactive metabolite-containing extract was
spotted on top of the standard spots after they had been allowed to dry. To
serve as a measure of the amount of radioactivity spotted at the origin, an equal
volume of the extract was spotted in 1 cm diameter circles drawn at the top of
the sheet opposite the origin spots. All solutions were applied to the thin layer
sheet in smali portions and allowed to dry.

TLC sheets were allowed to develop until the solvent approached the line
at the top of the plate (~60 min Silica Gel G, ~120 min PEl-cellulose). After
drying, the plates were examined under UV light, the positions of standards
marked, and the locations recorded (see Results - Fig. 23). The spots marked
on the plate were transferred to scintillation vials, 1 mi of extraction buffer was
added, and the vials left overnight at room temperature. The next day, 4 mi of
EcoLite™ was added to the vials and the radioactivity counted in a liquid
scintillation counter.

The amount of radiolabelled metabolites formed in each sample was
determined by expressing the radioactivity (cpm) in each spot as a percent of the
total radioactivity recovered from the lane in which the sample was

chromatographed.
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X. DATA ANALYSIS

All of the graphs in this thesis were produced using the GraphPad™
InPlot 4.04 computer program (GraphPad Software, San Diego, CA.). Curves
were fitted to the data by least squares linear regression or by non-linear
regression in which parabolas or hyperbolas were fitted to the data. Curves for
which an insufficient number of data points were available to determine linear or
non-linear relationships, were drawn point-to-point.

Statistical analysis was performed by using the two-tailed Student's t-test
or a two-tailed Dunnett's multiple range test (104). The t-tests determined the
statistical significance of differences between results found in uninfected and
malaria-infected erythrocytes. Potential differences between the effects of
various conditions and a control (ir: the same cell type) were determined by
analysis of variance (F-tests) (104). The statistical analysis of these differences
employed Dunnett's multiple range test after ranking the data (means) from

lowest to highest (104).
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RESULTS

I. THE ENRICHMENT OF PLASMODIUM FALCIPARUM - INFECTED HUMAN
ERYTHROCYTES

The entry of nucleosides into human erythrocytes has been extensively
studied by others. We were interested in comparing the entry of Ado into
pRBCs and RBCs. Although a number of authors have performed experiments
with cell preparations containing relatively low (50-70%) parasitemias, in order to
make more valid comparisons oetween the characteristics of nucleoside influx
into bRBCs with those of RBCs, it was desirable to use the most highly enriched
preparation of pRBCS attainable. The use of Percoll step gradients cortaining
sorbitol allowed the enrichment of P. falciparum-infected human erythrocytes to
>95% parasitemia from a grth-stage~synchronized culture of P. faiciparum-

infected human erythrocytes at a parasitemia of ~15%. This is a level of

enrichment as good as or better than any previously reported in the literature.

Il. THE INFLUX OF D-ADENOSINE INTO UNINFECTED AND MALARIA-
INFECTED HUMAN ERYTHROCYTES

I.1. The uptake of 1uM pD-Ado by human erythrocytes

Fig. 3 illustrates the time course of 1uM [3H]D-Ado uptake into human
erythrocytes that had been maintained in paralle! with pRBCs (see Materials and
Methods, Section V.). The progress curve of D-Ado uptake in RBCs expressed
in terms of either cell number (Fig. 3-A) or cell water space (Fig. 3-B) indicated
that the rate of uptake into these cells was linear up to at least five sec despite
the fact that the cell content of radiclabel exceeded the extracellular

concentration. Measurament of uptake over tne range of three to five sec
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Figure 3. The uptake of 1uM D-Ado by human erythrocytes.

The cellular content of [3H]D-Aco3 was determined at the indicated
intervals after the addition of 1uM [3H]D-Ado to 2x107 human erythrocytes as
described in Materials and Methcds (Section VIll.)

Each point is the mean * S.D. from nine determinations obtained in three
experiments. Data are expressed in terms of cell number (Fig. 3-A) or cell water
space (Fig. 3-B).

3 |n this, and subsequent experiments, the cell content of [*H]D-Ado refers
to radiolabelled adenosine equivalents, which includes those metabolites formed
during the intervals of cell exposure to [3H]D-Ado.
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therefore provided a measure of the inward flux, and was, therefore, used in

subsequent experiments.

I1.2. The inward flux of 1uM D-Ado in RBCs and pRBCs

An examination of the slope obtained from the time course of [3H]D-Ado
uptake in RBCs (Fig. 4) measured at 3-5 sec allowed the calculation of the rate
of D-Ado influx into these cells of 0.18 £ 0.03 pmol/107cells/sec (0.33 + 0.01
pmol/ul H20/sec). By comparison, the inward flux of D-Ado in pRBCs was 0.22 +
0.04 pmol/107celis/sec (0.50 + 0.02 pmol/ul H20/sec), an incriase of
approximately 20% above that determined in RBCs. This difference, though
relatively small, was consistent from experiment to experiment, suggesting an

increased ability of pRBCs to take up D-Ado compared to RBCs.

1. 3. The effect of nucleoside transport inhibitors on the inward flux of 1uM p-Ado

in RBCs and pRBCs

Nucleoside entry into human erythrocytes is potently inhibited by a
number of compounds including NBMPR, DPM and DZP. Inhibition by these
agents of D-Ado entry into pRBCs was examined in the experiments of Fig. 5. D-
Ado entry into RBCs was virtually abolished by the addition of 1uM
concentrations of any of these inhibitors (inward fluxes <0.005
pmol/107cells/sec). In contrast, these agents only partially inhibited D-Ado
influx in pRBCs. Approximately 25% of the D-Ado influx into pRBCs was not
inhibited by 1uM NBMPR (0.05 £ 0.01 pmol/107cells/sec), DPM (0.06 £ 0.01
pmol/107celis/sec) or DZP (0.06 + 0.01 pmol/107cells/sec). Statistical analysis
(Student's t-test) indicated that there was a significant difference (p<0.001)
between the effects of the nucleoside transport inhibitors in RBCs and pRBCs.

The inhibitor-insensitive flux was not through a non-selective leak pathway as
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Figure 4. The inward flux of 1uM D-Ado in pRBCs or RBCs.

The cellular content of [3H]D-Ado was measured in pRBCs (O) and RBCs
(@) after the indicated intervals of exposure to 1uM [*H]D-Ado.

For pRBCs, each point is the mean + S.E.M. for 12 expts (3 sec), 7 expts
(4 sec), and 12 expts (5 sec) with duplicate or triplicate determinations in each
experiment. Analysis of the data by least squares linear regression yielded an
inward flux of 0.22 + 0.04 pmol/107cells/sec.

For RBCs, each point is the mean + S.E.M. for 19 expts (3,4 and 5 sec)
with duplicate or triplicate determinations in each experiment. Analysis of the
data by least squares linear regression yielded an inward flux of 0.18 £ 0.03
pmol/107cells/sec.
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Figure 5. The effect of nucleoside transport inhibitors on the inward fluxes
of 1uM p-Ado in RBCs and pRBCs.

The inward flux of 1uM [3H]D-Ado was measured between 3and 5 secin
RBCs (open bars) and pRBCs (hatched bars) in the absence or presence of
1uM NBMPR, DPM or DZP.

The data are the means + S.D. or range of the inward flux (pmol/107cells/
sec) determined in the absence of inhibitors (RBCs: n=19; pRBCs: n=12) or the
presence of 1uM NBMPR (RBCs: n=3; pRBCs: n=4), 1uM DPM (RBCs: n=1;
pRBCs: n=3) or 1uM DZP (RBCs: n=1; pRBCs: n=2).

Statistical analysis using a two-tailed t-test revealed differences between
the inward fluxes in RBCs and pRBCs in the presence of the inhibitors.
(*p<0.001)
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pRBCs remained impermeable to sucrose as has been previously reported (e.g.
45). These results indicated the presence of a parasite-induced pathway of D-
Ado entry into pRBCs of low sensitivity to inhibition by nucleoside transport

inhibitors.

Hl. THE INELUX OF L-ADENOSINE INTO UNINFECTED AND MALARIA-

BRI AN A A AN e A A A o R

INFECTED HUMAN ERYTHROCYTES

111.1. The inward flux of L-Ado in RBCs and pRBCs

One of the characteristics of Ado entry into RBCs is the stereoselectivity
of the es transporter for D-Adoc. As mentioned previously (introduction, IvV.1.C.),
L-Ado was determined to be a permeant for a parasite-induced route of
nucleoside entry in P. yoelii-infected mouse erythrocytes (31). Fig. 6 examined
the stereoselectivity of Ado entry into pRBCs by comparing the influx of 1uM [*H]
L-Ado in pRBCs with that in RBCs. The data indicated an increase in the inward
flux of 1uM L-Ado from 0.02 + 0.01 pmol/107cells/sec (0.04 + 0.01 pmol/pl H20/
sec) in RBCs to 0.06  0.01 pmol/107cells/sec (0.15 + 0.01 pmol/pl H20/sec) in
pRBCs, suggesting the presence of a route of L-Ado entry into pRBCs that was
absent in RBCs. The rate of L-Ado entry into pRBCs was similar to the rates
measured for inhibitor-insensitive D-Ado influx into pRBCs (see above, Fig. 5)
suggesting the possibility that L-Ado and D-Ado may be permeants for the same
parasite-induced route.

Fig. 7 shows the inward flux of 10pM [3H] L-Ado in pRBCs and RBCs. At
the L-Ado concentration of 10uM, the inward flux was almost 5-fold greater in
pRBCs than in RBCs (0.63 + 0.08 pmol/107cells/sec [1.17 £ 0.26 pmol/pl H20/
sec] vs 0.13 £ 0.15 pmol/107cells/sec [0.24 + 0.13 pmol/ul H20/sec]).
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Figure 6. The inward flux of 1pM L-Ado in pRBCs and RBCs.

The celiular content of [*H]L-Ado was measured in pRBCs (0) and RBCs
(@) between 3 and 5 secto determine the inward fluxes in these cells.

For pRBCs, each point is the mean S.E.M. for 7 expts (3 and 5 sec) or
mean % range for 2 expts (4 sec) with duplicate or triplicate determinations in
each experiment. Analysis of the data by linear regression yielded an inward
flux of 0.06 + 0.01 pmol/107cells/sec.

For RBCs, each point is the mean + S.E.M. for 10 expts with duplicate or
triplicate determinations in each experiment. Analysis of the data by linear
regression yielded an inward flux of 0.02 + 0.01 pmol/107cells/sec.
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Figure 7. The inward flux of 10uM L-Ado in pRBCs and RBCs.

The celiular content of [*H]L-Ado was measured in pRBCs (0O) and RBCs
(®) between 3 and 5 sec to determine the inward fluxes in these cells.

For pRBCs, each point is the mean S.E.M. for 30 expts (3 and 5 sec)
and 14 expts (4 sec) with duplicate or triplicate determinations in each
experiment. Analysis of the data by linear regression viaided an inward flux of
0.63 + 0.08 pmol/107cells/sec.

For RBCs, each point is the mean + S.E.M. for 5 expts with duplicate or
triplicate determinations in each experiment. Amalysis of the data by linear
regression yielded an inward flux of 0.13 £ 0 *5 pmol/107cells/sec.
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Condiion ] Control | +iuyM NBMPR| +1uMDPM | +1uM DZP
RBCs 0.13x0.10 0.07 Not done Mot done
pRBCs 0.660.03 0.60+0.06 0.60£0.03 0 . 0 |

Table 1. The effect of nucleoside transport inhibitors on the inward flux of
10pM L-Ado in RBCs or pRBCs.

The inward flux of 10uM [3H]L-Ado was measured between 3 and 5 secin
RBCs in the absence or presence of 1uM NBMPR and in pRBCs in the absence
or presence of 1uM NBMPR, DPM, or DZP.

For RBCs, the data are the means + S.E.M. of the inward flux
(pmol/107cells/sec) determined in the absence of inhibitors (n=5) or the inward
flux (pmol/107cells/sec) determined in the presence of NBMFR (n=1)

For pRBCs, the data are the means S.E.M. of the inward flux
(pmol/107cells/sec) determined in the absence of inhibitors (n=30) or the mean +
S.D. determined in the presence of NBMPR (n=3), DPM (n=3) or DZP (n=3).

In pRBCs, fluxes in the presence of inhibitors were not statistically
different from the control flux.
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I11.2. The effect of nucleoside transport inhibitors on the inward flux of 10uM
L-Ado in RBCs and pRBCs

The results of Table 1 examined the effects of nucleoside transport
inhibitors on 10uM L-Ado entry into RBCs and pRBCs. The inward flux of 10pM
[*H]L-Ado in RBCs determined in the presence of 1uM NBMPR was ~55% of the
control rate in the absence of NBMPR (0.07 vs 0.13 pmol/107cells/sec). The
inward flux of 10uM [3H]L-Ado in pRBCs was determined in the absence or
presence of 1uM NBMPR, DPM, or DZP. None of these inhibitors had a
significant effect on L-Ado entry into pRBCs. Inward fluxes of L-Ado in the
presence of inhibitors were greater than 90% of the control (0.66 +0.03
pmol/107cells/sec) inward flux (NBMPR: 0.60 + 0.06, DPM: 0.60 + 0.03, DZP:
0.62 £ 0.09 pmol/107cells/sec). These resulis indicated that the increase in L-
Ado permeability in pRBCs compared to RBCs was not due to the influx of L-Ado

via the es transporter.

IV. THE EFFECT OF OTHER TRANSPORT INHIBITORS ON ADENOSINE
INFLUX INTO UNINFECTED AND MALARIA-INFECTED HUMAN
ERYTHROCYTES

iV.1. The effect of CB on 1uM D-Ado entry into RBCs or 10uM L-Ado into pRBCs

Giucose influx in human erythrocytes is potently inhibited by CB. This
compound, when present at high concentrations, also inhibits nucleoside entry
into a variety of cell types including human erythrocytes and cultured Novikoff rat
hepatoma cells (66,105,106). This observation, and the reported functional
similarities between the es nucleoside transporter and Glut1 (105), led to the
examination of the effects of CB on Ado entry into RBCs and pRBCs. In order to
examine the effect of CB on Ado entry into RBCs, the inward flux of 1uM D-Ado

into these cells was determined in the presence of graded concentrations of CB.
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Figure 8. The effect of cytochalasin B on 1pM D-Ado entry in RBCs or 10uM
L-Ado entry in pRBCs.

The effect of CB on Ado entry in RBCs and pRBCs was examined by
measuring the inward flux of 1uM [BH]p-Ado in RBCs (open bars) or 10pM [PH]L-
Ado in pRBCs (hatched bars) in the presence of graded concentrations of CB
and compared to controls without CB.

The data are the inward flux (mean £ range) as a percentage of the
control rate (1.0uM CB: n=1; 5.0uM CB: n=2; 100.0uM CB: n=2). Control
permeant solutions for comparison with CB-containing samples, contained
DMSO (see text for details).

The asterisks (*) indicated a significant (Dunnett's multiple range test,
a=0.01) inhibition by CB.
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The data of Fig. 8 showed that while 11:M and 5uM CB had a fairly limited effect
on the entry of D-Ado into RBCs, decreasing the inward flux to 92% and 78 + 2%
of the control inward fluxes, respectively, 100uM CB reduced influx to a level of
14 + 2% of control influx. Statistical analysis of the data using Dunnett's multiple
range test indicated a significant (¢=0.01) inhibition of influx by 5uM and 100uM
CB. CB, due to its poor water solubility, was dissolved in DMSO, which resulted
in low concentrations of DMSO being present in the permeant solutions.
However, the inward flux in control preparations was consistent whether in the
absence or presence of DMSO as high as 1.6% (v/v) which was the
concentration of DMSO in the permeant containing 100uM CB.

The effect of CB on the entry of L-Ado into pRBCs was also examined.
The inward flux of 10uM [*H]L-Ado was measured in the absence or presence of
1,5 or 100uM CB in solutions containing DMSO at concentrations of 0.016%,
0.08%, or 1.6% (v/v), respectively. Once again, the DMSO-containing vehicle
was without effect on the entry of L-Ado into pRBCs. The effect of CB on L-Ado
entry into pRBCs was similar to that found with D-Ado in RBCs. At 1 and 5 uM
CB, influx was reduced to 93% and 81 + 7%, respectively. The inhibitory effect of
100uM CB was less than that seen in RBCs, with L-Ado entry being reduced to
57 + 4% of control. Only 100uM CB showed a statistically significant («=0.01)
inhibition of L-Ado entry into pRBCs.

The lack of complete inhibition of L-Ado (or D-Ado) influx by low (5pM)
concentrations of CB indicated that these permeants were not entering cells via
Glut1. The ability of CB to inhibit D-Ado influx in RBCs more effectively than L-
Ado influx in pRBCs, also indicated that CB was not a selective inhibitor of the

parasite-induced pathway.
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IV.2. The effect of phloridzin on Ado entry into RBCs and pRBCs.

Phioridzin, an inhibitor of epithelial sodium-glucose transport in
mammalian cells (107), has been previously described as a potent inhibitor of
the influx of a wide variety of solutes, such as sorbitol, into pRBCs (e.g. 48,49).
Fig. 9 shows the inhibition by philoridzin of Ado entry in RBCs and pRBCs. The
inward fiux of 1M D-Ado (in RBCs) or 10uM L-Ado (in pRBCs) was determined
in the presence of graded concentrations of phioridzin and expressed as a
percentage of the inward flux measured in the absence of phioridzin (control).

Phloridzin was able to inhibit the influx of D-Ado into RBCs (control rate: 0.23
+0.01 pmol/107cells/ sec) with an 1Cg, of approximately 100uM. Phioridzin was a

slightly more effective inhibitor of L-Ado influx in pRBCs, with an ICg, of

approximately 50pM (control rate: 0.56 + 0.09 pmol/107celis/sec). However, this

IC5, was not sufficiently potent to allow the use of phloridzin in the

characterization of the parasite-induced Ado permeation pathway.

IV.3. The effect of furosemide on Ado entry into RBCs and pRBCs

Furosemide, an inhibitor of the NaK-2Cl transporter (108) and RBC
chloride transport (109), had previously been shown to inhibit the parasite-
induced entry of L-Ado into P. yoelii-infected mouse erythrocytes (31). Fig. 10
shows the effect of graded concentrations of furosemide on the influx of Ado into
RBCs and pRBCs. While the entry of 1uM D-Ado into RBCs was insensitive to
inhibition by furosemide up to concentrations of 50uM (the highest concentration
examined), parasite-induced entry of Ado into pRBCs was quite potently
inhibited. The inward fluxes of both 10uM L-Ado and 10uM D-Ado (in the

presence of 1M NBMPR to inhibit influx via the es transporter) were inhibited

by furosemide with iCg, values of approximately 4uM and 2pM, respectively.

These IC, values, and the lack of furosemide inhibition of es-mediated flux,
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Figure 9. The effect of phloridzin on Ado entry in RBCs and pRBCs.

The effect of phloridzin on Ado entry in RBCs and pRBCs was examined
by measuring the inward flux of 1uM [*H]D-Ado in RBCs (®) or 10pM [PH]L-Ado
in pRBCs (O) in control cells and in the presence of graded concentrations of
phloridzin. Cells were exposed to phloridzin for 15 min at room temperature
before measurement of Ado influx; permeant solution also contained phioridzin.

The data are the means  range or S.D. for = expts (@) and 2-3 expts (O)
with duplicate or triplicate determinations at 3 and 5 sec of influx in each expt.
Control rates in the absence of phioridzin were: 0.24 £ 0.01 pmol/107celis/sec,

n=2 (®); 0.56 + 0.09 pmol/1 07cellslsec, n=3 (O). Apparent ICso values were
~100uM (@), and 50uM (O).
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Figure 10. The effect of furosemide on Ado entry in RBCs and pRBCs.

The effect of furosemide on Ado entry in RBCs or pRBCs5 was examined
by measuring the inward flux of 1uM [*H]p-Ado in RBCs (®), 10uM [BH]L-Ado in
pRBCs (0) or 10uM [*H]p-Ado + 1uM NBMPR in pRBCs () in control cells and
in the presence of graded concertrations of furosemide.

The data are the means + range or S.D. fcr 2 expts (®), 3-6 expts (O) and
3 expts (0) with each experiment representing the rate (as a percent of the
control influx) determined from duplicate or tripiicate determinations at 3 and5
sec of influx. Control rates in the absence of furosemide were: 0.21 £ 0.02
pmol/107cells/sec, n=2 (&), 0.65 + 0.04 pmol/107cells/sec, n=6 (O); 0.57 £ 0.11
pmol/107cells/sec, n=3 (O). Apparent ICso values were >50uM (@), ~4uM (O),
and ~2uM (D).

Page - 53



indicated that furosemide was a potent, and selective, inhibitor of parasite-
induced Ado entry and also suggested that L-Ado and D-Ado may enter pRBCs

through the same, parasite-induced, pathway.

V. THE CONCENTRATION-DEPENDENCE OF ADENOSINE ENTRY INTO
UNINFECTED AND MALARIA-INFECTED HUMAN ERYTHROCYTES

V.1. The concentration-dependence of D-Ado entry into RBCs

p-Ado enters RBCs through the es nucleoside transporter expressed in
those cells (discussed in ref. 57). The concentration-dependence of es-
mediated D-Ado influx in RBCs used in this study was examined in the
experiments of Fig. 11 by determining the inward flux of [2H]D-Ado at
concentrations between 1 and 500uM. p-Ado entered RBCs through a single,
saturable route with a Km of 189 + 16uM and a Vmax 0f23.6+0.8
pmol/107cells/sec. The efficiency (Vmax/Km) of the es transporter in stored
human erythrocytes, which had been incubated for 4-5 days at 37°C under the

conditions of parasite growth, was approximately 125 pmol/1 07cells/sec/mM).

V.2. The concentration-dependence of D-Ado entry into pRBCs: The effect of

NEMPR

Fig. 12 examines the concentration-dependence of D-Ado entry into
pRBCs as well as the effect of NBMPR on this flux. The inward fluxes of [*H]p-
Ado were examined at a range of concentrations between 1uM and 20mM in the
absence or presence of 1uM NBMPR. The rate of influx of D-Ado was not
linearly dependent on the concentration of D-Ado employed, but was saturable.
Fitting a rectangular hyperbola to the data indicated a single route of saturable
entry for D-Ado with a Km of 13.1 & 1.8 mM and a Vmax of 949 1 64

pmol/107cells/sec.
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Figure 11. The concentration-dependence of D-Ado entry in RBCs.

The concentration-dependence of D-Ado entry in RBCs was examined by
measuring the inward flux (pmol/1 07cells/sec) of graded concentrations of [3H]D-
Ado.

Each data point is the mean £ 8.D. from 3 experiments with each
experiment representing the rate determined from triplicate measurements at 3
and 5 sec of influx. Fitting a hyperbola to the data indicated the presence of a
single, saturable route of D-Ado entry with a Km of 189 16uM and a Vmax of
23.6 + 0.8 pmol/107cells/sec.
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Figure 12. The concentration-dependence of D-Ado entry in pRBCs: The
effect of NBMPR.

The concentration-dependence of D-Ado entry in pRBCs was examined
by measuring the inward flux (pmol/1 07cells/sec) of graded concentrations of
[*H]Dp-Ado in the absence (O) or presence (0) of 1M NBMPR.

Each data point is the mean + S.D. from 3 experiments with each
experiment representing the rate deterimined from duplicate or triplicate
measurements at 3 and 5 sec of influx. Fitting hyperbolas to the data indicated,
in the absence of NBMPR, a single route of saturation with a Kmof 13.1 £ 1.8
mM and a Vmax of 949 + 64 pmol/107cells/sec. In the presence of 1uM NBMPR,
a similar result was obtained with a Km of 13.8 + 0.5 mM and a Vmax of 910 £ 17
pmol/107cells/sec. (note: the 20mM data point in the presence of NBMPR was
omitted forn the curve-fitting procedure - see text).

The inset illustrates the above curves at concentrations up to 1mM.
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it was demonstrated previously (Fig. 5), that the entry of 14M D-Ado into pRBCs
and RBCs was inhibited, at least to a large extent, by 1uM NBMPR. However,
as seen in Fig. 12, as the concentration of D-Ado was increased the contribution
of this NBMPR-sensitive flux was not apparent in the measurement of D-Ado
influx into pRBCs. There was no demonstrable effect of 1uM NBMPR on the
inward flux of D-Ado into these cells at all but the lowest concentrations of
permeant. The concentration-dependence of D-Ado entry into pRBCs in the
presence of NBMPR was similar to that in the absence of NBMPR. Non-linear
regression analysis suggested the presence of a single, saturable, route of
entryof D-Ado in the presence of NBMPR, with a Km of 13.8 +0.5mMand a
Vmax of 910 + 17 pmol/107cells/sec.

[t must be noted that analysis of the data for D-Ado influx into pRBCs in
the presence of NBMPR included concentrations of 1uM to only 15mM. This
was done because including the 20mM data point in the calculations resulted in
the data being significantly better fit (p=0.0002, F-test) by an equation with a Km
of 3.10 + 1.47 mM and a Vmax of 206 + 57pmol/1 07cells/sec as well as an
unsaturable component with a rate constant of 21.8 + 2.2 pmol/107cells/sec/mM.
A number of points argue in favour of the simpler mode! proposed by analysing
the data to 15mM D-Ado. For example, if a saturable component with a Km of
~3miM and a Vmax of ~200mM existed, it should have been distinguishable in
the absence of NBMPR as well as in its presence. In addition, the 20mM data
point in the presence of NBMPR indicates a greater inward flux than in the
absence of NBMPR, which is unlikely. Finally, the 20mM data points in the

absence and presence of NBMPR were almost within error of each other.
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Figure 13. The concentration-dependence of L-Ado entry in RBCs and
pRBCs: The effect of NBMPR.

The concentration-dependence of L-Ado entry in pRBCs and RBCs was
examined by measuring the inward flux (pmoi/1 07cells/sec) of graded concentrations of

PHJL-Ado in RPMIt or 30mM sodium phosphate buffer (see text). The entry of PH].-Ado
was examined in pRBCs in the absence (@) or presence (R) of 1uM NBMPR and in
RBCs in the absence (O) or presence (0) of 1uM NBMPR.

For pRBCs, each data point is the mean 1 range or S.D. from 2-6 experiments
(@) or 2-3 expts (H) with each experiment representing the rate deterimined from
duplicate or triplicate measurements at 3 and 5 sec of influx. Fitting hyperbolas to the
data indicated, in the absence of NBMPR, a single route of saturation with a Km of 14.0
+ 1.6 mM and a Vmax of 1100 + 62 pmol/1 07cells/sec. In the presence of 1uM
NBMPR, a similar result was obtained, however, the data points were joined point-to-
point but not analyzed by regression analysis due to the limited number of
concentrations examined.

For RBCs, each data point is the mean S.D. from 3 experiments (O) or the
mean #* range from 2 experiments (C) with each experiment representing the rate
deterimined from triplicate measurements at 3 and 5 sec of influx. Analysis of the data
by linear regression indicated a rate of 3.85 £ 0.11 pmol/1 07cells/sec/mM in the
absence of NBMPR and a rate of 2.84 + 0.29 pmo|/107cells/sec/mM in the presence of
NBMPR.

The inset illustrates the above curves at concentrations up to 1mM.
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V.3. The concentration-dependence of L-Ado entry into pRBCs and RBCs: The
effect of NBMPR

The concentration-dependence of L-Acd entry into pRBCs and RBCs was
examined, as well as the effect of the nucleoside transport inhibitor NBMPR.
Experiments were carried out i+ oither RPMIt or 30mM sodium phosphate buffer
(used with L-Gluc and D-Sorb, &~:; below) with virtually identical results. in Fig.
13, the inward flux of L-Ado in pREC s was determined for graded concentrations
of [3H]L-Ado in the presence or absence of 1uM NBMPR. As was the case with
D-Ado, there was a striking difference in the rate of L-Ado influx in pRBCs
compared to RBCs which became very evident as the concentration of L-Ado
increased so that at 10mM L-Ado the inward flux in pRBCs was approximately 12
times that measured in RBCs. The influx of L-Ado into pRBCs appeared to occur
through a single, saturable route with a Km of 14.0 + 1.6 mM and a Vmax of
1100 + 62 pmol/1 O7cells/sec. In RBCs, the data were fit by least squares linear
regression to yield a linear dependence of rate on concentration with a value of
approximately 3.85 £ 0.11 pmol/107cells/sec/mM. In comparison to the results in
pRBCs, only concentrations of L-Ado up to 10mM were examined due to the
limited availability of L-Ado and the questionable value of the additional
information to be gained by measuring influx at higher concentrations of this
permeant.

Previous experiments had demonstrated only a very slight effect of 1uM
NBMPR on the inward flux of L-Ado in pRBCs (see Table 1). In Fig. 13, the
effect of NBMPR on the concentration-dependence of L-Ado influx into pRBCs
and RBCs was examined. In both RBCs and pRBCs, the concentration-
dependence of L-Ado influx in the presence of NBMPR was examined only to
10mM, a concentration high enough to allow a sufficient evaluation of the effect

of NBMPR. There appeared to be only a small effect of NBMPR on L-Ado influx
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Table 2. Kinetic Constants for Ado influx in RBCs and pRBCs

Condition Kma) vVmaxp) Vmax/Kmy
RBCs
p-Ado (11) 0.189 + 0.016 236108 125
pRBCs
D-Ado (12) 13.1+1.8 949 + 64 72.4
p-Ado+NBMPR (12) 13.8+0.5 910+ 17 65.9
L-Ado (13) 14016 1100 £ 62 78.6

@Km (mM)  ®Vmax (pmol/1 07cells/sec) (Vmax/Km (pmol/1 07cells/sec/mM)
Numbers in parentheses ( ) indicate the figure number from which the dnta was

obtained.
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in pRBCs and RBCs at millimolar concentrations of permeant. In pRBCs, the
data were not analyzed by regression due to the low irunber of concentrations
examined. However, in RBCs, there were sufficient data to allow the calculation
of the apparent relationship between L-Ado concentration and inward flux. Least
squares linear regression suggested a linear relationship existed between the
concentration of L Ado and the inward flux into RBCs with a rate constant of
approximately 2.8 +0.29 pmol/107cells/sec/mM. The previously observed
effect of NBMPR  10uM L-Ado entry into RBCs (see Table 1), suggested that
a portion of L-Ado  flux into RBCs was via the es nucleosi Je transporter,
however two components of L-Ado entry into RBCs were not identified by non-
linear regression of the data of Fig. 13. This may have been due to a lack of
sufficient data. The kinetic data obtained for Ado influx in RBCs and pRBCs
(summarized in Table 2), indicated a large decrease in the efficiency (Vmax/Km)
of D-Ado transport in pPRBCs compared to RBCs (~72 and ~125 pmol/107cells/
sec/mM, respectively). p-Ado influx in pRBCs, in the presence or absence of
NBMPR, occured with an efficiency similar to that of L-Ado (~78

pmol/107cells/sec/mM).

VI. THE ENTRY OF L-GLUCOSE INTO UNINFECTED AND MALARIA-
INFECTED HUMAN ERYTHROCYTES

TN ) N e ———_——————————

V1.1. The influx of 2mM L-Gluc into RBCs and pRBCs

Another solute that has been reported to enter rodent (26) and human
(35) pRBCs via a non-stereoselective parasite-induced route is L-Gluc. This
observation, and the previously discussed similarities between glucose and
nucleoside entry routes in RBCs led us to investigate some of the characteristics
of the entry of L-Gluc into pRBCs as a comparison with the Ado entry route

described above. Fig. 14 demonstrates the lack of stereoselectivity of glucose
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Figure 14. The inward flux of 2mM L-Gluc in pRBCs and RBCs.

The cellular content of [1“C]L-Gluc was measured at the indicated
intervals after the addition of 2mM [*4C]L-Gluc to 2x1 07 pRBCs or RBCs.

The data are those obtained in a single experiment in each of pRBCs (O)
or RBCs (@). Each point is the mean & range from duplicate determinations in
pRBCs or the mean + S.D. from triplicate determinations in RBCs.
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transport observed in pRBCs compared to RBCs. This study employed L-Gluc at
a concentration (2mM) chosen to be similar to the Km of D-glucose entry into
RBCs (110). There was a large increase in the cell content of radiolabelled L-
Gluc in pRBCs compared to the uninfected controls at each time point examined.
The influx of 2mM L-Gluc into pRBCs was very rapid while the influx into RBCs
was almost unmeasurable suggesting the existence of a pathway for the entry of
L-Gluc into pRBCs which was absent in RBCs. Although the time course of L-
Gluc influx into pRBCs appeared to be linear until approximately one min,
subsequent experiments measured only influx between 5 and 15 sec to estimate

the inward flux.

V1.2 The effect of NBMPR or CB on the inward flux of 2mM L-Gluc in pRBCs

The ability of the nucleoside transport inhibitor NBMPR, or the glucose
transport inhibitor CB, to inhibit the entry of L-Gluc into pRBCs was examined.
This allowed a comparison with the data ohtained with L-Ado and an evaluation
of whether the es nucleoside transporic : . - were involved in L-Gluc entry
into pRBCs. This was done by meas: i, 12 <. 2¢l of 1uM NBMPR or 5uM CB
on the inward flux of 2mM [*4C]L-Gluc ivi.. wiese cells. Fig. 15 demonstrates the
effect of these agents on 2mM L-Gluc entry into pRBCs. Both NBMPR and CB
reduced 2mM L-Gluc influx into pRBCs by less than 20%. Tne inward fluxes
were 4.60 + 0.37 pmol/107cells/sec in controls, 3.85 + 0.25 pmol/107cells/sec in
the presence of 1uM NBMPR and 3.73 £ 0.06 pmol/107celis/ses in the presence
of CB. Statistical analysis (Dunnett's multiple range test) demonstrated that
these inhibitory effects were statistically significant (2=0.01), however, the lack
of complete inhibition by NBMPR or CB at the concentrations tested suggested
that L-Gluc was not entering pRBCs via either the es nucleoside transporter or

Glut1.
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Figure 15. The effect of NBMPR or CB on the inward flux of 2mM L-Gluc in
pRBCs.

The ability of NBMPR or CB to inhibit L-Gluc influx into pRBCs was
examined by comparing the inward flux of 2mM [14C]L-Gluc in the presence of
1M NBMPR (hatched bar) or 5uM CB (speckled bar) with the inward flux
measured in the absence of inhibitors (open bar). Control permeant solutions
for comparisor with CB-containing samples, contained 0.08% (v/V) DMSGO.

The data are mean = S.D. for control (n=6), 1uM NBMPR (n=3) or 5uM
CB (n=3) experiments with each experiment representing duplicate or triplicate
measurements at 5 and 15 sec of influx.

Statistical anaylsis using Dunnett's multiple range test showed significant
(=0.01) inhibition by both NEMPR and Cb.
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Vi.3. The concentration-dependence of L-Gluc entry into RBCs and pRBCs

The concentration-dependence of L-Gluc influx intc pRBCs and RBCs
was examined. In order to maintain the correct osmolarity of permeant solutions
containing high concentrations of L-Gluc, it was necessary to dissolve L-Gluc in
a fow osmolality buffer (approximately 20 mOsm) containing 9mM sodium
phosphate and 0.8mM potassium chioride before being diluted with an iso-
osmotic sodium phosphate buffer containing 30mM sodium phosphate, 2.8mM
KCl and 117mM NaCl. When fluxes of 2mM to 50mM L-Gluc were measured
using this permeant solution and cells suspended in the 30mM sodium
phosphate buffer, the entry rates of L-Gluc in pRBCs were virtually identical to
those obtained in RPMIL.

Fig. 16 demonstrates the much higher rates of influx obtained in pRBCs
compared to RBCs. By 190mM, the rate of L-Gluc influx into pRBCs was
approximately 10-fold higher than that measured in RBCs. In contrast to Ado
influx in pRBCs, there was not the obvious saturation of influx of L-Gluc into
pRBCs by 20mM. It appeared that the entry of L-Gluc into pRBCs was
unsaturable. Regression analysis of the data indicated an unsaturable entry
pathiway with a rate constant of 1.74 + 0.08 pmol/1 07cellsisec/mM. In RBCs, the
rate of entry of L-Gluc was much lower thari that observed in pRBCs at each
concentration examined. The concentration-dependence of the inward flux of L-
Gluc entry into RBCs appeared to be linear and analysis by least squares linear

regression yielded a rate constant of 0.17 + 0.08 pmol/107cells/sec/mM.
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Figure 16. The concentration-dependence of L-Gluc entry in pRBCs and
RBCs.

The concentration-dependence of L-Gluc entry in pRBCs (O) and RBCs
(®) was examined by measuring the inward flux (pmol/107cells/sec) of graded
concentrations of [*4C]L-Gluc in a sodium phosphate buffer system (see text) at 5
ancl 15 sec.

For pRBCs, each data point is the mean * range or S.D. from 2-9
experiments with 2ach experiment representing duplicate or triplicate
measurements of influx. The data were best fit by a model for a single route of
unsaturable entry with rate of i.74 + 0.08 pmol/1 N7cells/sec/mM. (note: for this
curve only, the inward fluxes were not averaged at each concentration of L-Gluc
before analysis by non-linear regression, in order to take into account the
differences in "n" values between L-Gluc concentrations.)

For RBCs, each data point is the mean + range or S.D. from 2 or 3
experiments with each experiment representing triplicate measurements of
influx. Analysis of the data by iinear regression indicated a rate of 0.17 £ 0.08
pmol/107cells/sec/mM.
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Vil. THE ENTRY OF D-SORBITOL INTO UNINFECTED AND MALARIA-
INFECTED HUMAN ERYTHROCYTES

INFEL I ED A e ——

VII.1. The influx of 2mM D-Sorb into RBCs and pRBCs

We also examined some of the characteristics of the entry of D-Sorb into
pRBCs, for comparison with Ado and L-Gluc entry. Fig. 17 examined the time
course of 2mM D-Sort entry into pRBCs and RBCs. The cell content of D-Sorb
in RBCs was barely measurable, even at 30 sec, while the content of D-Sorb was
much higher in pRBCs, suggestirig the existence of a parasite-induced route of
D-Sorb entry into pRBCs. The time course of D-Sorb entry into pRBCs appeared
to be linear for almost 30 sec, and subsequent experiments to measure inward

fluxes determined the cell content of [14C]p-Sorb at 5 and 15 sec.

VII.2. The concentration-dependence of D-Sorb entrv into pRBCs

The saturability of the route of p-Sorb entry into pRBCs was examined.
Fig. 18 demonstrates the concentration-dependence of the inward flux of D-Sorb
in pRBCs. The data indicated that D-Sorb influx was linearly dependent on
permeant concentration up to at least 190 mM, suggesting that D-Scrb entered
pRBCs via an unsaturabie pathway. Analysis of the data by least squares linear
regression indicated a linear relationship between the inward flux and D-Sort
concentration with a rate constant of 4.56 + 0.21 pmoi/107celis/sec/miM As with
L-Gluc, it was necessary to use a sodium phosphate buffer system rather than
RPMIt in order to maintain the correct osmolality. A stock solution of sorbitoi
dissolved in 9mM sodium phosphate buffer was diluted to the appropriate
concentration with 30mM sodium phosphate buffer as described above for L-

Gluc.
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Figure 17. The inward flux of 2mM D-Sorb in pRBCs and RBCs.

The cellular content of [14C]D-Sorb was measured at the indicated
intervals after the addition of 2mM [*“C]p-Sorb to 2x107 pRBCs or RBCs.

The data are those obtained in a single experiment in each of pRBCs (O}
or RBCs (@) with each point representing the mean & range from duplicate
determinations in pRBCs or RBCs.
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Figure 18. The concentration-dependence of D-Sorb entry in pRBCs.

The concentration-dependence of D-Sorb entry in pRBCs was examined
by measuring the inward fiux (pmol/1 07celis/sec) of graded conicentrations of
[14C]p-Sorb in a sodium phosphate buffer system (see text) at 5 and 15 sec.

The data are the mean + range of the inward flux determined in 2
experiments with duplicate measurements of influx. Analysis of the data by least
squares linear regression yielded a single route of unsaturabie ¢ iy with a rate
of 4.56 + 0.21 pmol/107cells/sec/mM.

Page - 69



Viil. DO ADENOSINE, L-GLUCOSE AND D-SORBITOL SHARE A ROUTE QF
ENTRY INTO MALARIA-INFECTED HUMAN ERYTHROCYTES?

ENTRY INTO MALARIA-INFEL I A e ———

VIiL.1. The effect of furosemide on the entry of L-Gluc or D-Sorb in pRBCs

This study showed that furosemide was a potent inhibitor of D- and L-Ado
entry into pRBCs with apparent iC¢, values in the range of 2-4uM (Fig. 10). Fig.
19 shows the effect of 3 concentrations of furosemide on the entry of L-Gluc or
D-Sorb into pRBCs. The inward flux of 2mM ['4C]L-Gluc entry into pRBCs
(control rate: 4.84 + 0.32 pmol/1 07celis/sec) was reduced to 74 + 7%, 60 + 3%
and 40 + 6% of the control rate by the addition of 1uM, 3uM and 10pM
furosemide, respectively. This suggested an IC, value for the inhibition of 2mM
L-Gluc influx into pRBCs would lie between 3 and 10uM, a value similar to those
for the inhibition « L-Ado and D-Ado entry into pRBCs. The inward flux of 2mM
['4C]D-Sorb in pRBCs (control rate: 8.30 + 1.32 pmol/107celis/sec) was reduced
to 44 + 2%. 29 + 6% and 15 + 3% of control rates by the addition of 1M, 3puM
and 10pM furosemide respectively. This suggested an ICg, value for the
inhibition of 2mM D-Sorb influx into pRBCs of less than 1uM, a value similar to
those reported above for D-Ado, L-Ado and L-Gluc, suggesting the possibility

that the fou " permeants shared a parasite-induced route of entry into pRBCs.

VIIL.2. Mutual inhibition of the parasite-induced entry of L-Ado, L-Gluc, or D-Sorb

in pRBCs
Permeants that enter celis by the same entry process may be able to

inhibit each other's entry. The saturability of parasite-induced Ado fluxes in
pRBCs suggested an interaction of Ado with this route. Fig. 20 shows the ability
of 20mM L-iAdo, 190mM L-Gluc or 190mM D-Sorb to inhibit the eniry of 10uM
[3H]L-Ado, 2mM [*4C]L-Gluc or 2mM [14C]D-Sork in pRBCs.

Page - 70



120__ j:_]_\_2mM [4C]L~Gluc 2mM [4C]D-Sorb 1
X~ 8o} T 1 .
- % 60k - \ -
2 NN,

0 LS

0 'i0 30 100 0 10
[FUROSEMIDE] (uM)

W
o
oy
o
o

Figure 19. The effect of furosemide on the entry of L-Gluc or D-Sorb into
pRBCs.

The inhibition by furosemide of the entry of L-Gluc or D-Sorb into pRBCs
was examined by measuring the effect of graded concentrations of furosemide
on the inward flux of 2mM [14C]L-Gluc (open bars) or 2mM [*4C]p-Sorb (hatched
bars) into these cells. The inward flux was determined by measuring the cellular
content of radiolabelled permeant (duplicates or triplicates) in pRBCs at § and
15 sec of incubation, and expressed as a percentage of the control rate of influx.
Cells were exposed to furosemide for 15 min at room temperature before
measurement of permeant influx, permeant solution also contained furosemide.

The data are the mean + range for 2 experiments with each permeant.
The inward fluxes in the absence of furosemide were 4.84 £ 0.32 pmol/107cells/
sec (L-Gluc) and 8.30 + 1.32 pmol/107cslls/sec (D-Sorb).
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Figure 20. Mutual inhibiton of the parasite-induced entry of L-Ado, L-Gluc,
or D-Sorb into pRBCs.

The ability of permeants for a parasite-induced entry process(es) in
pRBCs to interact with each other was examined by m=asuring the effects of
non-radioactive permeants on inward fluxes of radiola: 2lled permeants. The
inward fluxes (pmol/107cells/sec) were measured in pRBCs with A) 10uM [PH]L-
Ado, B) 2mM [14C]L-Gluc and C) 2mM ['4C]D-Sorb in the absence or presence of
non-radioactive permeants at concentrations of 20mM (L-Ado) or 190mM (L-Gluc
and D-Sorb). Inward fluxes were determined by measuring the cell content of
radiolabel in duplicate samples at 3 and 5 sec (L-Ado) or in trivlicate samples at
5 and 15 sec (L-Gluc and D-Sork).

The data are expressed as a percentage of the influx in the absence of
inhibitors and presented as the mean * range for two experiments with each
condition. Control rates (pmol/107celis/sec) were: 10uM L-Ado; 0.66 +0.19,
2mM L-Gluc; 4.58 + 0.08, and 2mM D-Sorb; 9.02 + 0.36.

Permeants containing L-Gluc or D-Sorb (190 mM) were prepared using
the sodium phosphate buffer system described for Fig. 13, 16 and18.

Statistical analysis of the data (Dunnett's multiple range test)
demonstrated a significant inhibition of influx where marked with an asterisk
(* «=0.01).
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in part A of Fig. 20, the addition of 20mM non-radioactive L-Ado to a
permeant solution containing 10uM [3H]L-Ado significantly reduced (Dunnett's
test, «=0.01) the inward fluxio 40.5 £ 16.5% of the flux measured in the absence
of excess L-Ado. In contrast, neither 190mM L-Gluc nor 190mM D-Sorb had any
statistically significant effect on the entry of 10uM [3H]L-Ado into pRBCs.

in a parallel set of experiments (Fig. 20-B), the effect of non-radioactive L-
Ado, L-Gluc or D-Sorb on the inward flux of entry of 2mM [14C]L-Gluc in pRBCs
was examined. All three solutes significantly (Dunnett's test, a=0.01) reduced
the entry of 2mM L-Gluc into pRBCs. The inward flux was reduced to 33.0 £
9.0%, 37.5 +5.0%, and 33.8 £ 2.9% of the control rate by 20mM L-Ado, 190mM
L-Gluc and 190mM D-Sorb, respectively.

In Fig. 20-C, the ability of 20mM L-Ado, 190mM L-Gluc or 190mM D-Sorb
to inhibit the entry of 2mM [14C]p-Sorb into pRBCs was examined. Only 20mM L-
Ado significantly reduced (61.0 £ 3.0% of control, Dunnett's test a=0.01) the
inward flux of 2mM [*4C]p-Sorb in pRBCs. There was no significant effect on
2mM [14C]D-Sorb entry by either 190mM L-Gluc or 190mM D-Sorb.

The ability of L-Ado to inhibit the entry of all three pRBC permeants
suggests that they may all utilize the same pathway for entry into pRBCs.

VIl 3. Inhibition of the entry of 2mM L-Gluc into pRBCs: The effect of other

permeants
Fig. 21 is analogous to part B of Fig. 20 (sve above) but involved an

examination of the effect of 10mM non-radioactive L-Ad2, L-Gluc or D-Sorb on
the inward flux of 2mM [14C]L-Glu7 into pRBCs. In contrast to the data in Fig 20-
B, only 10mM L-Ado and 10mM L-Gliic reduced the e ry of 2mM [14C]L-Gluc into
pRBCs. Both solutes reduced the inward fiux of 2mM [14C]L-Gluc tu

approximately 60% of the control vaiue. 1 L-Ado reduced the inward flux of

“
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Figure 21. Inhibition of the entry of 2mM L-Gluc into pRBCs: The effects of
other permeants.

The effects of non-radiolabelled permeants (10mM L-Ado, L-Gluc or D-
Sorb) on the inward flux of 2mM [4C] or [*H]L-Gluc in pRBCs were measured.
Inward flux was obtained from duplicate or triplicate measurements of the cell
content of radiolabel at 5 and 15 sec of uptake.

The data are the mean z range or $.D. of the inward flux in the presence
of inhibitors as a percentage of the rate measured in the absence of inhibitors
for 2 expts (L-Ado and D-Sorb) or 3 expts (L-Gluc). The control rate was 441 %
0.62 pmol/107cells/sec, n=7.

Statistical analysis (Dunnett's multiple range test) indicated a significant
inhibitory effect for both L-Ado and L-Gluc (* «=0.01).
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Figure 22. The inhibition of L-Gluc entry in pRBCs by graded
cencentrations of L-Ado.

The inward fluxes of 50mM, 75mM, or 100mM [BHIL-Gluc were measured
in the presence of graded concentrations of non-radiolabelled L-Ado. Inward
flux was obtained from duplicate or triplicate measurements of the cell content of
radiolabel at 5 and 15 sec of uptake. Experiments were performed with L-Ado
and L-Gluc dissolved in sodium phosphate buffer as in Fig. 13 and Fig. 16.

The data are the mean £ S.D. of the inward fiux in the presence or
absence of L-Ado for 3 expts and are expressed in a Dixon plot.
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2mM [1“C]L-Gluc to 61.8 £ 9.1% of the control vaiue and 10mM L-Gluc reduced
influx to 63.9 + 4.2% of the control vziue. This reduction by L-Ado or L-Gluc was
significant (Dunnett's test «=0.01) suggesting that both L-Ado and L-Gluc
interacted with the route of L-Gluc entry into pRBCs. The lack of an effect by
10mM D-Sorb suggests that the 180mM concentration used in Fig. 21-B may
have had non-specific inhibitory effects on L-Gluc entry into pRBCs.

Fig. 22 shows a Dixon plot describing the inhibition of the inward fiuxes of
50mM. 75mM and 10mM [4C]L-Gluc by graded concentrations of L-Ado. L-Ado
was able to inhibit L-Gluc flix with an apparent Ki of between 10mM and 30mM.
The data did not allow the nature of the inhibition (competitive or non-

competitive) to be determined.

IX. THE METABOLISM OF ADENOSINE BY UNINFECTED AND MALARIA-
INFECTED HUMAN ERYTHROCYTES

iX.1. The metabolism of 5uM D- and L-Ado in RBCs and pRBCs

Fig. 22-A. shows the separation of AMP, Ino, Hyp and *
obtained using the silica gel thin layer chromaiography pr in
Fig. 24 show the formation of metabolites from SuM ©* 5 and
pRBCs during a 5-min incubation at 37°C. Inboth of

radiolabelled metabolite recovered after the incubati

"AMP" (or other nucleotides, see below) >>> Hyp > In. . «a-f also
indicated that the amount of "AMP" formed .2 pRBCs was significantly (Student's
t-test, p<0.005) greater than in RBCs (67.2 £ 13.4% and 44.0 + 13.5% of the
total, respectively). The metabolite at the origin of the chromatogram was
probably not limited to AMP, but may have inciuded other nucleotides. In
pRBCs, AMP, ADP, ATP, GMP, GDP, GTP, IMP, AMPS and XMP can all be

formed during the metabolism of D-Ado. By contrast, in RBCs only AMP, ADP,
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Figure. 23. The separation of Hyp, nucleosides and nucleotides by thin
layer chromatography on Silica Gel G and PEIl-Cellulose.

Panel A. The separation of AMP, Ino, Hyp and Ado on Silica Gel G thin
layer chromatography sheets developed in CHCl::MeOH:15%NH4OH (3:2:1,
viv).

Panel B. The separation of AMP, ADP, ATP, IMP, Ino, Hyp and Ado on
PEI-Cellulose thin layer chromatography sheets developed in 1M LiCl, 1.15M
HsBOs, pH 7.0.
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Figure 24. The metabolism of 5uM p-Ado and L-Ado in RBCs and pRBCs,
during 5-min intervals.

The metabolism of D-£-i¢: and L-Ado was examined in RBCs and pRBCs
b, following the appearance of radioactive metabolites after the incubation of A)
5uM [*H]D-Ado or B) 5uM [*H]L-Ado at 370C for 5 min. The metabolites formed
were extracted with 70% methanol and separated with the standards of Fig. 23-A
on Silica Gel G thin layer chromatography sheets with CHCl3:MeOH:
15%NH4OH (3:2:1, viv).

The amount of radioactivity recovered for each metabolite (after
subtraction of background radioactivity) is plotted as a percentage of the total
amount of radioactivity recovered. The data are the mean + S.D. from7
replicates (D-Ado and L-Ado, RBCs), 8 replicates (D-Ado, pRBCs) and 9
replicates (L-Ado, pRBCs).

Statistical analysis (Student's t-test) indicated a significant difference
between the metabolites recovered in RECs compared to pRBCs where
indicated (* p<0.05, ** p<0.005, *** p<0.001).
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ATP and IMP might be present in the nucleotide spot. There was a statistically
significant (Student's t-test, p<0.0:5) difference in the amount of Ino recovered in
pRBCs compared to RBCs (10.:55 t6.5% vs 17.8 £ 4.2%), while the amount of
Hyp recovered was the same in both cell types. There was also a significant
(Student's t-test, p<0.05) decrease in the amount of radiolabelled D-Ado in
pRBCs compared to RBCs.

The products formed by the metabolism of [3H]L-Ado in RBCs and pRBCs
are presented in Fig. 24-B. An obvious difference in the metabolism of L-Ado
compared to that observed with p-Ado was the much smaller proportion of
“AMP" recovered with the large majority (60-80%) of the radiolabel recovered
representing L-Ado. There was also a decrease in the levels of Ino and Hyp
recovered in experiments with 5uM [*H]L-Ado as compared to those carried out
with 5uM [3H]D-Ado as the substrate. In contrast to the pattern observed with D-
Ado, the metabolites formed from 5pM [3H]L-Ado in RBCs were recovered at the
levels of L-Ado >> "AMP" > ino = Hyp. In pRBCs, the same pattern was
observed except ti:at Ino was greater than Hyp. As with D-Ado, there was a
significant increase in the amount 5f "AMP" and Ino formed in pRBCs compared
to RBCs. "AMP" was 13.3 £ 2.4% of the totai in pRBCs compared to 6.6 ¢ 3.4%
of the total in RBCs whereas Ino increased to 7.3 + 2.0% in pRBCs from 1.4 &
0.5% in RBCs. As with the metabolism D-Ado, the level of Hyp remained
virtually identical in RBCs and pRBCs. There was an approximately 15%
decrease in the amount of L-Ado in pRBCs (79.4 + 6.9%) compared to RBCs
{64.4 + 5.8%). Both the increases in "AMP" and Ino formation, as well as the
decrease in L-Ado recrvery, were statistically different (Student's t-test, p<0.001)
i pPRBCs and RBCs.

In an attempt to prove that the apparent recovery of "AMP" was not due to

the adsorpiion of metabolites other than nuclectides at the origin, the
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RBCs pRBCs

METABOLITE p-Ado L-Ado p-Ado L-Ado
Origin 3.1¢1.0 0.310.1 0.24¢0.1 0.2+0.1
ATP 38.0+1.8 47106 416422 9.811.1
ADP 17.6£0.6 32404 7.320.6 2.7+0.2
AMP 6.80.3 6.1£1.3 2.110.1 6.7+1.8
Ado/Hyp/IMP 24.3:1.3 85.111.4 43.2+1.8 79.814.5
Ino 11.4%1.0 1.120.5 5.8+0.5 3.820.2

Table 3. The metabolism of 5uM D-Ado and L-Ado in RBCs a
Formation of nucleotides during 5-min intervals.

Table 3 demonstrates the ability of the PEI
the nucleotide metabolites for
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metabolites which were formed in some of the above experiments were
separated on PEi-cellulose. Fig. 23-B indicates the separation of nucleotides
achieved using the PEI-cellulose system. This system is capable of separating
metabolites with different charges. There was excellent separation of ATP, ADP
and AMP from each other and the origin. There was poor separation of Ado,
Hyp and IMP, however, Ado and Hyp were well separated on Silica Gel G, so
this was not a concern. The data in Table 3 indicated that radioactivity at the
origin on Silica Gel G was notan artifact, but indeed represented AMP, ADP,
ATP and possibly IMP. For both p-Ado and L-Ado, ATP accounted for the

majority of the nucleotides recovered, followed by ADP and AMP.

IX.2. The effect of increased incubation time on the metabolism of 5uM D- and

L-Ado in RBCs and pRBCs
Fig. 25 examines the effect of an increased incubation time on the

metabolism of 5uM [3H]D-Ado or SuM [3H]L-Ado in RBCs and pRBCs. Ttie most
obvious difference between the metabolism of [3H]p-Ado with a 5 min (Fig. 24-A)
incubation compared to a 30 min (Fig. 25-A) incubation is the increased
recovery of "AMP" at 30 min compared to at 5 min in both RBCs and pRBCs. As
well, there was decreased Ino, Hyp and D-Ado at the longer incubation time.

The ievels of metabolite recovered after the 30 min incubation were
"AMP" >>> Hyp > Ino > D-Ado in RBCs and pRBCs v:ith Ado being practically
undetectable. Unlike with the 5 min incubation of [3H]p-Ado, only the amount of
Ino recovered was significantly different (Student's t-test, p<0.005) in RBCs (5.8
+ 3.2% of the total) than in pRBCs (1.3 £ 0.7% of the total).

The major effect of the increased incubation time on the metabolism of
5uM [3H]L-Ado in RBCs and pRBCs was an increase in the formation of

nucleotides in both cell types. There was also a time-dependent increase in the
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Figure 25. The metabolism of 5uM D-Ado and L-Ado in RBCs and pRBCs
during 30-min intervals.

The metabolism of D-Ado and L-Ado was examined in RBCs and pRBCs
by following the appearance of radioactive metabolites after the incubation of A)
5uM [3H]p-Ado or B) 5uM [3H]L-Ado at 37°C for 30 min. The metabolites formed
were extracted with 70% methanol and separated with the standards of Fig. 23-A
on Silica Gel G thin layer chromatography sheets with CHCIz:MeOH:
15%NH40H (3:2:1, viv).

The amount of radioactivity recovered for each metabolite (after
subtraction of background radioactivity) is plotted as a percentage of the total
amount of radioactivity recovered. The data are the mean ¢ S.D. from 8
replicates.

Statistical analysis (Student's t-test) indicated a significant difference
between the metabolites recovered in RBCs compared to pRBCs where
indicated (* p<0.05, ** p<0.005, *** p<0.001).
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_ RBCs pRBCs

METABOLITE D-Ado L-Ado p-Ado L-Ado
Origin 1.5¢1.3 0.2+0.0 3.413.3 1.3%1.0
ATP 44.2+19.5 21.3+4.2 39.216.4 12.5+1.8
ADP 11.811.7 4.5+0.2 13.440.6 4.110.2
AMP 3.2+1.5 0.4+0.0 1.6£0.1 6.7:08
Ado/Hyp/IMP 34.8£17.9 69.214.4 40.7+2.2 72.543.9
ino 2.611.8 0.6+0.0 0.420.2 0.840.0

Table 4. The metabolism of 54M D-Ado and L-Ado in RBCs and pRBCs:

Formation of nucleotides during 30-min intervals.

Table 4 demonstrates the ability of the PEl-cellulose system to separate
the nucieotide metabolites formed from 5uM [H]p-Ado and 5uM [3H]L-Ado
during & 30 min incubation in RBCs or pRBCs. The metabolites formed were
extracted with 70% methanol and separated with the standards of Fig. 23-B on
PEl-cellulose thin layer chromatography sheets with 1M LiCl:1.15M H3BOs3, pH
7.0.

The data represent the recovery of metabolites as a percentage (mean +
S.D) of the total recovered for a single experiment with triplicate determinations.
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level of Ino recovered in pRBCs. Fig. 25-B indicated that, once again, the order
of metabolite recovery was L-Ado >> "AMP" > ino ~ Hyp in RBCs and pRBCs.
Whereas "AMP" was similar in RBCs and pRBCs, there was a striking 7-fold
increase in the amount of Ino in pRBCs compared to RBCs, with Ino accounting
for 1.0 + 0.6% of the total radiolabel in RBCs and 13.6 £ 6.7% of the total in
pRBCs. Hyp remained at a very low level in both RBCs and pRBCs but L-Ado
decreased from 66.0 + 10 2% of the total in RBCs to 54.7 + 8.4% of the total in
pRBCs. The decrease in the amount of L-Ado, as well as the increase in the
amount of Ino in pRBCs compared to RBCs, were statistically significant at
levels of p<0.05 and p<0.001 (Student's t-test), 1espectively. As with the 5 mir
incubation, separation of metabolites from the 30 min incubation on PEI-
cellulose (Table 4) indicated that several Ade nucleotides were present in the
"AMP" spot at the origin of silica gel thin layer sheets. Once again, the order of

nucleotide formation was ATP > ADP > AMP.

IX.3. The metabolism of 5uM D- and L-Ado in RBCs and pRBCs: The effect of

washing the cell pellet.
Fig. 26 shows the data obtained in experiments done in ari identical

manner to those obtained in Fig. 25, with the exception that the c=ils were
washed by a single re-suspension and centrifugation in ice-cold D-PBS after
removal of the incubation medium (see Section IX.2., Materials and Methods).
Fig. 26-A shows the recovery of Ino, Hyp and Ado, all of which were less than
5% of the total recovered in both RBCs and pRBCs after a 30 min, 37°9C
incubation with 5uM [3H]D-Ado. There wes noO significant difference between
RBCs and pRBCs in the levels of any of the metatsolites recovered. As was
observed previously (Fig. 25-A), "AMP" was the major metabolite rerovered

(~90% of the total) in both RBCs and pRBCs. The results in Fig. 26-A are
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Figure 26. The metabolism of 5uM D-Ado and L-Ado in RBCs and pRBCs
during 30-min intervals: The effect of washing.

The metabolism of D-Ado and L-Ado was examined in RBCs and pRBCs
by following the appearance of radioactive metabolites after the incubation of A)
5uM [3H]D-Ado or B) 5uM [H]L-Ado at 37°C for 30 min. In this set of
experiments, a step was included to wash the cells of excess radiolabel (see
Materials and Methods - Section IX.3). The metabolites formed were extracted
with 70% methanol and separated with the standards of Fig. 23-A on Silica Gel
G thin laver chromatography sheets with CHCla:MeOH: 15%NH4OH (3:2:1, viv).

The amount of radioactivity recovered for each metabolite (after
subtraction of background radioactivity) is plotted as a percentage of the total
amount of radioactivity recovered. The data are the mean t S.D. from 6
replicates (D-Ado, RBCs; L-Ado, pRBCs) or 5 replicates (b-Ado, pRBCs; L-Ado,
RBCs).

Statistical analysis (Student's t-test) indicated a significant difference
between the metebolites recovered in RBCs compared to pRBCs where
indicated (* p<0.05, ** p<0.01).
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qualitatively similar to those of Fig. 25-A, however, there are a number of
quantitative differences. The addition of a washing step in Fig. 26-A reduced the
levels of Ino, Hyp and Ado recovered from the metabolism of 5uM [BH]b-Ado in
both RBCs and pRBCs. For example, Hyp in RBCs decreased frem 13.91+9.0%
of the total recovered in the absence of a washing step to 4.0 + 0.8% of the total
recovered with a washing step. A similar effect was observed in pRBCs, with
Hyp recovery decreasing from 12.3+8.1%to a level of 3.6 + 4.6% of the total
radiolabel recovered. The decrease in metabolite recovery was likely due to
solute efflux through the host and/or parasite-induced permeability pathways
during the re-suspension in D-PBS. Fig. 26-B. shows the recovery of "AMP",
Ino, Hyp and Ado after a 30 min, 37°C incubation of RBCs or pRBCs with 5uM
I3H]L-Ado. Statistical analysis of the data (Student's t-test) indicated a number of
significant differences in the levels of metabolite recovered in RBCs vs pRBCs.
The levels of "AMP" and Ino increased significantly (p<0.01 and p<0.05,
respectively) in pRBCs compared to in RBCs. As well, there was a decrease in
the percentage of radiolabel recovered as L-Ado in pRBCs (~55%) compared to
RBCs (~66%).

The washing step affected the results of experiments that measured [*H]L-
Ado metabolism. The loss of Ino and Hyp during the washing step was less
apparent with the metabolism of 5uM [3H]L-Ado (Fig. 26-B) than with D-Ado (Fig.
26-A). However, there was an almost 20% lower recovery of L-Ado in both
RBCs and pRBCs, possibly due to the efflux of this solute from the cells, when
the washing step was included. It may have been this lower recovery of L-Ado
which allowed "AMP" to be present as a higher percentag of the amount of
radiolabel recovered in washed samples compared to those which had not been

washed.
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It appears that the data obtained without the washing step are more likely
to give information about the complete spectrum of metaboiites formed by the
metabolism of D- or L-Ado. This may be due to the apparent loss of non-

nucleotide metabolites during the washing step.

IX.4. The effect of deoxycoformycin on the metabolism of 5uM D- and L-Ado in

RBCs and pRBCs
The data in Table 5 indicated that the addition of 2.5uM deCof to the

incubation mixture containing RBCs or pRBCs with 5uM D-Ado or L-Ado resulted
in inhibition of metabolism via the ADA pathways. Table 5-A shows that deCof
abolished the metabolism of D-Ad» to Ino, and therefore Hyp, in RBCs. The
apparent increase in Ino formed in pRBCs in the presence of deCof is likely due
to experimental error in the single experiment performed, as the lowered amount
of Hyp recovered in the presence of deCof suggested an inhibition of Ino
formation. The inhibition of ADA was also indicated by the increased recovery of
D-Ado in the presence of deCof in both RBCs and pRBCs. The reduced
deamination of Ado in pRBCs in the presence of deCof indicated that deCof was
able to inhibit the parasite ADA and the host enzyme.

The data of Table 5-B indicated that L-Ado metabolism in pRBCs was also
inhibited by deCof, as Ino formation was reduced from 13.6 + 6.7% of the total in
the absence of deCof to 2.8% of the total recovered in the presence of deCof.
This suggested that L-Ado was deaminated to Ino in pRBCs, an effect not seen
in RBCs, indicating a lack of stereoselectivity of the parasite enzyme. The fact
that the recovery of "AMP" was not decreased in the presence of deCof in either
RBCs or pRBCs suggested that the majority of riucleotide formation in these

cells may have occurred through the activity of AK rather than via the ADA rouite.
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5-A, b-Ado

r

RBCs pRBCs
METABOLITE| CONTROL +deCof CONTROL +deCof
AMP 84.4+10.6 88.4 90.218.5 70.7
Ino 5.8+3.2 0.3 1.310.7 5.9
Hyp 13.949.0 0.5 12.38.1 0.6
Ado 0.7¢1.2 13.5 0.110.1 18.5
5-B, L-Ado
RBCs pRBCs
METABOLITE | CONTROL +deCof CONTROL +deCof
AMP 17.416.6 26.8 20.3+4.7 20.7
Ino 1.0£0.6 2.0 13.616.7 28
Hyp 2.4+1.9 4.0 2.311.4 4.3
Ado 66.0+10.2 76.7 54.7+8.4 74.0

Table 5. The effect of 2.5uM deoxycoformycin on the metabolism of 5pM D-
Ado and L-Ado in RBCs and pRBCs.

The effect of 2.5uM deoxycoformycin (deCof) on the metabolism of 5uM
D-Ado (Table 5-A) and 5uM L-Ado (Table 5-B) in RBCs and pRBCs was
examined in a single experiment by following the appearance of radioactive
metabolites after the incubation of A) 5uM [3H]D-Ado or E) 5uM [3H]L-Ado at
370C for 30 min. The metabolites formed were extracted with 70% methanol and

separated with the standard

s of Fig. 23-A on Silica Gel G thin layer
chromatography sheets with CHCls:MeOH: 15%NH4s0H (3:2:1, viv).

The amount of radioactivity recovered for each metabolite (after
subtraction of background radioactivity) is plotted as a percentage of the total
amount of radioactivity recovered. The data are single determination in the
presence of deCof and the mean + S.D. from 8 replicates for control samples

(from Fig. 25).
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DISCUSSION

I. ADENOSINE PERMEATION IN UNINFECTED AND MALARIA-INFECTED
HUMAN ERYTHROCYTES

This thesis focuses largely on an examination of the characteristics of
Ado entry into Plasmodium falciparum-infected human erythrocytes. The ability
to obtain highiy enriched preparations of schizont-containing pRBCs was critical
to our experiments. Previous work in P. yoelii-infected mouse erythrocytes (data
not shown) had indicated that nucleoside (D- and L-Ado) influx was growth-
stage-dependent, with the greatest rate of influx being observed in preparations
of schizont or late-trophozoite containing pRBCs. It was further demonstrated
by Gero et al. that Ado influx into P. falciparum-infected human erythrocytes was
also growth-stage dependentin a similar manner (42). The ability to achieve
enrichment of pRBCs to a level of >95 %P allowed a direct comparison of the
characteristics of solute entry in pRBCs and RBCs without the extrapolation of
influx rates to those expected at 100 %P, as has been used by other authors
who have done experiments using cell preparations with iower parasitemias.

In order to make valid comparisons of the transport characteristics of
RBCs and pRBCs, it was necessary to measure unidirectional, inward fluxes of
permeant that were independent of equilibrative movements and metabolism and
were solely indicative of the transport process. Inward fluxes can be determined
by measuring the cellular content of radiolabelled permeant within a short period
(a few seconds) after the addition of permeant under zero-trans conditions. The
ability to measure inward fluxes is often limited by the ability to measure influx
during the early time period of permeant entry. Very often the cell content of a
permeant is affected by permeant efflux which can result in curved uptake

curves. Another consideration in measuring inward fluxes is the possible effect
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of permeant metabolism. If the metabolism of the radiolabelled solute is the rate
limiting step of uptake at the concentration examined, equilibrium of the solute is
quickly attained. In those cell types in which metabolism is very rapid, transport
itself may be rate-limiting, thus allowing inward fluxes to be measured as long as
the extracellular concentration of permeant remains much higher than the
intracellular concentration. This can allow the measurement of inward flux at
time points after an equilibrium concentration of radiolabel is apparently
achieved (111).

As nucleoside fluxes are generally quite rapid, it is necessary to have a
methodology that allows the measurement of uptake rates within a few seconds
after permeant addition to the cells. This requires an ability to inhibit the entry of
the permeant into the cells after a very short time period. In those cell types
utilizing only the es transporter, it is possible to quickly terminate influx by the
rapid addition of an irhibitor of nucleoside transport (e.g. NBMPR) to the
incubation mixture. The presence of a component of Ado uptake in P.
falciparum-infected erythrocytes which was insensitive to NBMPR (42) precluded
the use of this technique in our experiments.

An alternative to the inhibitor-stop methodology is the use of the oil-stop
centrifugation method in which permeant influx is stopped by the centrifugal
separation of cells from permeant solution. All of the filux measurements in this
thesis were obtained using this methodology. A limitation of this methodology is
the time required (approximately 2 sec, (56)) for separation of cells and
permeant to occur. This imposed a practical lower limit of 3 sec on uptake
intervals.

When the cell content of [3H]D-Ado was measured in this manner there
was a small, but consistent, increase in the inward flux of D-Ado in pPRBCs

compared to RBCs. it was important to address the possibility that the increase
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in D-Ado entry into pRBCs was due to the presence of a leaky membrane which
allowed the non-selective entry of small solutes into these cells. As had been
previously reported (e.g. 45), sucrose, a molecule of size similar to that of Ado,
did not enter pRBCs. The use of [*4C]sucrose as a marker of extracellular water
space in these experiments not only demonstrated the lack of sucrose
permeability in these cells, but also served to aliow the few experiments that
contained leaky cells to be discounted. The lack of sucrose permeation also
suggested that Ado entry into pRBCs occurred through a pathway with
selectivity characteristics beyond that of solute size.

Characterization of the route or routes responsible for Ado entry into
pBCs involved comparing the parasite-induced system(s) with the es
rnucleoside transporter. This involved examining the effects of nucleoside
transport inhibitors, as well as compounds that werg previously shown to inhibit
tha entry of other solutes into pRBCs, on Ado influx. The presence of a
component of Ado entry into pRBCs that was insensitive to inhibition by
nucleoside transport inhibitors was reported by Gero et al. (43) using a cell
preparation containing 97% trophozoites at a level of 80-90 %P. Inour
preparations of schizont and mature trophozoite-containing pRBCs (with a
greater than 95 %P), we also observed D-Ado entry into pRBCs which was not
inhibited by 1uM concentrations of NBMPR, DPM or DZP. This indicated that D-
Ado influx in pRBCs was not entirely attributable to influx via the es transporter,
but rather that a parasite-induced route (or routes) of entry must be present. It
had previously been reported that there was a decrease in the abundance of
NBMPR binding sites in pRBCs compared to RBCs (~85% of control, 25 %P)
(42). However, our uptake measurements did not allow us to observe the

expected decrease in the es contribution to D-Ado entry in pRBCs as the size of
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the NBMPR-sensitive component of D-Ado entry was similar in both pRBCs and
RBCs.

A characteristic of Ado influx via the es nucleoside transporter is the
selectivity for the D-enantiomer of this nucleoside. For example, Gati et al.
demonstrated that 5uM D-Ado entered mouse erythrocytes ~20 times more
rapidly than did 5uM L-Ado (67). In contrast, a separate study that examined the
characteristics of Ado entry into P. yoelii-infected mouse erythrocytes
demonstrated that 1uM L-Ado influx occurred &t a rate that was approximately
half the rate of 1uM D-Ado entry into these cells (31). The present data
indicated a similar relationship between D- and L-Ado entry into human
erythrocytes. The data also indicated that there was a substantial (3-5 fold)
increase in the influx of L-Ado into pRBCs compared to RBCs at 1uM and 10uM
concentrations of permeant. The fact that the influx of 1uM L-Ado occurred at a
rate similar to that obtained for the parasite-induced entry of 1uM D-Ado
{measured in the presence of NBMPR), suggested that D-Ado and L-Ado may
enter pRBCs by the same, non-stereoselective, route.

The expression of L-Ado fluxes in RBCs was not unexpected. Gati et al.
had demonstrated that the stereoselectivity for D-Ado was not absolute in mouse
erythrocytes and L1210 cells, but ratner that L-Ado was a poor permeant for the
es transporter (67). In mouse erythrocytes, 200pM L-Ado entry was reduced to
~15% of control rates by 5uM NBMPR (67). In L1210 cells, the influx of 100uM
L-Ado was reduced to ~35% of controi rates by 5uM NBMPR (67). in the present
study with human erythrocytes, the inward flux of 10uM L-Ado in RBCs was
reduced to ~55% of the control rate by 1uM NBMPR. The effect of NBMPR on L-
Ado entry into RBCs may explain the apparent differerce between the inward

flux of 1uM D-Ado + NBMPR and 1uM L-Ado entry into pRBCs, as well as the
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small reduction in the inward flux of 10uM L-Ado in pRBCs observed in the
presence of the nucleoside transport inhibitors.

In this study, the concentration-dependence of D-Ado influx in RBCs
yielded a Km of ~190uM and a Vmax ~23 pmol/107cells/sec (~50 pmol/ul
H20/sec). These values are dramatically higher than those reparted in the
literature for D-Ado influx in RBCs (e.g. Km ~25uM, Vmax ~15 pmol/ul H20/sec)
(55). Aithough the reason for this discrepancy remains unclear, it may relate to
the fact that, in contrast to the literature reports that used fresh erythrocytes, our
experiments utilized erythrocytes that had been stored at 4°C for three or more
weeks, conditions which may result in changes to the kinetic properties. For
example, Plagemann and Wohlhueter (112) reported a higher affinity for zero-
trans Urd influx in outdated compared to fresh RBCs (Km values of 73uM and
120uM, respectively) as well as # Aecreased maximum velocity (Vmax 9 pmol/pl
H20/sec vs 41 pmol/ul H20/sec, respectively). These changes resulted in a
decreased efficiency of zero-trans Urd flux in outdated RBCs (Vmax/Km =0.12
pmol/ul H20/sec/pM) compared to fresh RBCs (Vma Km =0.34 pmol/pi
H20/sec/uM) (112). The present study is consistent with a decreased efficiency
of nucleoside transport in stored compared to fresh RBCs. There was a
decreased efficiency (Vmax/Km) of D-Ado influx in stored RBCs (0.26 pmol/ul
H20/sec/uM (this study)) compared to fresh cells (0.6 pmol/ul H20/sec/uM (55)).

It had been suggested that solute entry into pRBCs occurred via an
unsaturable pathway (e.g., see ref 39,45). However, as mentioned above, the
rapid entry into pRBCs of L-Ado and the impermeability of the pRBC membrane
to sucrose, suggested that solute entry was not exclusively size-dependant.
This study addressed the possibility that parasite-induced Ado entry in pRBCs
was mediated. In our experiments, the examination of the concentration-

dependence of D-Ado entry in pRBCs indicated saturability of the pathway. As
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the concentration-dependence of D-Ado entry into pRBCs was only examined to
concentrations that were less than 1.5 times the apparent Km, the kinetic values
are approximations, but indicate that, unlike the behavior of other solutes (e.g. D-
Sorb), D-Ado entry into pRBCs was saturable. This saturability suggests that D-
Ado entry is mediated and provides an explanation for the rapid inward fluxes of
D-Ado described above.

As discussed above, NBMPR inhibited the es nucleoside transporter-
mediated entry of 1uM D-Ado into RBCs and pRBCs. As the concentration of D-
Ado increased, the relative contribution of the es nucleoside transporter-
mediated influx to the total D-Ado influx into pRBCs decreased. This was due to
the lower Vmax and Km for D-Ado entry via the es nucleoside transporter
compared to the parasite-induced route. D-Ado influx occured at much higher
rate (Vmax ~949 pmol/1 O7celis/sec) in pRBCs than in RBCs (Vmax ~23
pmol/107cells/sec). However, the parasite-induced entry of D-Ado in pRBCs
occured at a lower efficiency (Vmax/Km =72 pmol/1 07cells/sec/mM) than D-Ado
entry via the es transporter in RBCs (Vmax/Km =125 pmol/1 07cells/sec/mM)
suggesting that at physiological (<1uM) concentrations of Ado, the es nucleoside
transporter would be the primary entry route of D-Ado eritry into pRBCs.

The ability of NBMPR to reduce the inward flux of 10uM L-Ado in RBCs
suggested that there should be a saturable component of L-Ado entry into RBCs
via the es nucleoside transporter. Failure to detect saturability of L-Ado fluxes in
RBCs may reflect the low affinity interaction between L-Ado and the es
nucleoside transporter.

The entry of L-Ado into pRBCs occured via a route with kinetic constants
similar to those determined for D-Ado entry. Only a very small portion, if any, of
L-Ado flux into pRBCs was inhibited by NBMPR, suggesting that even at high

concentrations, there was very little L-Ado entry into pRBCs via the es
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nucleoside transporter. The saturability of L-Ado fluxes in pRBCs argues
against the possibility that increased L-Ado entry into pRBCs occurs due to
simple diffusion through the pRBC membrane.

The very similar concentration-dependence of L-Ado and D-Ado influx in
the presence (and absence) of NBMPR suggested that L-Ado and D-Ado enter
pRBCs by the same, non-stereoselective pathway. The apparent saturability of
the parasite-induced route of Ado entry, a characteristic that distinguished Ado
from the other pRBC permeants in the literature (39) or this study, supported the
idea that Ado entered pRBCs through a mediated pathway that was distinct from
other solute entry routes.

As mentioned above, the erythrocytic transporters for nucleosides and
sugars have similar structural and functional characteristics (105). As well, there
are a number of reports of interactions between permeants for Glut1 and
inhibitors of Glut1 with those of the nucleoside transporter (see below). These
findings led us to examine the effect of CB, a potent inhibitor of Glut1, on the
entry of L-Ado into pRBCs. At low concentrations of CB (1uM) there was no
effect on L-Ado entry into pRBCs. However, as the concentration of CB was
increased to 100pm; a substantial inhibition of influx (to 0% of control)
occurred. The ability of CB to inhibit nucleoside fluxes has previously been
reported in a number of cell types. Plagemann and Estensen (106) reported the
inhibition by CB of 10uM Urd or 0.25uM Thd entry into cultured Novikoff rat
hepatoma cells with Ki values of 2uM and 6uM, respectively. Plagemann and
Woffendin (66) reported the inhibition, in RBCs, of 500uM Urd equilibrium
exchange fluxes by CB with an ICq, of approximately 30uM. Similar effects were
reported by Jarvis (105) who demonstrated that 10puM CB reduced the inward
flux of 100uM Urd in human erythrocytes to about 70% of the control rate while

reducing the influx of 5mM D-glucose into "nese cells to 6% of the control rate.
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In the present study, we found that 100uM CB was more effective at inhibiting
1uM D-Ado influx into RBCs (reduced to14% of the control rate) than it was at
inhibiting 10uM L-Ado influx into pRBCs (reduced to 60% of the control rate).
Taken together with the literature reports, these results suggested that the
inhibitory effects seen with 5 or 100uM CB were not selective for Glut1, the es
transporter, or the parasite-induced route of L-Ado entry into pRBCs. However,
the ability of CB to inhibit L-Ado influx into pPRBCs may suggest structural
similarities between the route of L-Ado influx into pRBCs and the erythrocytic
glucose and/or nucleoside transporter.

Phloridzin has been used ‘o inhibit the parasite-incuced entry of small
solutes into pRBCs in a relatively selective and potent manner (e.g. 113). Inthe

present study, the influx of L-Ado into pRBCs was inhibited by phloridzin with an
IC4, af approximately 50uM. This value was higher than that obtained for

inhibition of sorbitol entry into pRBCs (IC5,~17HM, (48)), but was within the
range reported for a variety of other solutes (49). A possible explanation for the
slightly higher concentration needer! to inhibit L-Ado influx may be due to the fact
that, at low concentrations, phior:dz's1 appeared to increase the influx of L-Ado
into pRBCs by about 10%. If this increase were fo be taken into account, the
IC5, would be reduced to a value of 20-30uM, suggesting that L-Ado and D-Sorb
use the same, or similar routes of entry into pRBCs. Silfen ef al. reported that
constitutive nucleoside and glucose transport in human erythrocytes was not
affected by concentrations of phloridzin up to 20uM (113). Our data also
demonstrated that phloridzin was not selective for the parasite-induced route of
solute entry. Influx of D-Ado via the es nucleoside transporter was inhibited by
phloridzin with an apparent IC, only twice that measured for the inhibition of L-
Ado influx in pRBCs. Although significant (>10%) inhibitory effects were only

observed at phloridzin concentrations in excess of approximately 30uM, at
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concentrations sufficient to inhibit all L-Ado entry in pRBCs (>100uM) the effect
of phloridzin on the es nucleoside transporter would likely be considerable, thus
precluding the use of phioridzin as a selective inhibitor of parasite-induced

fluxes.

The search for a more selective inhibitor of parasite-induced Ado entry in
pRBCs led to the examination of furosemide. Furosemide was previously used
by Gati et al. to inhibit L-Ado entry into P. yoelii-infected mouse erythrocytes, a
flux that was relatively insensitive to inhibition by phloridzin (31). In the present
study, furosemide was also a much mere potent inhibitor of L-Ado influx in
pRBCs than was phloridzin. As well as being at ieast 10 times more potent than
phloridzin, furosemide also appeared to be more selective for the parasite-
induced route of L-Ado entry than was phloridzin. Unlike phloridzin, 50uM
furosemide was without effect on D-Ado influx into RBCs, indicating a lz “k of
effect on the es nucleoside transporter. This resulted in @ much higher
selectivity for the parasite-induced L-Ado route of entry than was obtainable with
phloridzin.

The partial inhibition by NBMPR of D-Ado entry in pRBCs suggested a
contribution of the es riucleoside transporter to this flux. Inhibition of this route
of D-Ado entry by 1u!1 NBMPR allowed the examination of furosemide as an
inhibitor of parasite-induced D-Ado influx in pRBCs. The almost identical
responses to furosemide of D-Ado + NBMPR and L-Aco suggested a shared
pathway for t*22 entry of D-Ado and L-Ado into pRBCs. The slightly greater
inward flux of L-Ado, compared to D-Ado + NBMPR, into furosemide-treated
pRECs, may be due to L-Ado flux via the es nucleoside transporter in the
absenise of NBMPR.

it has been proposed that the action of furosemide in pRBCs may be

attributable to inhibition of anion channels (39,45). Kirk et al. have suggested
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that the parasite-induced route of solute entry in pRBCs has the characteristics
of a chloride channel (39,45). The effect of furosemide on the pathway has been
postulated to occur through hydrophobic interactions, with the potency of
furosemide being affected by the ability of the permeant to compete for the
hydrophobic sites (39).

It is interesting to note that NBMPR, which is more hydrophobic than
furosemide (octanol/water partition coefficients: NBMPR: 30 (114), furosemide:
0.4 (115)), had no effect on the parasite pathway at 1uM concentrations (this
work) or even at 11.25uM concentrations (42). If fur .semide could compete with
L-Ado for entry in pRBCs, then it may be expected that NBMPR, which is a
nucleoside, would also be able to inhibit influx. The lack of an effect by NBMPR
may then indicate that hydrophobic interactions are not the principal mechanism
by which furosemide inhibits solute flux in pRBCs. Alternatively, it may be that
NBMPR, possibly due to its size, is not able to interact svith the hydrophobic
sites which are available to furosemide. A striking difference between
furosemide and NBMPR is the presence of a negatively charged substituent
(carboxyl) on furosemide, a factor which may be important in its activity if the
parasite-induced entry route has characteristics of an anion channel. Whatever
the mechanism of action may be, furosemide is a potent inhibitor of parasite-
induced Ado entry and provides evidence that ¢ . antry inio pRBCs is a

mediated process.

Il. L-GLUCOSE AND D-SORBITOL PERMEATION IN UNINFECTED AND
MALARIA-INFECTED HUMAN ERYTHROCYTES

We wished to examine the possibility that L-Ado was entering pRBCs by a
pathway that was distinct from the route(s) responsible for the entry of other

solutes. Fluxes of L-Gluc were compared with L-Ado fluxes in pRBCs. Although
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the rate of L-Gluc entry in pRBCs was much higher than in RBCs, 2mM L-Gluc
fluxes in pRBCs were about 30-fold lower than 2mM L-Ado fluxes in those cells.
The inward flux of L-Gluc in pRBCs was much kigher than in RBCs at any
concantration examined. However, unlike the fluxes of b-Ado and L-Ado in
pRBCs, L-Gluc flux in pRBCs did not appear to saturate, even at concentrations
as high as 190mM. It was also noted that the inward flux of 190mM L-Gluc was
only as large as the fiux 7mM L-Ado. This suggested either that L-Gluc and L-
Ado entered pRBCs by separate routes, or that L-Gluc had a much lower affinity
for the same route used by L-Ado. The utilization of a single route would
indicate that size was not a major determinant of the rate of solute entry into
pRBCs since L-Ado is a larger solute than L-Gluc.

Although both 5uM CB and 1M NBMPR reduced the inward flux of 2mM
L-Gluc in pRBCs to ~80% of control rates, it is unlikely that these effec's are
attributable solely to inhibition of flux via Glut1 or the es nucleoside transporter.
The inward flux of 2mM L-Gluc into RBCs, which would include fiux via Glut1 or
the es nucleoside transporter, can account for only ~3% of 2mM L-Gluc influx in
pRBCs. In audition, the effect of CB on D-Ado flux in RBCs indicated that
inhibitory effects of CB were not limited to Glut1. The data suggest that L-Gluc
does not enter pRBCs via either Glut1 or the es nucleoside transporter,
however, it is possible that the minor effects of these inhibitors were due to the
existence of common features between the parasite-induced route of L-Gluc
entry in pRBCs and the erythrocytic nucleoside and/or glucose transporters.

The parasite-induced inward flux of 2mM D-Sorb was almost twice that of
L-C e Sut still more than 10 times less than that of 2mM L-Ado. D-Sorb entry

3 was unsaturable at the concentrations tested (up to 190mM)
Su: “aer the existence of different routes for L-Ado and D-Sorb entry into

pRE .1 much lower affinity of D-Sorb for the pathway.
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To help characterize the L-Gluc and D-Sorb pathway(s), the effects of
furosemide on inward flux of 2mM L-Gluc or 2mM D-Sorb in pRBCs were
examined. As L-Gluc and D-Sorb are both smaller solutes than the extracellular
water space marker, sucrose, there remained the possibility that these

permeants were entering pRBCs through a leaky cell membrane, however, the

inhibition by furosemide (iCs, values, 1-10uM) suggested that entry of these
solutes was mediated. The similar ICg, values for inhibition by furosemide of L-

Gluc, D-Sorb and Ado inward fluxes in pRBCs, suggested that these permeants

may shr .2 a common pathway.

IIl. L-ADENOSINE INHIBITS THE ENTRY OF L-GLUCOSE AND D-SORBITOL
INT") pRB(s

in orcer to determine if two permeants - sract with the same transporter,
“° k' {otest for the inhibition of the ent: - »f one of the permeants by the
other. ‘1ne saturability of L-Ado fluxes in pRBCs suggested that L-Ado may be
able to inhibit the (unsaturable) entry of L-Gluc and/or D-Sorb into these cells if
these permeants utilized the same pathway. The inhibition of L-Gluc and D-Sorb
influx by L-Ado indicated that L-Ado was able to interact with the route(s)
responsible for L-Gluc and D-Sorb influx into pRBCs and suggested a common
entry pathway for the three solutes. The ability of one permeant to inhibit the
influx of another via an apparently unsaturable pathway is not unique to pRBCs.
Upston and Gero demonstrated that Ado, which had previously been shown to
enter Babesia bovis-infected bovine erythrocytés (bRBCs) with a Km of ~2mM
(116), was able to inhibit the entry of 50mM D-glucose into bRBCs (117). 15mM
Ado inhibited the apparently unsaturable influx of D-glucose through this
pathway by over 40%, however the mechanism by which this occurred was

unclear (117). In this study, our attempts to determine the nature (competitive or
Page - 104



non-competitive) of the L-Ado inhibition of L-Gluc fluxes in pRBCs by examining
the effects of various concentrations of L-Aao on [*4C]L-Gluc influx were
unsuccessful. Although it appeared that a Ki of 10-30mM would be obtained, it
was impossible to determine whether or not the inhibitory effects were
competitive, possibly due to the small range of L-Ado concentrations examined
(3-12mM) and an inability to utilize L-Ado concentrations significantly greater
than the expected Ki value due to the limited water solubility of L-Ado.

The ability of L-Gluc or D-Sorb to inhibit the entry of 10uM [3H]L-Ado into
pRBCs v.as also examined. As the entry of L-Gluc and D-Sorb into pRBCs
appeared to be unsaturable, or of very low affinity, the highest possible
concentrations of these agents (190mM) were used. Despite the fact that 20mM
L-Ado inhibited L-Gluc and D-Sorb influx, neither 190mM L-Gluc nor 190mM D-
Sorb had an effect on L-Ado entry into pRBCs. This may mean that the
apparently very low affinities of L-Gluc and D-Sorb for the pathway(s) precluded
their ability to inhibit L-Ado influx. An alternative explanation may be that the
permeants do not compete for the same site(s) in the pathway(s) and that the
effect of L-Ado on L-Gluc and D-Sorb entry into pRBCs was allosteric.

We examined the selectivity of the L-Ado effect by determining if other
permeants had the same inhibitory effect on L-Gluc or D-Sorb influx into pRBCs.
Neither 190mM L-Gluc nor 190mM D-Sorb had any effect on the influx of 2mM D-
Sorb into pRBCs. This should be expected, as inward fluxes of these solutes did
not saturate. The lack of an effect by other permeants, also suggested that the
inhibition of D-Sorb influx by 20mM 1.-Ado was due to a specific, rather than a
general, effect of L-Ado on the entry route.

In a parallel set of experiments, 2mM L-Gluc entry was inhibited to a level
ider.‘ical to that seen with L-Ado by 190mM L-Gluc or 190mM D-Sorb. This result

was surprising as it suggested an interaction between not only L-Gluc and the
Page - 105



pathway, but also between D-Sorb and the pathway. In order to address the
question of whether or not the effects were due to the high concentrations of L-
Gluc and D-Sorb used, the experiments were repeated with 10mM
concentrations of L-Ado, L-Gluc and D-Sorb. Under these conditions, only L-Ado
and L-Gluc had significant inhibitory effects on 2mM L-Gluc entry into pRBCs.
The lack of inhibition by 10mM D-Sorb suggests that the effect seen by 190mM
D-Sorb may have been non-selective. The inhibition of inward fluxes of 2mM L-
Gluc by 10mM L-Gluc appears to be selective because 10mM is only 5 times the
apparent Km for D-glucose flux via Glut1 (110). This result was unexpected due
to the apparent unsaturability of L-Gluc entry into pRBCs. However, upon
examination of the saturability data, it is apparent that the inward flux of 190mM
L-Gluc was less than would have been expected based on a linear extrapolation
of the inward flux determined at 2mM. When the inward flux of L-Gluc in pRBCs
was averaged at each concentration before analysis of the concentration-
dependence of L-Gluc fluxes by non-linear regression, the data was significantly
better described (F-Test, p=0.002) by an equation for multiple routes of L-Gluc
influx rather than an equation for a single, unsaturable route. One route was
saturable with a Km of 14.4 + 20.0 mM and a Vmax of 23.9 + 14.1
pmol/107cells/sec and a second route was unisaturable with a rate constant of
1.67 + 0.07 pmol/107cells/sec/mM. The presence of a saturable component of L-
Gluc entry in pRBCs may explai:: the ability of 10mM L-Gluc to inhibit the influx
of 2mM [14C]L-Gluc. However, the large error in the estimates of both the Km
and Vmax for the saturable component suggests that caution must be used in
proposing the existence of a saturable route of L-Gluc entry into pRBCs.

it must be remembered that the ability of one solute to inhibit the influx of
another is not proof that both solutes utilize the same pathway for entry into

cells. For example, Thd is able to inhibit glucose entry into human erythrocytes,
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yet Thd is not a substrate for Glut1 (105). ltis possible that L-Ado, and possibly
L-Gluc, are able to inhibit influx by interacting with components of the pathway in
a manner which may be analogous to the effect of furosemide. The true nature,
or number, of the pathway(s) involved in the entry of these solutes into pRBCs
awaits the isolation of the protein(s) responsible, and reconstitution into vesicles
of the parasite-induced activity. However, the similar effects of furosemide,
phloridzin, and the interactions between permeants suggest that it is likely that a
single pathway is responsible for the parasite-induced entry of Ado, L-Gluc and

p-Sorb in pRBCs.

IV. POSSIBLE MECHANISMS OF PERMEANT SELECTIVITY IN pRBCs
it appears that Ado may be a preferred permeant for the parasite-induced

pathway solute entry in pRBCs because of its rapid entry into pRBCs. This
raises questions about the basis for the selectivity of the pathway. It had been
proposed that size may be a major determinant of permeant entry into pRBCs
(e.g., see ref. 35). Although this may be true for some solutes, including
possibly L-Gluc and D-Sorb, it is clearly not the whole story. The saturability of
Ado fluxes in pRBCs suggests that the pathway has a degree of selectivity for
Ado, and possibly nucleosides in general. It has been proposed by Kirk et al.
that hydrophobicity may be the major determinant of parasite-induced solute
entry into pRBCs (39). They have used the fact that Ado is more hydronhobic
than sucrose to explain the observation that Ado enters pRBCs, but sucrose
does not. Although this hypothesis may be supported by our data, a number of
questions still exist. Although hydrophobicity may account for the greater influx
of Thd into pRBCs compared to Urd, it does not explain why Thd can enter
pRBCs at the same, or possibly even greater, rate than does Ado (39). Thd is

much more soluble in water, and therefore more hydrophilic, than is Ado
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(octanol:aqueous partition coefficients; Thd:0.073, Ado:0.105 (118)) which
suggests that Ado should enter pRBCs at a greater rate than Thd. The fact that
this did not oceur in the studies of Kirk et al. {39) suggests that there may be
characteristics of the permeants beyond hydrophobicity which are important for
the entry of relatively large solutes into pRBCs. The saturable nature of Ado
fluxes (this study), but not Thd fluxes (39) suggests that Ado may have a higher
affinity for the pathway than does Thd. It should also be remembered that
whereas the Km for Ado entry into pRBCs was ~14mM, the upper level of the
concentrations examined by Kirk et al. was 10mM (39).

The identity of the pathway is still unknown, though Kirk et al. have
suggested it may be a chiloride channel (39,45). Alternative explanations may
include the modification of an existing transport protein to accommodate the
wide variety of solutes which enter pRBCs. The pathway's apparent selectivity
for Ado indicated by this study, suggests that a possible candidate for this type
of pathway may be the es nucleoside transporter. There is also some evidence
for the existence of a parasite-induced pathway linking the parasite and the
extracellular environment directly (119). The possibility that this
"parasitophorous duct" may be responsible for the entry of Ado into pRBCs is
worth discussing. Although this route could have the same solute selectivity
characteristics as a route through the erythrocytic membrane, a potential
concern miay be the high rates of solute flux through this route and how the
parasite would deal with the almost uncontrolled movement of solutes, including
ions. It is also, of course, possible that a combination of routes, with similar

characteristics, may be involved in the entry of small solutes into pRBCs.
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V. ADENOSINE METABOLISM IN UNINFECTED AND MALARIA-INFECTED

ADENOSINE METABOLISM 1IN U N e e e e ———————————

HUMAN ERYTHROCYTES

Whatever the nature, and function, of the parasite-induced route of Ado
entry may be, its presence in the pRBC membrane suggests a number of
possible therapeutic strategies for delivery of parasite-toxic nucleosides. It has
been proposed previously (44) that inhibition of the host, es, nucleoside
transporter could be used to selectively target parasite-toxic nucleosides into
pRBCs via the parasite-induced route of Ado entry. An alternative to this
approach is to find parasite-toxic nucleosides that are permeants for the
parasite-induced route, but unable to enter host cells. The observation in this
study that L-Ado entered pRBCs at a much greater rate than RBCs, suggests
examining L-nucleosides as possible therapetitic agents. In order to be effective
therapeutically, a nucleoside would have to either interfere with parasite
nucleoside metabolism or be metabolized to an active product either by the host
cell or the parasite enzymes. Once again, Ado provided a model for purine
metabolism in RBCs and pRBCs.

The more rapid metabolism of D-Ado by pRBCs compared to RBCs
ouserved in this study was expected because of the reported greater specific
activities of several of the parasite enzymes relative to the erythrocytic enzymes
(71). The relative levels of metabolites recovered from the metabolism of 5uM
[3H]o-Ado in RBCs (Hyp > Ino > Ado) were consistent with order of enzyme
activities reported by Reyes et al. in which ADA is the rate-limiting enzyme in the
deaminase pathway and PNP activity is higher than HGPRTase activity (71).
The high level of AMP (or other nucleotides) recovered could be due to the

activity of AK as well as the activity of the deaminase pathway with the

subsequent formation of IMP from Hyp.
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The increased recovery of total radiolabel in pRBCs compared to RBCs
was indicative of an increased metabolism of 5puM [3H]p-Ado. Although the
activities of the parasite and host AKs have been reported to be almost identical
in pRBCs and RBCs, there are definite increases in the activities of the
deaminase pathway enzymes (71). In this study, this was reflected in the
decrease of radiolabellec D-Ado recovered as well as an increase in the amount
of AMP (or other nucleotides) recovered in pRBCs compared to RBCs.

A similar pattern of D-Ado metabolism in RBCs and pRBCs was observed
at 5 and 30 min of incubation, however there was a decrease in the levels of Ino
and Hyp at 30 min which suggests more AMP was formed via the ADA pathway
with the increased incubation period.

L-Ado was regarded as a model to study the metabolism of L-nucleosides
by pRBCs. It was obvious, in both RBCs and pRBCs, that L-Ado was much less
readily metabolized than was D-Ado. In both cell types, the majority of radiolabel
present in cells after exposure to [2H]L-Ado was in the form of free L-Ado.
Despite the presence of AMP in RBCs, the low level of AMP (which would
include L-AMP) suggested that L-Ado was poorly metabolized by RBCs. The
production of AMP likely occurred through the activity of the AK pathway as only
extremely small (<5% of the total) levels of Ino and Hyp were recovered in
RBCs. As well, it has been reported that L-Ado is poorly metabolized by ADA
(e.g. 74-76). The increased recovery of AMP in pRBCs compared to RBCs may
have been due either to the phosphoriyation of L-Ado by the parasite AK or the
deamination of L-Ado to L-inosine (L-Ino) by the parasite ADA followed by
phosphorolysis to Hyp and phosphoribosylation to IMP. Although L-Ado was not
a substrate for the host ADA, the increase in L-Ino recovery in pRBCs compared
to RBCs suggested that L-Ado was a substrate for the parasite ADA. Only a

small level of Hyp was recovered which could indicate either that L-Ino was not a
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substrate for the host or parasite PNP or that the Hyp formed was quickly
incorporated into IMP by an HGPRTase. The fact that Hyp would no longer
contain a sugar with the L-configuration could allow it to be a substrate for both
the host and parasite enzymes, resuiting in its rapid disappearance from the
RBC cytosol. Whether L-Ino is metabolized or not, it appears that the parasite
PNP was the rate limiting enzyme for L-Ado metabolism in pRBCs. The
presence of ADA activity for L-Ado may suggest that the increase in AMP levels
in pRBCs compared to RBCs was due to the metabolism of L-Ado by the ADA
pathway, however direct evidence for this is lacking.

The fact that AMP was retained at the origin of the silica ge!l thin layer
sheet raised the possibility that non-specific binding of negatively charged
molecules to the plate was occurring. In order to address this question, the
products of D-Ado and L-Ado metabolism in RBCs and pRBCs were separated
on a PEl-cellulose thin layer sheets to allow the migration of nucleotides away
from the origin. These experiments indicated that the phosphates observed with
the silica gel system were nucleotides and not contaminants. Another potential
problem was the possibility that AMP and Ino were being formed from the
metabolism of D-Ado rather than L-Ado. [f this were the case, it could be
expected that the small amount of radiolabelled D-Ado would have been
completely metabolized within 5 min of incubation time. The fact that AMP levels
continued to increase between 5 and 30 min suggested that it was L-Ado which
was being metabolized to AMP. The ability of 2.5uM deCof to inhibit the
formation of Ino in pRBCs, but not i RBCs, was further evidence of the purity of
the L-Ado preparation and also indicated that L-Ado was being metabolized by
the parasite ADA. The inhibition of L-Ado deamination also resuited in an
increase in the amount of [H]L-Ado recovered in pRBC, but not RBCs, further

indicating that L-Ado was metabolized by ADA in pRBCs, but not RBCs.
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The addition of a washing step to the extraction procedure resulted in the
apparent loss of im;.ortant nucleoside and nucleobase metabolites, probably due
to efflux via erythrocytic (and possibly parasite-induced) transperters.
Nucleotides remained trapped in the cells, however, the loss of membrane
permeable metabolites may result in the contribution of nucleotides to the
metabolite pool being overestimated. It is therefore best to omit the washing
step in order to achieve a picture of the entire spectrum of metabolites.

The formation of AMP in the presence of deCof indicated that 1 -Ado was
phosphorylated by an AK to form L-AMP in both RBCs and pRBCs. The
recovery of ADP and ATP in these cells indicated that L-AMP and L-ADP must
be substrates for the host, and possibly parasite, monophosphate and
diphosphate kinases. In RBCs this suggests that the enantiomeric selectivity of
the AK is not absolute, however, the amount of AMP recovered from D-Ado
metabolism, compared to that from L-Ado metabolism, indicated a strong
preference for D-Ado compared to L-Ado. This preference was exemplified by
the observation that the amount of radiolabelied AMP recovered (as counts per
minute) from L-Ado in RBCs and pRBCs was much lcss than the levels of AMP
formed from D-Ado in the same experiment. This indicates that L-Ado is poorly

metabolized compared D-Ado in RBCs and pRBCs.
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CONCLUSIONS

1) A component of Ado entry in pRBCs, which was absent from RBCs, was
not stereoselective and aliowed the entry of L-Ado into pRBCs.

2) L-Ado, and a component of D-Ado entry in pRBCs was not sensitive to
inhibition by inhibitors of nucleoside transport in RBCs.

3) Characteristics 1) and 2) suggested the existence of a parasite-induced
route of Ado entry in pRBCs.

4) Parasite-induced Ado entry was not potently inhibited by cytochalasin B
indicating that Ado flux in pRBCs was not via Glut1.

5) Parasite-induced Ado entry was potently inhibited by furosemide.

6) The fluxes of Ado in pRBCs were saturable, indicating the mediated entry
of Ado in pRBCs.

7) L-Gluc and D-Sorb entered pRBCs, but not RBCs, via a parasite-induced
route which was inhibitéd by furosemide with iCs, values similar to those
obtained for inhibition of Ado entry.

8) L-Ado inhibited the unsaturable fluxes of L-Gluc and D-Sorb in pRBCs.

9) Characteristics 7) and 8) suggested that Ado, L-Gluc and D-Sorb shared a
parasite-induced entry pathway in pRBCs.

10) D-Ado was metabolized more readily by pRBCs than RBCs.

11)  D-Ado was metabolized more readily than L-Ado by pRBCs and RBCs.

12) L-Ado was a substrate for the parasite, but not host, adenosine

deaminase.
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FUTURE DIRECTIONS

The influx ¢f .- 40 int: pRBCs, as well as its subsequent metabolism,
suggests examinin~ .. :wusleasider. as potential anti-malarial agents. Howsver,
there are a nurnbei . ¥ e4pe: "~ =nis which could be done to answer more

completely some of tie qusstions raised in this study.

1) The ability of L-Ado to inhibi: i.:e “lux of L-Gluc and D-Sorb has not been
comipletely examined in this st::dy. Thi nature cf the inhibitory effect of L-Ado

couts hielp determine if a single patiway of parasite-induced solute entry exists.

2) The possible saturability of a component of L-Gluc flux in pRBCs could
also be examined more thoroughly at low permeant concentrations. It may also
be useful to examine the concentration-dependence of the inhibition of L-Gluc
fluxes in pRBCs in more detail using furosemide or other, more potent, inhibitors
to determine if there are multiple components of inhibition of L-Gluc fluxes in

pRBCs.

3) The metabolism of L-Ado by pRBCs raises a number of questions. it may
be useful to examine L-Ado metabolism with a range of substrate concentrations
to determine kinetic values for the enzymes responsible for L-Ado metabolism in
pRBCs. This may help identify the optimum concentration for examining L-Ado
phosphorylation and deamination by the parasite AK and ADA, respectively. itis
also necessary to determine if L-Ino (formed in this study) is a substrate for the
parasite (or host) PNP. At present, it is uncertain whether Hyp was formed from

L-Ino. Examining the extract for IMP may allow this question to be answered.
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