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SUMMARY

Purine and pyrimidine nucleotides are synthesized either de novo
from small precursors or via salvage pathways from preformed purines
and pyrimidines. Most parasitic protozoa are incapable of
synthesizing purines de novo and so are dependent on salvage
pathways. This contrasts markedly with the situation in mammalian
host where both de novo synthesis and salvage pathways are
significant. In contrast to the situation with purines, most
parasitic protozoa are able to synthesize pyrimidines de noyo,
although salvage pathways are present. I have studied the presence
of these pathways in a variety of parasitic protozoa.

The results of this study indicate that Leishmania mexicana

mexicana is similar to other pathogenic protozoa in that it lacks the
ability to synthesize purines de novo and, therefore, depends upon
salvage of preformed purines from its environment for survival. The
enzymes involved in the purine salvage pathways of cultured
promastigotes and isolated amastigotes of L. m. mexicana were
examined. Differences between the enzyme content of the amastigote
and promastigote forms of this species were found to be quantitaﬁive
rather than qualitative. However, significant differences were
observed between the enzymes present in L. m. mexicana and those

present in L. donovani. Enzymes detected in L. m. mexicana included

—

adenine deaminase, guanine deaminase, adenosine deaminase, two
distinet nucleosidases (one active on nucleosides, the other on
deoxynucleosides) and nucleotidases (more active on 3'- than 5'-
nucleotides). Phosphorylase, phosphoribosyltransferase and
nucleoside kinase activities were also detected. Nucleotide

interconverting enzymes were present. Cell fractionation studies of



promastigotes revealed the distribution of the enzymes in different
cell fractions. This study established that the leishmanial
microbody-like organelle, the glycosome, contains xanthine
phosphoribosyltransferase, an enzyme not found in mammalian cells.
3'-AMP nucleotidase and 5'-AMP nucleotidase, as well as acid
phosphatase activities, were shown to be present on the external
surface of both amastigotes and promastigotes. With regard to
pyrimidine metabolism, both amastigotes and promastigotes of L. m.
mexicana contained cytidine deaminase, uridine nucleosidase, uridine
posphorylase and thymidine phosphorylase, whereas only promastigotes
contained deoxycytidine deaminase and thymidine nucleosidase.
Interestingly, the promastigotes contained 20 times more orotate
phosphoribosyltransferase activity than amastigotes.

A survey of purine- and pyrimidine-metabolising enzymes in
promastigotes of L. m. amazonensis, L. donovani and L. tarentolae,

culture forms of Crithidia fasciculata, Herpetomonas muscarum

N e Y e e

Trypanosoma brucei brucei have also been carried out in this study.
Several common features between trypanosomatids were observed,
including the presence of nucleosidase, catabolic phosphorylase,
phosphoribosyltransferases, kinases and cytidine deaminase activities
and the apparent absence of AMP deaminase, anabolic phosphorylase and
cytosine deaminase. Significant differences between these species
were also discovered, notably in adenine and adenosine metabolism.
Extracts of Entamoeba histolytica have also been surveyed for
purine salvage enzymes. The results obtained suggest that this

pathogen largely relies on nucleoside phosphorylase and nucleoside

kinase activities for salvage synthesis of purine nucleotides and so

Xi



it differs from Leishmania species which appear to depend more upon
phosphoribosyltransferases for synthesis of nucleotides. Entamoeba
histolytica also differs from Leishmania in lacking enzymes that are

involved in nucleotide interconversions.

The results obtained with Acanthamoeba species indicate that

they are capable of de novo synthesis of purine nucleotides. In this
respect, they appear to be unique amongst parasitic protozoa studied

to date. Acanthamoeba species can also salvage purines and the

results suggest that hypoxanthine is of central importance in purine
metabolism,
Finally, the survey of enzymes potentially involved in the

salvage of purines in extracts of Babesia divergens suggested that

phosphoribosyltransferases and nucleoside kinases may be together
responsible for the production of both adenine and guanine
nucleotides.

My studies on purine and pyrimidine metabolism of parasitic
protozoa have revealed more details of the enzymes involved including
a variety of differences between these species. In addition, it has
been confirmed that there are important differences between these
parasites and mammalian cells, differences that may be exploitable by

antiprotozoal drugs.

Xii



Chapter 1

INTRODUCTION



1.1. Classification of Parasitiec Protozoa

The taxonomic problems are more difficult to resolve for the
protozoa than with most groups of organisms, partly due to their
minute size and partly due to the custom of basing relationships on
comparative morphology and life cycles. The problem of determining
taxonomic relationship is particularly difficult with the parasitic
species, since the very unsatisfactory criterion of host specificity
is commonly used in assessing the systemic position of the organism.
In many instances, morphologically similar types occur in several or
many hosts.

In the classical classification of 1living organisms, the
protozoa have been considered as a phylum and were divided into four
major classes (Mastigophora, Ciliophora, Sarcodina and Sporozoa)
distinguished by their mode of locomotion. In recent years, nhowever,
the increasing information in our knowledge conceraning the life
cycle, ultrastructure, physiology and biochemistry of the protozoa
has led protozoologists to designate the protozoa as subkingdom of
the kingdom Animalia (Levine et al 1980). A basic taxonomy of the
protozoa is outlined in Table 1 with special emphasis being given to
those groups that contain species used in my studies.

Parasitic protozoa have always attracted the attention of
biologists, physicians and veterinarians because they produce disease
in humans and his domestic animals and they remain a major challenge
to health authorities in many countries throughout the world. My
studies have centred upon one aspect of biochemistry rather than a
single protozoan; indeed I have included many parasitic protozoa in

my studies.



Table 1. Classification of parasitic protozoa used in this study

Subkingdom Protozoa
| | | |
Phylum Apicomplexa Myxozoa Ciliophora Sarcomastigophora Labyrinthomorpha Microspora Ascetospora
Subphylum Opalinata Mastigophora Sarcodina
Class Sporozoea Zoomastigophorea Lobosea
Order Piroplasmida Kinetoplastida Trichomonadida Amoebida
Suborder Bodonina Trypanosomatina Tubulina Acanthopodina
Family Babesiidae Trypanosomatidae Trichomonadidae Ertamoebidae Acanthamoebidae
. _ [ _ ﬁ _
Genus Babesia Trypanosoma Leishmania Crithidia Herpetomonas  Tritrichomonas Trichomitus  Trichomonas Entamoeba Acanthamoeba
*
Species B.divergens T.b.brucei L.m.mexicana H.muscarum muscarum Tritrichomonas foetus T.vaginalis  E.histolytica A.castellanii

Lmamazonensis C.fasciculata H.m.ingenoplastis

L.donovani

Ltarentolae

Trichomitus batrachorum

A.astronyxis

= The genus and species names given are those used in this study.

Based on the classification scheme of Levine et al 1980.




There is a wealth of information available of most of these
species. Such that it is impractical to review our knowledge of each
of them in my introduction. Many of my studies have involved the
leishmanias, thus I have dealt with aspects of their biology and
biochemistry in detail, whereas the other protozoa have been covered
only in brief with references to appropriate reviews on their
biochemistry being given. This should provide access to the relevant
literature in each area. The purine and pyrimidine metabolism of

parasitic protozoa has been reviewed in detail (see chapter 2).

1.2. Biology of kinetoplastid flagellates

The kinetoplastid flagellates are characterised by the presence
of an organelle known as the kinetoplast, which contains a complex of
DNA and is associated with the single mitochondrion present in the
cell. The kinetoplast DNA (k-DNA) is situated near the flagellar
basal body and is easily visualised by light microscopy after
staining with Giemsa's stain. It represents 10-20% of the total
cellular DNA (Englund 1981) and is composed of a single network of
thousands of interlocked circular DNA molecules of two size classes,
the minicircles and maxicircles (Simpson 1986). The minicircles of
DNA are present at 5,000-10,000 copies per network and are
heterogeneous in both size and nucleotide sequence; it is unlikely,
therefore, that each codes for the same structural RNA or polypeptide
chain., The function of minicircles remains to be established. The
maxicircles, on the other hand, are present as 20-50 copies, are
homogeneous in nucleotide sequence and are transcribed into RNA.

Maxicircles contain genetic information similar to that of other



mitochondrial DNAs; they hybridize with mitochondrial gene sequences

from other unicellular eukaryotes which encode for cytochrome
oxidase, cytochrome b or oligomycin-sensitive ATPase (Stuart 1983).
The most recent classification of kinetoplastid flagellates is
given in Table 1. The order Kinetoplastida includes many free-living
and symbiotic species (family Bodonidae and family Cryptobiidae) in
addition to species parasitic in plants, invertebrates and
vertebrates (family Trypanosomatidae). Of the nine genera into which
the family Trypanosomatidae is divided, two include organisuas
seriously pathogenic to man and to his domestic animals (Irypanosoma
and Leishmania species) and some Phytomonas species are recognised as
pathogens of plants. The 1life cycle of members of the
Trypanosomatidae has generally been considered to be asexual,
although there is recent evidence for sexual processes occurring in
salivarian trypanosomes (Tait 1980; Borst et al 1982; Vickerman

1986). Trypanosoma, Leishmania, Endotrypanum and Phytomonas are

heteroxenous (their life cycle involving two hosts, a definitive host

and a vector) whereas all other genera, namely Crithidia, Leptomonas,

Herpetomonas, Blastocrithidia and Rhynchoidomonas are monoxenous and

are mainly parasites of insects (and a few other invertebrates).
During their life cycle, the trypanosomatid parasites may exist in a
variety of morphological forms (polymorphism) distinguished by shape,
the position of the kinetoplast relative to the nucleus, and the
extent of the flagellar apparatus; a convenient nomenclature for
these morphological forms is that proposed by Hoare and Wallace
(1966). The forms characteristically occurring in the life cycle of
each genus are given in Table 2. The promastigote stage has an

antenuclear kinetoplast with the flagellum arising nearby and



Table 2.Occurrence of -mastigotes in genera of Trypanosomatidae

J
@ Cq h

Pro- Opistho-
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Trypo-

Choano-

A

b
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Leishmania

Trypanosoma
Leptomonas

Crithidia

Herpetomonas

Blastocrithidia

Phytomonas

Endotrypanum

Rhynchoidomonas

+

+

+

+

+

Modified from Vickerman 1976;Molyneux and

Ashford 1983.



emerging from the anterior end of the body, whereas the
opisthomastigote stage has postnuclear kinetoplast with the flagellum
arising near it and passing through the body and directed anteriorly.
In the epimastigote (crithidial stage with prenuclear kinetoplast)
and the trypomastigote (trypanosome stage with postnuclear
kinetoplast) the flagellum is attached to the body by means of an
undulating membrane. The choanomastigote has an antenuclear
kinetoplast with the flagellum directed anteriorly from funnel shaped
reservoir, whereas the paramastigote, which apparently represents a
transitional stage between promastigote and opisthomastigote, has the
kinetoplast lying close to nucleus with the flagellum emerging from
the anterior end. The rounded sphaeromastigote form has a long
flagellum and undulating membrane, and the amastigote (rounded
immobile leishmanial stage) lacks an emergent flagellum.

I have included many trypanosomatid flagellates in my studies;
although in all cases the major emphasis has been on the leishmanias.
Consequently I shall deal with the general biology and biochemistry
of these parasites in some detail but mention only a few points about

the other species.

1.3 Leishmanias and leishmaniasis

Protozoa of the genus Leishmania infect millions of humans and
other mammals in the tropical and subtropical regions of the world
and are responsible for a spectrum of diseases of man, the
leishmaniases, with symptoms ranging from self-healing cutaneous
ulcers to disfiguring and progressive mucocutaneous lesions as well

as the visceral disease which can be fatal if left untreated (Chance



1981; Chang et al 1985). The importance of leishmaniasis was
highlighted by its selection by the World Health Organisation as one
of the six major diseases for study in its Special Programme for

Research and Training in Tropical Diseases (WHO 1984).

1.3.1. Taxonomy of the leishmanias

The similar morphology of the organisms has hampered the
subdivision of the genus Leishmania into species. The definition of
species was initially based on the clinical features of infection
which was subsequently supported by a variety of factors such as
geographical distribution, behaviour in culture, mammalian and
sandfly specification together with serological and immunological
characteristics (Molyneux and Ashford 1983; Chance 1985). These
traditional approaches to speciation are of limited value, since the
clinical symptoms may be confused by differing individual host
responses to the same parasite (Williams and Coelho 1978). For
example, species of Leishmania that produce cutaneous disease in
humans can cause visceral disease in rodents. Two biochemical
methods, namely isoenzyme electrophoresis and analysis of the buoyant
density of nuclear and kinetoplast DNA, have been applied more
recently to the study of Leishmania with the aim of providing
information on intrinsic parasite characteristics that are not
modified or obscured by host or environmental factors (Chance 1985;
Barker et al 1985). Other techniques including radiorespirometry,
the use of monoclonal antibodies and analysis of antigenic

differences in promastigotes or in their excreted factors have also

been used successfully to distinguish leishmanial parasites (Chance



and Walton 1982). Using these criteria, clear differences between
isolates of apparently the same species in various geographical
locations have emerged but it was thought to be premature to decide
that these groups represent distinct geographical races, subspecies
or species (Chance and Walton 1982; Barker et al 1985). The main
clinical and epidemiological characteristics of the species of
Leishmania considered to be valid entities are given in Table 3,

which summarises data discussed in recent reviews on the taxonomy of

the genus Leishmania.

1.3.2. Life cycle

The life cycle of Leishmania consists of two main
morphologically distinct forms (see Fig. 1): (1) amastigotes, (4-6
pm) the form of the parasite that lives intracellularly in the
parasitophorous vacuole of mammalian macrophages and which are non-
motile and possess only a residual flagellum; and (2) promastigotes,
(20 um) the extracellular forms that live in the alimentary canal of
the sandfly vector and which are highly motile and possess a single
prominent flagellum. Several forms of promastigotes.have been
described (see below). In all forms of leishmaniasis, the organism
is transmitted to man by the bite of an insect vector, a phlebotomine
sandfly (order:Dipteraj; family:Psychodidae;
subfamily:Phlebotominae). Species of Phlebotomus and Lutzomyia are
the only proven vectors of leishmaniasis in the 0Old World and the New
World, respectively (Ward 1985a). For all species of Leishmania, the
development in the sandfly begins with the fly taking a bloodmeal

from the skin of the infected mammal. As the bloodmeal is digested,



Table 3. Species and subspecies of Leishmania and their distribution.

SPECIES DISTRIBUTION MAIN DISEASE
L. donovani visceral leishmaniasis
L. d. donovani Southern Asia
L. d. infantum Mediterranean area and
Central Asia
L. d. sinensis East Asia
L. d. archibaldi East Africa
L. d. chagasi Central and South America
L. tropica Mediterranean area, cutaneous leishmaniasis
South-West and
Central Asia
L. major South-West and cutaneous leishmaniasis
Central Asia,
North and West Africa
L. aethiopica East Africa cutaneous leishmaniasis

o

L. mexicana

. mexicana
zonensis

=]

|
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F

ifanoi
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Fig. 1. Leishmanial life-cycle in sandfly and in mammalian hosts.
1. Delivery of promastigotes (proboscis form) into human skin by
the bite of sandfly vector; 2. attachment and engulfment by
phagocytosis of promastigotes by a macrophage; 3. fusion of
phagosome containing a promastigote with lysosome in a
macrophage; 4. differentiation of promastigote into amastigote in
the phagolysosome of the infected macrophage; 5. multiplication
of an amastigote in a parasite-containing or parasitophorous
vacuole; 6. formation of large parasitophorous vacuole and
continuing replication of intravacuolar amastigotes; 7. rupture
of heavily parasitized macrophage and release of amastigotes;
8. phagocytosis of released amastigotes by a macrophage;
9. ingestion of parasitized macrophage Dy sandfly after a blood
meal taken from infected person or reservoir animal; 10. rupture
of the ingested macroghage and release of amastigotes in the gut
of sandfly; 11. replication of amastigutes and their differentia-
tion into promastigotes; 12. replication of promastigotes (termed
nectomonads for L.mexicana group) in the abdominal midgut and
insertion of their flagella into microvilli of the gut epithelial

cells; 13. replication of L.braziliensis group in the pylorus and

ileum of the sandfly nindgut as paramastigotes with broadened
flagella attached to the chitinous gut wall via hemi-desmosomes;
14. forward movement of promastigotes to thoracic midgut as
haptomonads with broad flagella attached to the chitinous gut
wall; 15. sessile paramastigotes with broad flagella attached to
the chintinous wall of stomadeal valve, pharynx and buccal cavity
(cibarium); 16. actively motile promastigotes found in the
proboscis or mouth part of sandfly.

From Chang et al., 1985.
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most amastigotes are released from their host cell and appear to
divide one or more times and then transform into highly active,
elongated promastigotes termed nectomonads. In the case of L.
mexicana, the nectomonads attach themselves to the abdominal midgut
epitheiium by inserting their flagellum between the microvilli lining
the gut wall and then start a process of active division (Killick-
Kendrick 1979). After the bloodmeal is voided, the nectomonads
migrate forward into the thoracic midgut where they transform to
stumpy, non-dividing haptomonads. Subsequently the parasites attach
to the cuticular surface of the stomodaeal valve (cardia) by the
disc-like expansion of the flagellar tip. These parasites then
migrate forwards into the head of the fly and colonize the pharynx.
Subsequently small highly motile forms are produced which move into
mouth parts and are deposited in the skin of the next mammalian host

upon which the fly feeds. In L. braziliensis, as the peritrophic

membrane breaks up, the parasites migrate to the pylorus and ileum of
the hindgut where they transform into a short form with broadened
flagellum (paramastigote) attached to the chitinous gut wall by means
of hemidesmosomes. Subsequently, the parasites migrate forward to
the foregut and mouth parts. The significance of these morphological
variations throughout the insect stages and the differences in
developmental cycle between L, braziliensis and other species remains
to be determined, although there is recent evidence suggesting that
there is an increase in infectivity concomitant with the
morphological changes that occur in the fly. There is similarly
sequential development of promastigotes from noninfective to
infective (metacyclic) forms during growth in culture (Sacks and

Perkins 1984; Mallinson and Coombs 1986).
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The transformation of amastigote to promastigote can also be
achieved successfully in vitro, and has been shown to be dependent on
cell division (Brun and Krassner 1976; Hart et al. 1981a).

The transmission of Leishmania into the mammalian host occurs by
the bite of infected sandfly vector during which the extracellular
promastigote forms are injected into the skin. Promastigotes are
rapidly phagocytized by reticuloendothelial cells, within which they
transform into intracellular amastigotes. Inside the macrophages,
the amastigotes divide by binary fission (Vickerman 1980) and as they
increase in number they burst the cell and reinfect other macrophages

(Chang et al 1985).

1.3.3. Interaction of leishmanias with macrophages

The nature of the relationship formed between the leishmanial
parasite, initially as a promastigote form, and its prospective host
cell, a macrophage, is undoubtedly crucial to the establishment of a
new infection. Macrophages are numbered amongst the primary line of
mammalian cellular defense mechanisms against invading
microorganisms, such as protozoa, by virtue of their fulfilling a
variety of microbicidal functions. These include the production of
toxic oxygen metabolites and lysosomal enzymes and the ability to
activate the host's immune system. The means used by Leishmania
parasites to resist the microbicidal prooess of macrophages is one of
the most intriguing mysteries of leishmanial biology. Our current
understanding of the macrophage/Leishmania interaction is that it

involves three distinct phases: parasite attachment, internalization

and the formation of a parasitophorous vacuole.
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In vitro studies have indicated that promastigotes of L. tropica
(Zenian et al. 1979), L. mexicapa (Alexander 1975) and L.

braziliensis (Merino et al. 1977) bind to macrophages primarily via

their flagellar end whereas L. donovani apparently has no privileged
site of interaction with macrophages on its surface (Chang 1979).
There appear to be recognition or binding sites that account for the
phenomenon of spontaneous binding between leishmanias and macrophages

(Pearson et al. 1983). It has been proposed, however, that the

macrophages occurs via ligand-receptor interaction and its inhibition
by pretreating cells with specific antibodies, glucosidases or
monosaccharides further suggests that some of the binding ligands are
glycoproteins (Chang 1981). Additional studies on the inhibitory
effects of various carbohydrates on the L. tropica (Zenian 1981) and
L. mexicana (Bray 1983) promastigote-macrophage interactions have
also implicated a sugar lectin-type binding mechanism. Findings of
mannose, mannose/fucose, mannose phosphate and galactose receptors on
the macrophage surface (Imamura et al. 1984) and the involvement of
these Pecebtors in binding to the leishmanias ligands (Handman and
Goding 1985; Blackwell et al. 1985) underscore the complexity of the
binding mecnanisms in these systems. More recently, the
identification and characterisation of the major surface mannose and
N-acetylglucosamine-confaining glycoproteins from two subspecies of
L. mexicana and its involvement in the attachment of promastigote to
macrophages provide circumstantial evidence in support of the earlier
findings and raises the possibility that uptake via glycoprotein
binding may involve more than one macrophage receptor (Chang and

Chang 1986; Russell and Wilhelm 1986).
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It appears that the entry of Leishmania promastigotes into
macrophages, where they will transform into amastigote and multiply,
is dependent upon the phagocytic activity of these cells (Alexander
1975; Chang 1980). It has been shown that such internalisation may
be accompanied by chemiluminescense and the release of H202 which are
metabolic products of the phagocytic activity of macrophages.
Furthermore, internalisation of leishmanias by macrophages was found
to be inhibited by cytochalasin B (Alexander 1975; Zenian et al.

1. 1980), providing

Pt

1979; Chang 1983) and iodoacetate (Benoliel et
evidence for the participation of actin filaments and an energy
requirement, respectively.

After the parasite has gained entrance into macrophages, it not
only survives but also multiplies despite of fusion of secondary
lysosomes with the parasitophorous vacuole (Alexander and Vickerman
1975; Chang and Dwyer 1976; Berman et al. 1981; Brazil 1984). 1In

tnis respect, leishmanias differ from other intracellular parasites

such as Toxoplasma gondii and Trypanosoma cruzi, whose interaction

with murine macrophages has also been investigated. Toxoplasma
gondii survives by preventing lysosomal fusion wita the
parasitophorous vacuoles and is destroyed if phagolysosomal fusion
occurs (Jones and Hirsch 1972), whereas T. cruzi may evade lysosomal
enzymes by escaping from the parasitophorous vacuole into the cytosol
(Kress et al. 1977). The ability of Leishmania amastigotes to infect
and grow within phagolysosomal vacuoles of host cells is an important
aspect of pathogenesis in leishmaniasis. The precise mechanisams
whereby leishmanias survive and multiply within these cells have not

been elucidated. An understanding of these mechanisms might explain

the failure of susceptible hosts to develop effective immunity
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against the parasites and the ability of the parasite to avoid being
destroyed by lysosomal enzymes and other microbicidal toxiec
metabolites (Chang 1983). Recent findings of the refractory
properties of the leishmanial surface glycoproteins to lysosomal
hydrolase degradation suggested that these molecule may provide a
protective shell for the parasite that is resistant to digestion in
the lysosome (Chang and Fong 1983). It has been shown that
leishmanias release complex polysaccharides, termed excreted factors,
which may enhance the growth of amastigotes in macrophages, possibly
by inhibiting lysosomal enzymes (Handman and Greenblatt 1977; Elon
et al 1980; Hernandez 1983). It has also been suggested that
ammonia produced through the action of a highly active amastigote
proteinase and other enzymes may be excreted into the phagolysosonme,
thus raising the intravacuolar pH and so antagonising the
microbicidal actions of the nydrolytic enzymes and enabling the
parasite to survive (Coombs and Sanderson 1985). Another feature of
importance for intralysosomal survival of leishmanias appears to be
the proton pump ATPase which drives the active transport of glucose
and amino acids across the membrane of amastigotes, thus maintaining
a neutral pH within the parasite despite its location in the
acidified phagolysosome (Zilberstein and Dwyer 1985).

The survival of leishmanias within phagolysosomes also probably
relates, in part, to their defense mechanisms against oxidant damage
by free radicals and other molecules generated by enzymatic reduction
of molecular oxygen during the phagocytosis-induced respiratory burst
of the macrophage (Klebanoff 1982; Klebanoff et al. 1983). The
molecules involved are superoxide, hydrogen peroxide (H202)’ hydroxyl
free radical (0H) and singlet molecular oxygen (102). Both the

promastigote and the amastigote forms of leishmanias have been shown
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to trigger an oxidative burst in macrophages; the amastigotes,
however, do not elicit a significant respiratory burst response and
this has been correlated well with the greater susceptibility of
promastigotes to the microbicidal activity of phagocytes (Murray
1982; Murray and Cartelli 1983; Klebanoff et al. 1983; Channon and
Blackwell 1985a, 1985b). There is some evidence that amastigotes can
inhibit the respiratory burst either via their membrane-bound acid
phosphatase activity (Remaley et al. 1984) or via a lipase acting on
diacyl glycerol in the macrophage membrane (Blackwell et al. 1986).
The levels of endogenous scavengers of oxygen metabolites may also
play a part in intracellular survival. Murray (1982) reported that
amastigotes of L. donovani contain more superoxide dismutase,
catalase and glutathione peroxidase than promastigotes and are four
times more resistant to enzymatically-generated toxic oxygen
metabolites., In preliminary reports, it was suggested that
glutathione peroxidase, superoxide dismutase and catalase of L. m.
mexicana do not play a significant role in this parasitic
intracellular survival, as the activities of these enzymes were
either undetectable or unimpressive as compared to normal aerobic
cells (Ghafoor and Coombs 1980). Meshnick and Eaton (1981), however,
concluded that L. tropica promastigotes have relatively high activity
of an iron-containing superoxide dismutase, which differs from the
isofunctional enzymes of their mammalian hosts. The latter usually
contain copper or zinc as the active prosthetic group. Although the
role of the leishmanial superoxide dismutase in intracellular
survival has not been clearly defined, it has been suggested that it
has considerable potential as a target for chemotherapeutic attack

(Meshnick and Eaton 1981). Recent reports (Penketh and Kennedy 1986)

has shown that both amastigotes and promastigotes of L. donovani
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contain large reserves of trypanothione which apparently reduces Hy0p

concentration by a non-enzymatic reaction.

1.3.4. Ultrastructure of Leishmania

Most of our knowledge of Leishmania ultrastructure in relation
to function comes from the study of thin sectioned material by
electron microscopy. A transmission electron micrograph of a
leishmanial promastigote and amastigote showing the major structural
features of the cells are given in Figs. 2 and 3, respectively. The
organism is surrounded by a 10-12 nm thick trilaminate membrane
beneath which lie longitudinal microtubules that are linked to the
inner membrane by fibrils. The microtubules are believed to form the
cytoskeleton which is responsible for the cell's rigidity and shape,
as with other trypanosomatids (Vickerman and Preston 1976). Our
understanding of the Leishmania plasma membrane is limited and
fragmentary and most of the studies have been concerned mainly with
promastigote forms (Pwyer 1986). Using a freeze fracture replica

technique, the plasma membrane of L. m. mexicana promastigotes was

shown to have a denser distribution of intramembranous particles but
lower levels of B-hydroxysterols than the membrane of amastigotes
(Tetley et al. 1986). These studies suggest that the amastigote
contains relatively low levels of membrane enzymes but high sterol
content, It is of interest to note that surface membrane of
Leishmania contains phosphomonoesterases (3'- and 5'-nucleotidases
and acid phosphatase) (Coombs et al. 1986a; Dwyer 1986),
phospholipases (Dwyer 1986) and a proteinase (Etges gt al. 1986).
The roles of these enzymes are not fully understood, but they are
likely to play parts in the survival of the parasite within the host.

The spherical nucleus is bound by a double membrane with pores

and contains peripheral chromatin in addition to the nucleolus. The
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Fig. 2. The ultrastructural features of Leishmania mexicana
mexicana promastigotes. The diagram on the left gives the
principal structural features shown in the transmission electron
micrograph of a sectioned L.m.mexicana promastigote on the right.
Scale bar = 0.5um. Abbreviations: ax, axoneme; bb, basal body; d,
desmosome; fp, flagellar pocket; g, golgi apparatus; ger,
granular endoplasmic reticulum; gly, glycosome; kp, kinetoplast;
1, lysosome; lg, lipid globule; m, mitochondria; n, nucleus; par,
paraxial rod; pmt, pellicular microtubule;pp, polyphosphate
granule; ser, smooth endoplasmic reticulum. Micrograph courtesy
of L. Tetley.
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Fig. 3. The ultrastructural features of Leishmania mexicana

mexicana amastigotes. T’ng diagram on the top gives the principal
structural features shown in the transmission electron micrograph
of a sectioned L.m.mexicana amastigote on the bottom. Scale bar =
lpm. Abbreviations: ax, axoneme; bb, basal body; fp, flagellar
pocket; g, golgi apparatus; ger, granular endoplasmic reticulum;
gly, glycosome; kp, kinetoplast; 1, lysosome; lg, lipid globule;
m, mitochondria; mg, megasome; n, nucleus; par, paraxial rod;
pmt, pellicular microtubule; pp, polyphosphate granule; ser,

smooth endoplasmic reticulum. Micrograph courtesy of L. Tetley.
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endoplasmic reticulum consists of flattened, ramifying cisternae and
tubules and is in part rough, bearing osmiophilic granules resembling
ribosomes, and in part smooth, without ribosomes. The golgi
apparatus which is located between nucleus and kinetoplast in the
vicinity of the flagellar pocket has several smooth membraned sacs
and tubules. The cytoplasm which is packed with free ribosomes also
contains smooth vesicles, multivesicular bodies, 1lipid globules,
lysosomes and volutin granules containing acid insoluble
polyphosphate and RNA (Vickerman 1974; WHO 1980; Coombs et al.
1986b). In Leishmania, as in other Kinetoplastida, the mitochondrial
apparatus consists of a single highly branched mitochondrion which
most commonly forms an interconnected series of double-membrane bound
canals lying beneath the pellicle. These canals have mitochondrial
cristae, arising from their inner membrane. The kinetoplast which is
a unique characteristic feature of the members of the Kinetoplastida
consists of circular and linear DNA molecules housed in an expansion
of the mitochondrial apparatus. It should be pointed out that the
quantitative changes in the volume and structure of the mitochondria
of leishmanias during amastigote to promastigote transformation (Brun.
and Krassner 1976) are not as dramatic as those found in the course

of transformation of bloodstream forms of Trypanosoma brucei to

midgut trypomastigote forms (Vickerman 1985). Relative mitochondrial
volume increases significantly during the latter process, a
modification which is associated with the development of an active
TCA cycle and respiratory chain together with a change in the energy
metabolism of the parasite (Viekerman 1985). In Leishmania, however,
the transformation was accompanied by a slight decrease in relative
mitochondrial volume, but the number of cristae remained unchanged
after transformation and respiration was found to be cyanide-

sensitive in both forms of the parasite (Simpson 1968; Brun and
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Krassner 1976; Hart et al. 1981b). These results suggest that there
is a little variation in mitochondrial function between the
amastigotes and promastigotes.

The flagellum , which is bounded by a continuation of the cell
membrane, arises from a basal body and passes through the flagellar
pocket to whose wall it is attached by a series of desmosomes. The
cylindrical basal body has the typical centriolar and microtubular-
triplet structure. The axoneme has the usual (9d + 2s) microtubular
arrangments while a paracrystalline structure, the paraxial rod, runs
parallel to the axoneme. 1In the short transitional zone between the
basal body and flagellum proper the axoneme lacks the central
singlets and there is no paraxial rod (Hommel 1978).

Glycosome are single membrane-bound organelles seemingly
peculiar to the kinetoplastid flagellates. A number of enzymes
involved in glycolysis, CO, fixation, B-oxidation of fatty acid, de
novo pyrimidine biosynthesis and purine salvage have been detected in
glycosomes of leishmanial species (Coombs 1986). It has been stated
that L. tropica promastigotes may contain 50-100 glycosomes (Hart and
Opperdoes 1984) whereas three dimensional reconstruction of L. m.
mexicana amastigotes has revealed that there were 9-10 glycosomes per
amastigote, representing less than 1% of the total cell volume
(Coombs et al. 1986b). This is in contrast to I. brucel which are
said to contain 200-300 glycosomes, accounting for U4.3% of the total
cell volume (Opperdoes et al. 1984). The ultrastructure of
amastigote generally resembles that of promastigotes except for the
overall shape and the absence of a free flagellum. The amastigotes
of L. m. mexicana also have unusual lysosome-like organelles named

megasomes, although these are apparently not found in amastigotes of

L. tropica and L. donovani (Pupkis et al. 1986). The megasomes,
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which were present mainly at the posterior part of the cells (as many
as 34 per cell occupying 15% of the total cell volume), were shown to
contain cysteine proteinase and arylsulfatase activities and may play
a part in the survival of the amastigotes in the host cell (Pupkis gt

al. 1986).

1.3.5 The diseases

1.3.5.1. Visceral leishmaniasis

In visceral leishmaniasis (kala-azar), caused by L. donovani, L.

antum or L. d. archibaldi in the 01d World and L. d. chagasi in
the New World, the parasites multiply within phagocytes throughout
the reticuloendothelial system of nearly all internal organs, but
particularly of the spleen, liver, lymph nodes and bone marrow
(Chance 1981). The common symptoms of the disease are intermitent
fever, loss of weight, anaemia and pronounced hepatosplenomegaly
(Marsden 1984), 1In general, once the stage of hepatosplenomegaly is
reached host defense mechanisms are not able to prevent further
parasite multiplication that ultimately leads to death if treatment
is not administered (Mauel and Benhin 1981). The visceral disease
caused by L. donovani may spread to the skin in some individuals
after apparently successful drug-induced cure. This form of the
disease, called post kala-azar dermal leishmaniasis, occurs in the
Inaian subcontinent (WHO 1984), It is characterised by the presence
of mﬁltiple nodular lesions in the skin usually without ulceration
(Pearson et al. 1983). Visceral leishmaniasis is anthroponotic in
India with man being the sole reservoir but is zoonotic in North
Africa, Middle East and Europe (caused by L. d. infantum with dogs
acting as reservoir), whereas in the New World rodents may serve as

reservoir hosts. The causative agent of visceral leishmaniasis in
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Sudan and perhaps Kenya has been named L. d. archibaldi. No definite
reservoir host has yet been identified, but most probably the

infection has an zoonotic origin (Zukerman and Lainson 1977).

1.3.5.2. Cutaneous leishmaniasis

The cutaneous forms of leishmaniasis occur in both the 0l1d World
(L. tropica complex or L. aethiopica) and the New World (L. mexicana
complex). Once inoculated by the bite of an infective sandfly into
the skin, the parasite multiplies in macrophages which may result in
necrosis of these cells. In classic localised cutaneous
leishmaniasis, a nodule starts at the site of inoculation. For some
species these typically ulcerate and become secondarily infected,
whereupon they heal gradually leaving a depressed scar. There is
strong immunity to reinfection with the same parasite (Chance 1981).
The 0ld World cutaneous disease, known as oriental sore, comprises an
anthroponic and zoonotic type. The former, also named urban type or
dry sore, is caused by L. tropica. The latter known as rural or
moist type, is caused by L. major, and exists primarily as an
enzootic infection among gerbils and jirds in Asia. In both cases,
the infection is limited to the development of single or multiple
painless lesions that are often ulcerated and heal in 2-8 months.

Diffuse cutaneous leishmaniasis is known in the New World and
Ethiopia where L. mexicana and L. aethiopica respectively are the
causative agents (WHO 1984). Two subspecies of the L. mexicana
complex, namely L. m. pifanoi and L. m. amazonensis, are thought to
be the agents of diffuse cutaneous leishmaniasis in Venezuela and
Brazil, respectively (Lainson and Shaw 1978). The disease starts as a

papule that does not ulcerate. Satellite lesions subsequently
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developed around the initial papule and organisms may metastasize to
distinct areas of the skin, often to the face and extremities; the
disease does not heal spontaneously (Mauel and Behin 1981).
Leishmaniasis recidivans (also known as tuberculoid or lupoid
leishmaniasis) is usually associated with L. tropica and is a variant
of cutaneous leishmaniasis in which an apparently healed scar is
reactivated to give a chronic, non healing ulcer (WHO 1984). There
is evidence suggesting that, as in visceral leishmaniasis, cell-
mediated immune responses against the parasite are suppressed during
diffuse cutaneous leishmaniasis and leishmaniasis recidivans (Marsden

1984).

1.3.5.3. Mucocutaneous leishmaniasis
The horrid mucocutaneous disease, commonly known as espundia, is
found predominantly in South America, where members of the L.

braziliensis complex (L. b. braziliensis, L. b. panamensis and L. b.

N

guyanensis) are usually implicated as the causative organisms. In
the early stage, patients develop a single or multiple cutaneous
ulcers which seldom heal spontaneously (Pearson et al. 1983).
Depending on the subspecies of parasite, the lesions may spread along
the lymphatic system before healing or they may disappear only to
reappear in the oronasal/pharyngeal mucosa, often 30 years later,
causing the major disfigurement. The disease is characterised by
complete destruction of the nasal septum, extensive damage of the
pharynx and vocal cords, loss of voice and seriously impeded
respiration (WHO 1984)., The disease is non-healing but recovery may
occur with strong immunity to reinfection. In the absence of
appropriate therapy, death may occur through suffocation because of

blockage of air passage or through secondarily bacterial infection.
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1.3.6. Control of leishmaniasis

Control measures to protect people froﬁ the effects of
leishmaniasis include destruction of the sandfly vectors and animal
reservoirs, treatment of infected people and vaccination. Exposure
of individuals to bites of infected sandflies may be minimized by
avoiding contact, by insect repellents, by residual spraying in the
house and in immediate breeding sites and by sleeping under fine mesh

netting (WHO 1984).

1.3.6.1. Control of vectors and reservoir hosts

The only known way of controlling sandflies in or near human
dwelling is by periodic spraying of insecticides (Marinkelle 1980).
Sandflies are highly susceptible to insecticides but some resistance
to DDT and dieldrin has been reported in India and also from Brazil
(WHO 1984)., However, since breeding sites and larval habitats of
sandflies are inadequately known or inaccessible to direct
insecticide application, only the adults can be attacked and,
therefore, the residual effect of the insecticide is most important
(Marsden 1984), In most cases where sandflies have been controlled
by insecticides (such as visceral leishmaniasis caused by L. donovani
in India or some forms of cutaneous leishmaniasis caused by L.
peruviana in Peru and L. tropica in Asia), it was an incidental
effect of programmes aimed primarily against malaria (Marsden 1984),
Vector control is frequently totally impractical in zoonotic forms of
the disease such as South American cutaneous and mucocutaneous
leishmaniasis; this could be achieved only by destroying the forest
and even this ecologically dangerous process might merely lead the
replacement of one parasite by another (Lainson and Shaw 1978).

Control of leishmaniasis through treatment and eradication of

reservoir hosts can be possible. Man and dogs are the only known
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reservoirs in many parts of the world. Control of human reservoirs
has been attempted by active case detection combined with
chemotherapy (Marinkelle 1980)., Visceral leishmaniasis has been
largely eliminated from China by the eradication of infected dogs and
treatment of patients, as well as insecticide spraying (Marsden
1984). In the USSR, colonies of rodents have been eradicated from
many cities by the use of poisoned bait, deep ploughing of burrows
and by the design of irrigation canals to form barriers across which
recolonization is impossible (Molyneux and Ashford 1983). In many
situations, however, control of the wild animal reservoirs of the

disease is impossible.

1.3.6.2. Vaccination

Vaccination (leishmanization) has long been practised against
cutaneous leishmaniasis in certain areas where the disease caused by
L. major is hyperendemic (Pearson et al. 1983). 1In order to prevent
naturally occurring lesions from developing on the face or in
multiple sites, an infective dose of the parasite 1s administered at
a chosen site of the body where the subsequent scar will be hidden by
clothing. Following this leishmanization procedure, the disease runs
its normal course and, after the lesion has healed, leaves the
patient with strong immunity to the parasite (Greenblatt 1985).
Using live, virulent and infective promastigotes, vaccination
programs have been successful in the Middle East and the USSR whereas
attempts to use avirulent or killed parasites has consistently failed
(WHO 1984), Attempted leishmanization with attenuated strains of
Leishmania has been unsuccessful (Marsden 1984). Furthermore, it has
been established that leishmanization with L. major can protect

against the urban type of infection (L. tropica) but unfortunately
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the reverse does not seem to be true (Marsden 1984). The use of live

vaccines is far from ideal and can be complicated by development of
large lesions, secondary infections and interference with the immune
response to other vaccines., The use of a live vaccine to protect

against L. braziliensis clearly is impracticable as there may be a

dangerous sequel to infection with that organism (Lainson and Shaw

1978).

1.3.6.3. Chemotherapy

Two pentavalent antimonials, namely sodium stibogluconate
(pentostam, 28-29.5% Sb2*) and meglumine antimoniate (Glucantime, 33%
Sb5+), have been the front-line drugs for treatment of all forms of
human leishmaniasis for many years., The therapeutic response to
these drugs is very variable (Mahmoud and Warren 1977). They are
widely used for the treatment of human kala-azar, for which they
usually effective but they must be given parenterally and have common
side effects. Pentavalent antimonials are not, unfortunately, always
as effective in the treatment of patients with diffuse cutaneous and
mucocutaneous disease (Berman 1985). 1In cases where pentavalent
antimonial treatment fails, second line drugs such as pentamidine and
amphotericin B can be used (WHO 1984). Frequently, however these
drugs fail to eradicate the parasite because of problems relating to
toxicity and/or lower efficacy.

It is an interesting but as yet unexplained observation that
amastigotes appear to be inherently more susceptible than
promastigotes to pentavalent antimonials and pentamidine (Berman
1985), although the differing susceptibilities apparent in yitro
could be due to the macrophage actively concentrating the drugs
within the parasitophorous vacuole. In this regard, it is of

interest that incorporation of antimonial drugs into liposomes
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increased their effectiveness against the parasite in vivo (Alving
1986). Another possible explanation for the differing
susceptibilities of amastigotes and promastigotes is that human
macrophages may metabolise the drugs to a form with greater
leishmanicidal activity.

The basis of sensitivity of Leishmania to antimonials is
unknown. It has been proposed that some of the pharmacological
effects of the antischistosomal antimonials are mediated by
inhibition of the glycolytic enzyme phosphofructokinase (Mansour and
Bueding 1954). Recent studies on antileishmanial antimonials,
however, suggested that these drugs do not act on L. m. mexicana
through inhibition of a glycolytic enzyme (Mottram and Coombs 1985).
Amphotericin B was shown to be toxie to both amastigotes and
promastigotes and so it has been suggested that it does not require
processing by macrophages to kill amastigotes (Berman 1985). The
mode of action of this drug remains uncertain but probably relates to
an interaction with parasite membrane sterols which results in the
loss of the membrane's functioning as a permeability barrier to small
metabolites (Saha et al 1986).

It is generally accepted that there is a great need to develop
more effective and less toxic drugs for the treatment of
leishmaniasis. Recent efforts to find alternative antileishmanial
agents have produced several interesting leads including the
demonstration that 8-aminoquinolines are active in several models
(Berman and Lee 1983). Although the mechanism of action of 8-
aminoquinolines has not been proved, it has been suggested that they
may interfere with mitochondrial respiration, possibly through
interaction with ubiquinones (Peters et al 1980). Therefore, further

investigation of the ubiquinones and cytochrome systems of Leishmania

32



seems likely to provide a valuable pointer to targets susceptible to
drug attack.

Studies on phenothiazine drugs have demonstrated that
clomipramine, nitroimipramine and chlorpromazine have lethal effects
on L. donovani and L. major promastigotes and amastigotes (within
macrophages) (Pearson et al. 1984; Zilberstein and Dwyer 1984);
interestingly, amastigotes were more susceptible than promastigotes.
More recently, Zilberstein and Dwyer (1986) suggested that the
phenothiazine drugs inhibited the plasma membrane HY-ATPase of L.
donovani which resulted in a loss of the ability of the parasite to
maintain the proton electrochemical gradient necessary for uptake of
nutrients and for maintenance of pH homeostasis and consequently
caused rapid cell death.

Another rational approach in the search for new drugs has been
the investigation of amino acid esters. Rabinovitch et al. (1986)
reported that certain L-amino acid (but not D-amino acid) methyl
esters rapidly killed L. m. amazonensis amastigotes (intracellular or
isolated) but that promastigotes were less susceptible. The most
active esters were found to be those of L-leucine. It has been
postulated that the basis of the activity of these esters is that,
after entering the parasitophorous vacuole, they are hydrolysed by
enzymes, yet to be characterised, to release amino acids which become
protonated‘and so trapped; hence they accumulate in the vacuole.
They could be further concentrated in the amastigote lysosonmes,
leading to damage to the parasites (Rabinovitch gt al. 1986).

There are other interesting and exciting areas where the
metabolic differences between the leishmanial parasite and its
mammalian host offer opportunities for the design of new drugs.

These are reviewed in the following section.
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1.3.7. Biochemical aspects of leishmanias - potential for drug

targetting

The rapid increase there has been in our knowledge of
the biochemistry of Leishmania and the diseases they cause and
development of mass isolation methods for amastigotes means that at
last it is begining to appear possible to exploit metabolic
differences between the parasite and the host cell by designing a new
range of antileishmanial agents; the new approaches to chemotherapy
may soon bear fruit. 1In this review, which is not comprehensive,
attention will focus on the recent advances made in several important
areas of leishmanial metabolism. Purine, pyrimidine and folate

metabolism are discussed in detail in chapter 2.

1.3.7.1. Energy metabolism

Many studies have shown that various carbohydrates (glucose,
fructose, galactose, maltose, mannose, raffinose, sucrose,
glucosamine and glycerol) can be utilised as an energy source by
proméstigotes of several Leishmania species; glucose, however, has
been implicated as a major energy substrate (Mukkada 1985; Coombs
1986). Amino acids, especially proline, also can be used as energy
substrates by some species (Krassner and Flory 1972; Wagner and
Krassner 1976). Studies on L. m. mexicana showed that both
amastigotes and promastigotes catabolise glucose to 002 and a mixture
of organic acids, the predominant one being succinate (Hart and
Coombé 1982). Glycolysis, the TCA cycle and the pentose phosphate
shunt are the major pathways of carbohydrate catabolism. In

addition, the products of protein and fatty acid degradations can

enter into the TCA cycle through amino acid catabolism and B-
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oxidation, respectively. All enzymes of these pathways have been

found in promastigotes of several leishmanial species (Mukkada 1985).
There is great interest in elucidating the differences between the
ability of amastigote and promastigote forms to use energy

substrates. Studies on L. m. mexicana have shown that non-esterified

fatty acids are more used by amastigotes, whereas glucose is the more
important substrate of promastigotes (Hart and Coombs 1982). This
led to speculation that Leishmania in their natural conditions may
encounter adequate hexose supply in the sandfly gut and abundant
fatty acids in the parasitophorous vacuole of macrophages (Coombs
1986). It is also interesting to note that the viability of
amastigotes was markedly stimulated by high 002 concentration whereas

promastigotes growing in vitro were unaffected (Hart and Coombs

1982). This correlates with the finding of considerably higher
activities of malate dehydrogenase and phosphoenolpyruvate
carboxykinase in amastigotes than in promastigotes (Mottram and
Coombs 1985), The fact that leishmanial glycosomes are involved in
energy metabolism, as well as apparently containing pathways of
ether-lipid biosynthesis and CO, fixation (Hart and Opperdoes 1984;
Coombs 1986), suggest that antiglycolytic drugs currently being
sought for trypanosomiasis using a non-empirical drug design approach

(Opperdoes 1983; Misset et al. 1986) may also possess

antileishmanial activity.

1.3.7.2. Proteolysis

One of the more interesting features of L. m. mexicana is the

e——

large activity of highly active soluble cysteine proteinase present
in the amastigotes and localised in unusual lysosome-like organelles

known as megasomes (Coombs 1986). Similar organelles and enzyme
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activity are present in amastigotes of L. m. amazonensis but not L.

e e e A

major or L. dopovani (Pupkis et al. 1986). It has been suggested
that amastigote proteinases may play a crucial part in parasite
survival within host macrophages by producing amines which are
secreted into the parasitophorous vacuole where they raise the pH and
antagonise the microbicidal activity of potentially destructive
hydrolases, thus allowing amastigote to survive (Coombs and Sanderson
1985). 1Interestingly, the major surface glycoprotein (P63) of
leishmanial promastigotes has récently been shown to be a proteinase
(Etges et al. 1986). The enzyme is active both in its detergent
solubilised form and at the surface of live and fixed promastigotes,
and it has been postulated that the surface proteinase may aid

promastigote survival in the sandfly gut by degrading microbicidal

enzymes.

1.3.7.3. Polyamines

Polyamine metabolism in trypanosomatids looks promising as a
potential target for chemotherapy (Bacchi 1981). Among the various
species of Leishmania, putrescine and spermidine form the major pool
of polyamines. They are synthesized rapidly from ornithine but are
taken up much more slowly from extracellular sources (Bachrach et al.
1979a; Morrow et al. 1980; Coombs and Sanderson 1985). As in other
types of cells, intracellular levels of the polyamines fluctuate
during the growth cycle, being maximal during the log-phase of growth
(Bachrach et al. 1979a). Difluoromethylornithine (DFMO) and
methylglyoxal bis (guanylhydrazone) (MGBG) have been shown to inhibit
leishmanial growth and transformation (Bachrach gt al. 1979b; Coombs
t al. 1983) and it has been suggested that they exert their

——

inhibitory effect by blocking polyamine biosynthesis and consequently

36



DNA and protein synthesis (Bachrach et al. 1979b). It has also been
suggested that the clihically useful antileishmanial agent
pentamidine isethionate may act through interference with polyamine
synthesis (Bachrach et al. 1979b). A relatively new compound called
sinefungin, which is an analogue of ornithine, although it is yet to
be proved that it interferes with polyamine metabolism, has also

shown some promise as an antileishmanial (Bachrach et al. 1980;

Paolantonacci gt al. 1985).

1.3.7.4. Lipid metabolism

The lipids of several Leishmania species have been studied (Holz
1985). Of interest is the finding of high levels of ether-linked
forms of phosphatidylethanclamine in the surface membrane. These may
play a role in the protection of the parasite from the microbicidal
action of hydrolytic enzymes that are present in both its insect and
mammalian environments (Wassef et al. 1985). Three distinct
lipolytic enzymes (phospholipases A,, A, and C) have also been
demonstrated in isolated L. donovani surface membrane; phospholipase
- C and phospholipase A2 are capable of hydrolyzing
phosphatidylethanolamine (PE) into diglyceride and ethanolamine
phosphate and into free fatty acid and lyso PE, respectively (Dwyer
and Gottlieb 1985).

Leishmania species have been shown to contain sterols (Goad et
al. 1984), The major sterol detected was ergosterol. Lanosterol,
its precursor ( squalene), and products of its demethylation were
also detected, suggesting that sterols are being produced by the
pathway characteristic of eukaryotic cells such as fungi but

different from that of mammalian cells (Goad et al. 1984).

37



Ketoconazole has antimycotic properties, apparently due to
of preQenting the production of ergosterol by inhibiting the
demethylation of lanosterol. This leads to the accumulation of 14¢
-methylsterols and an associated alteration of the permeability
properties of sterol-containing membranes (Borgers 1980). The
finding that leishmanial infections also respond to ketoconazole
correlates well with the similarity of the sterol content and their
metabolism in leishmanias and fungi and makes this area of 1lipid
metabolism of especial interest in the search for new antileishmanial

drugs (Berman et al. 1984; Goad et al. 1985).

1.4 The biology of Crithidia

Crithidias are exclusively parasites of insects; members of the
orders Diptera, Hemiptera and Hymenoptera serve as host for most
species. (Cprithidia species are characterised by the presence of a
choanomastigote stage (Wallace 1966; Molyneux and Ashford 1983).
They usually parasitize the hindgut and rectum of the host, often
attached by the tip of the normally elongate flagella (Vickerman
1976; Molyneux and Ashford 1983). In the hindgut, however, the
parasites frequently adhere in clumps around evaginations of the
epithelium, giving a rosette appearance. In addition, free swimming
stages of (. fasciculata have been observed in water occupied by its

el APt St

host, the mosquito Culex pipiens (Wallace 1979).

Crithidia fasciculata (a parasite of mosquitoes of the genera

Anophles and Culex) and other species have been widely used in

experimental studies as they are easily cultivated (Kidder and Dutta
1958; Mundim and Roitman 1977; Newton 1976; Roitman et al. 1985).

Crithidia oncopelti is unusual as it has no requirement for haemin

and can synthesize purines from conventional precursors (Roitman and
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Camargo 1985); it can be grown in an extremely simple medium
containing a single amino acid (methionine), five viﬁamins, a mixture
of inorganic salts and glucose as a carbon source. It is now known
that this flagellate contains a bacterial endosymbiont and it has
been suggested that this provides (. oncopelti with a range of
metabolites which are mandatory for the growth of other
trypanosomatids (Roitman and Camargo 1985). For this reason (.
oncopelti should be avoided as a model for other trypanosomatids.

A large number of studies have been carried out on the
physiology and biochemistry of Crithidia species; most of the work
relates to . fasciculata but C. oncopelti and G, luciliae have also
been examined (see Von Brand 1979; MecGhee and Cosgrove 1980; North

t al. 1983; Cazzulo et al. 1985).

—— ——

1.5. The biology of Herpetomonas

The genus Herpetomonas includes monoxenous trypanosomatids with

promastigote, paramastigote and opisthomastigote stages in their life
cycle (Wallace 1970; Vickerman 1976); the paramastigote probably
represents a transitional stage between the pro- and opisthomastigote
stages. Opisthomastigotes are not found as homogeneous populations,
they are always mixed with promastigotes and paramastigotes (Wallace
1979). The promastigote-opisthomastigote transformation of
Herpetomonas species occurs at the end of the growth phase in
culture, but interesting studies (Wallace 1979; McGhee and Cosgrove
1980) suggest that the increasing the age of cultures, cultivation at
a temperature higher than optimum, raising the pH, addition of urea,
and increasing the osmolarity can be used to stimulate the production
of, or increase the percentage of opisthomastigotes. Herpetomonas

species are found in Diptera (e.g. H. muscarum in the house fly Musca
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domestica; H. ampelophilae in Drosophila), Hemiptera (e.g. H.

Ssamuelpessoal in the reduviid bugs Zelus leucogrammus) and

Hymenoptera (e.g. H. swainei in the sawfly Neodiprion swainei) where
they parasitize the mid- and hind gut and less frequently the
malpighian tubules and haemocoel (Wallace 1979; Molyneux and Ashford
1983). No true cysts have been described for Herpetomonas and recent
evidence indicates that adult Diptera acquire the infection from
free-1living stages (McGhee and Cosgrove 1980). It has also been

found that insects infected in the larval stage retain the infection

through the pupal stage to the adult. Herpetomonas muscarum is the

only species studied to any extent. It comprises two subspecies: a)
H. m. muscarum, (body length of promastigote 10-25 um) which has a
free flagellum twice the body length and has a discoid type A
kinetoplast (i.e. DNA nucleoid is separated from its capsule envelope
by a varying amount of mitochondrial matrix and is sowmewhat compact)
(Wallace et al. 1973; Vickerman and Preston 1976); b) H. m.

ingencplastis, (body 1length of biflagellate promastigotes 20-30 um)

which has a very large, pear or tear-drop shaped type B kinetoplast
(i.e. the loosely packed DNA nucleoid fills its capsule envelope)
(Wallace gt al. 1973; Vickerman and Preston 1976). Little is known

about their biochemistry.

1.6. The biology of Entamoceba histolytica

e e it e B s

The protozoan parasite E. histolytica is the only species of
intestinal amoeba known to be pathogenic to humans. In the majority
of infected individuals, it lives commensally in the lumen of the
colon without producing any symptoms. In a small percentage of
cases, however, the parasite, by mechanisms not yet fully elucidated,

produces ulceration of the intestinal mucosa resulting in inflamatory
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colitis, dysentry or amoeboma (lumenal amoebiasis) and may spread
into the blood and invade the liver and other organs such as brain,
lungs, skin, bladder, uterus and vagina (invasive amoebiasis)

(Martinez-Palomo 1982). Entamoeba histolytica occurs throughout the

world but particularly in Africa, South America, Mexico and India and
has been estimated that it infects approximately 10% of the worlds
population (Albach and Booden 1978), although a much smaller
percentage suffer disease. Nevertheless, the morbidity and mortality
associated with E. histolytica infection is of sufficient magnitude
to make amoebiasis a major public health problem in many areas of the
world (WHO 1981).

There are two stages in the life cycle of E. histolytica. (a)
Trophozoite, this is a motile feeding form (size 10-60 um) which has
a single nucleus with fine peripheral chromatin and a central
karyosome (nucleolus). The cytoplasm has two zones, an outer zone
consisting of clear ectoplasm and an inner zone of granular endoplasm
containing numerous food vacuoles which, in pathogenic strains,
usually contain ingested erythrocytes (Smith et al. 1979; Martinez-
Palomo 1982). (b) Cyst, this is a non-motile infective form (size 5-
12 pm) which has a cell wall which is resistant to various
environmental conditions and, depending on its maturity, contains one
to four nuclei with the same morphology as the trophozoite nucleus.
In the early stage of formation the cyst may contain a mass of
glycogen and densely basophilic chromatoid bodies (Smith et al. 1979;
Martinez-Palomo 1982).

Extensive ultrastructure studies of E. histolytica by electron
microscopy have revealed that the parasite is devoid of mitochondria

and a golgi complex, whereas the endoplasmic reticulum is poorly

developed (Martinez-Palomo 1982; McLaughlin and Aley 1985). The
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nucleus is bound by a double membrane and is perforated by pores. A
number of helical bodies representing an array of ribonucleoprotein
have been observed in the cytoplasm., Microfilament-like structures
and actin have also been identified in amoebic trophozoites;
microtubules, however, have not yet been found. The plasma membrane
of E. histolytica is covered by a thin, irregular surface coat. The
latter is of particular interest because it probably contains some of
the amoebic antigens recognised as foreign by the host. In addition,
the pathogenic action of the amoebae may depend upon direct contact
with host cells, and the virulence of the amoebae may thus be related
to the composition and properties of the surface coat components
(McLaughlin and Aley 1985).

The 1life cycle of E. histolytica has been well characterised
(Barker and Swales 1972). The patient becomes infected by ingesting
mature cysts which are resistant to the acidic environment of the
stomach and pass to the small intestine where they undergo
excystation with the final production of eight trophozoites. The
trophozoites then pass into the large intestine and after a period of
feeding and multiplication by binary fission they form cysts. Some
of the trophozoites, however, may become invasive causing ulceration
of the intestinal wall., Mature cysts passed with the faeces are the
infective form and can survive outside the host for weeks to months
in a moist environment (Albach and Booden 1978). The most common
symptoms of the disease are abdominal pain and prolonged diarrhoea
associated with the loss of blood. Metronidazole has been
recommended as the drug of choice for treatment of severe intestinal
and hepatic amoebiasis (Neal 1983; Gutteridge 1986). Intestinal
amoebiasis can also be treated with emetine or dehydroemetine,

The surface membrane biochemistry, carbohydrate metabolism,

lipid metabolism, protein and nucleic acid metabolism of the
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Entamoeba have been recently reviewed in detail (Reeves 1984;

McLaughlin and Aley 1985).

1.7. The biology of Acanthamoeba

The genus Acanthamoeba includes small amoebae that are

ordinarily free-living, but can be opportunistic pathogens of animals
and humans (Griffin 1978). They are widely dispersed in fresh water
and salt water as well as in soil. The 1life cycle of Acanthamoeba is
relatively simple and involves two forms, the motile trophozoite
feeding mostly on bacteria and the sessile cyst often able to resist
adverse environmental conditions (Warhurst 1985). The trophozoite
has a distinctive nucleus with a large central nucleolus surrounded
by a clear zone which separates it from a very thin ring of
peripheral nuclear chromatin. The trophozoite is usually covered
with characteristic small spiny pseudopodia known as acanthopodia.
Ultrastructure studies of the trophozoite and the cyst of

eba by electron microscopy have revealed the presence of

Acantham

mitochondria, rough endoplasmic reticulum, and a centrosphere which
consists of a well developed golgi complex and a centriole-like
Structure from which numerous vesicles and microtubules radiate

(Lasman 1982).

Human meningoencephalitis caused by Acanthamoeba species (namely
A. culbertsoni and A. castellanii) is commonly a chronic disease

which is usually characterised by focal granulomatosis lesions in the

brain (Carter et al. 1981). Alternatively, Acanthamoeba may cause

granulomatous lesions of the skin, lung, orbit, middle ear or gastric
mucos; it may also cause corneal ulcers following direct

implantation (Warhurst 1985). At present the only drug known to be



effective against Acanthamoeba in experimental animals is
sulphadiazine, although this has not been successful in the treatment
of humans with amoebic meningoencephalitis (Martinz 1981). Recently
Ferrante gt al. (1984) found amphotericin B to be effective against

=2

Acanthamoeba growth in vitro. Since Acanthamoeba contain sterols, it

seems likely that the action of amphotericin B could be related to
its binding to membrane sterolé. (Raederstorff and Rohmer 1985).
There have been some studies on the biochemistry of Acanthamoeba
species, including those on carbohydrate utilization (Prescott et al.
1973; Ward 1985b), amino acid requirements (Adam 1964), DNA content
(Byers 1986) growth and oxygen consumption (Byers et al. 1969; Byers

1979).

1.8 The biology of Babesia

Members of the genus Babesia are protozoan parasites of cattle,
dogs, rodents and other animals. Two species are known to infect

man: Babesia bovis, a parasite of cattle found all over Europe and

Russia, and B. microti, a parasite of rodents in North America and
Europe (Ristic and Lewis 1977). The parasites grow
intraerythrocytically as ring and rod-shaped bodies which develop to
become pear-shaped (piroplasms), resembling malaria parasites except
that they contain no pigment and the cytoplasm remains pale (Mahoney
1977). The presence of a complex organelle on the anterior extremity
of Babesia, and Plasmodium, is the basis of the phylum, Apicomplexa.
This organelle is visible only with the electron microscope, and for

this reason its significance was formerly unknown (Young and Morzari

1986) .

Important bovine Babesia species include B. bigemina, B. bovis,

B. divergens and B. major. The disease caused by B. bovis is more
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severe and more difficult to control than that caused by B. bigemipa

(Irvin 1986). Babesia bovis frequently causes a cerebral form of the

infection characterised by formation of thrombi in the brain
capillaries (Mahoney 1977). Such animals may develop clinical signs
similar to rabies and usually die before any appreciable parasitemia
is manifested in the peripheral blood (less than 2% infected
erythrocytes). 1In general and from the economic point of view,
infections caused by B. bovis are considered the most important of
all bovine babesial infections. The most common symptoms of
babesiosis include fever, jaundice, anemia and hemoglobinuria (Cox
1982). All Babesia species are transmitted by ticks (phylum,
Arthropoda; class, Acarina; families Ixodidae and Argasidae).

Babesia bovis is transmitted by Boophilus species and B. microti by

Ixodes dammini. The reservoir mammalian hosts probably include deer

mice and meadow voles (Ristic and Lewis 1977).

The life cycle of Babesia has been extensively studied and
reviewed (see Mehlhorn and Schein 198Y4; Young and Morzaria 1986); I
shall briefly describe only the main features (Fig. #4). The
development in the mammalian host begins when sporozoites are
injected into the bloodstream from the salivary gland of the tick and
invade erythrocytes. After entry into the red blood cell, the
sporozoite initially is situated in a parasitophorous vacuole. This
subsequently disappears, however, such that the parasite lies free in
the cytopasm of the erythrocyte. This is known as the trophozoite
stage. The trophozoite rapidly undergoes asexual reproduction
(merogony). This occurs in most species as binary fission leading to
the formation of two merozoites inside an erythrocyte. 1In some

species (B. equi and B. microti) four merozoites are often produced

which may give rise to tetrad or a 'maltese-cross' arrangement. Some

species may also form schizonts in lymphocytes which lead to
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formation of several merozoites. The merozoites are released from
the host cell and they invade new erythrocytes and repeat merogony.
Some of the merozoites formed inside an erythrocyte do not develop
further until they are taken up by ticks during feeding. These
intraerythrocytic stages are released from their erythrocyte inside
the intestine and differentiate to form ray bodies (also called
spiky~rayed or Strahlenkorper stages). The uninucleate ray-bodies
are spherical, polymorphic or pyrimidal with a diameter of about 4-7
pm. They are bounded by a single cell membrane, have a thorn-like
structure and several flagella-like protrusions. The ray-bodies are
considered to be the gametes. After 4-6 days, the gametes fuse to
form a zygote which differentiates to form a uninucleate elongated
motile kinete (7-8.ym). The kinete may then enter epithelial cells
of the gut where sporogony takes place. The intracellular kinete is
transformed into a polymorphic stage which loses all characteristics
of the motile invasive stage and then subdivide into several single-
membrane bound, uninucleate cytomers (sporokinetes) that are
separated within the host cell cytoplasm. Following the rupture of
these cells the released sporokinetes can enter various tissues of
the tick (hemocytes, ovaries, peritracheal tissue and muscle) where
" they initiate further sporogony. In most babesial species, the
sporokinetes enter the cells of the salivary gland where many small
pyriform infective bodies (sporozites) are formed and subsequently
inoculated into a mammalian host.
There have been rather few drugs developed for the chemotherapy
of Babesia infections, it has been suggested that the parasite is
relatively difficult to treat because it lives in different cell

types (Irvin 1986). The currently accepted drugs for the treatment

47



of babesiasis are diamidine derivatives such as imidocarb and
diminazene (Irvin 1986).

Although relatively little is known about the biochemistry of
Babesia species, there have been a few studies in recent years. For
example, the carbohydrate metabolism (Momen 1979; Mackenzie et al.
1984) and proteinases (Wright et al. 1981; Commins gt al. 1985;
Coombs 1986) of the erythrocytic forms have been examined in some

detail.

1.9. The aims of the project

A relatively large number of parasitiec protozoa are of
considerable economic, medical aﬁd veterinary importance to twentieth
century man., For instance, trypanosomiasis constitutes a serious
’threat to millions of people in many countries of Africa (sleeping
sickness) and South America (Chagas disease). The leishmaniases
comprise a group of diseases which are widely distributed in tropical
and subtropical areas and range in severity from self-healing skin
lesions to severe mucocutaneous involvement or visceral infections
which are almost always fatal if not treated. Amoebiasis continues
to be a serious problem world wide and, by a conservative estimates,
approximately 10% of the worlds population are infected with the

causative agent Entamoeba histolytica. Malaria is a major killer in

the tropics whereas babesiosis is a widespread disease especially of
cattle.

These parasites present serious problems in part because of the
lack of a reliable, and nontoxic chemotherapeutic compounds.
Resistance to the drugs currently available adds to the difficulties.

Efforts to develop more effective therapies have often failed due to

48



our lack of knowledge of the biochemistry of the causative organisms,
It is clear that there is an urgent need to increase our
understanding of the biochemistry of these pathogens so that new
drugs, vaccines and other types of control agents can be developed.
It is for these reasons that much interest in recent years in
studying the biochemistry of parasitic protozoa.

An area of metabolism that has attracted particular interest has
been purine and pyrimidine metabolism as this seems to be an area
against which drugs can act selectively. For instance,
pyrimethamine, sulphonamides, fluoropyrimidines and allopurinol
affect aspects of this area of metabolism. Many parasitic protozoa
have been found to contain numerous enzymes, through the action of
which they scavenge nucleic acid precursors from the environment and
metabolise them, according to their immediate needs, for nucleic acid
synthesis. Interestingly, the enzymes differ in detail from their
mammalian counterparts., Consequently, there has been an increasing
interest in the potential of nucleoside analogues (such as
allopurinol riboside and formycin B) in the treatment of parasitic
diseases (the leishmaniases and trypanosomiases in these cases).
These results emphasise the practical importance of knowledge of thev
enzymatic reactions of parasites which may be the targets for chemo-
therapeutic attack. The main objective of the present work has been
to present a detailed description of the anabolicvand catabolic
pathways which may function when nucleic acid precursors (or their
analogues) are made available to a range of parasitic protozoa.
Special emphasis has been placed on studying the amastigote and
promastigote forms of L, m. mexicana in order to evaluate enzymes of
the amastigote that provide useful targets at which to aim

chemotherapeutic attack against this pathogen.



At the start of my project there was little or no information on
this aspect of metabolism of many important parasitic protozoa. It
has been my aim to review purine and pyrimidine metabolism in these
organisms and so provide the basic information that is required

before the studies aimed at drug design and development can proceed.
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Chapter 2

PURINE AND PYRIMIDINE METABOLISM

IN PARASITIC PROTOZOA
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2.1, General nucleic acid metabolism

Nucleic acids are high molecular weight molecules which consist
of recurring monomeric units of nucleotides combined one with another
through phosphate diester linkages. There are only two main forms of
nucleic acid known, ribonucleic acid (RNA) and deoxyribonucleic acid
(DNA). Both have certain constituents in common, namely phosphate
groups, the purines adenine and guanine, and the pyrimidine,
cytosine. They differ, however, with respect to their pentose and
second pyrimidine base. RNA contains D-ribose and uracil, whereas
DNA contains 2'-deoxy-D-ribose and thymine.

The synthesis of purine and pyrimidine nucleotides is essential
for the growtn and functioning of cells, not only because of their
roles as the monomeric precursors of RNA and DNA but also because
they participate in a wide variety of biochemical processes. For
instance, the purine nucleotides serve as high energy currency (e.g.
ATP) in biological systems, as regulatory signals (e.g. cyclic AMP
and cyclic GMP) in a wide variety of tissues and organisms, and as
constituents of the major coenzymes FAD, NAD, coenzyme A and an
important methyl donor, S-adenosylmethionine. The pyrimidine
nucleotides, on the other hand, serve as activated intermediates,
such as UDP-glucose and UDP-galactose in carbohydrate metabolism and
CDP-acylglycerol in lipid synthesis.

Purine and pyrimidine nucleotides can by synthesised via de novo

pathways from simple precursors and via 'salvage' pathways from
preformed bases and nucleosides that originate from exogenous sources
or are products of RNA and DNA breakdown. There are a series of
pathways known by which purine and pyrimidine nucleotides can be
synthesized, interconverted and catabolised; these are summarised in

schematic fashion in Figs. 1-Y4. It should be noted that not all of
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the enzymes and pathways are present in all cells. Consequently, it

is critical to evaluate the importance of a given pathway in the
cell of interest.

Purine and pyrimidine metabolism in parasitic protozoa has been
studied extensively in recent years largely with the aim of providing
the information required for the rational design of antiparasitic
agents (Marr and Berens 1983; Wang 1983). These investigations have
resulted in a vast amount of new information on this important aspect
of the biochemistry of parasitic protozoa.

The current status of our knowledge is reviewed below with
particular attention being given to the possibilities for

chemotherapeutic attack.
2.2. Purine metabolism

2.2.1. Introduction

Most organisms are 'prototrophie! for purines, i.e, capable of
synthesizing purines de novo and therefore not dependent upon
exogenous sources of these compounds (Martin 1981). 1In contrast,
some microorganisms including Mycoplasma (Mitchell and Finch 1977;
Hamet ef g;.1980) and most parasitic protozoa are incapable of de
novo synthesis of purines and therefore are obligate 'auxotrophs' for
them (Gutteridge and Coombs 1977). Indeed not all mammalian cells
are capable of de novo synthesis of purine nucleotides, mature
erythrocytes (Lowy et al. 1962; Fontenelle and Henderson 1969) and
lymphocytes (Scholar and Calabresi 1973; Cohen et al. 1983) are
totally dependent on salvaging preformed purines. The mammalian
liver, however, is a major site of purine nucleotide synthesis and
provides purines in the form of bases or nucleosides to be salvaged

and utilised by those tissues incapable of synthesizing purines de

novo (Murray 1971; Jackson et al. 1980).

—t—— ——
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2.2.2. De ppvo synthesis of IMP

The purine nucleotides are synthesised de novo from simple
precursors such as glycine, formate, CO,, glutamine and aspartate.
This biosynthetic route begins with the condensation of glutamine
with the phosphorylated sugar 5-phosphoribosyl-l-pyrophosphate (PRPP)
and ends, ten enzymatic reactions later, as IMP (Fig. 1). Two step
reactions are required for the conversion of IMP to AMP or GMP. It
has been confirmed in recent years that most parasitic protozoa are
unable to synthesise the purine ring de novo. Information on the
occurrence or lack of de novo purine synthesis in parasitic protozoa
has mainly been derived from two types of studies.
1 - Growth requirements

Many parasitic protozoa have been shown to require preformed

purines in their growth medium. These include Irypanosoma ranarum

(Guttman 1966), the insect trypanosomatid Leptomonas pessoail (Roitman

t al. 1972), T. cruzi (Azevedo and Roitman 1984), T. brucei (Brun

—— ——

and Schonenberger 1979), T. gambiense (Fish et al. 1982b), Leishmania

tarentolae (Trager 1974), L. donovani and L. braziliensis (Steiger

and Steiger 1977), L. tropica and L. mexicana (Melo et al. 1985),

—t—

Crithidia fasciculata (Kidder and Dutta 1958), aposymbiotic C. deanei

(Mundim and Roitman 1977), C. acanthocephali and C. harmosa (Roitman

t al. 1985), Trichomonas vaginalis (Linstead 1981), Tritrichomonas

——— e

foetus (Wang et al. 1984a), Plasmodium knowlesi (Trigg and Gutteridge

1971) and Tetrahymena pyriformis (Kidder and Dewey 1948). In

contrast, the growth of endosymbiont-containing Crithidia oncopelti

(Newton 1957) and C. deanei (Mundim et al. 1974) and Acanthamoeba

species (Adam 1959) were not impaired by deprivation of exogenous
purine, which led to postulation. that they can synthesise purines de

novo.
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Fig. 1. De novo synthesis of IMP. Enzymes: 1, amidophosphoribosyl-
transferase (EC 2.4.2.14); 2, phosphoribosylglycinamide synthetase
(EC 6.3.4.13); 3, phosphoribosylglycinamide formyltransferase (EC
2.1.2.2); 4, phosphoribosylformylglycinamide synthetase (EC
6.3.5.3); 5, phosphoribosylaminoimidazole synthetase (EC 6.3.3.1);
6, phosphoribosylaminoimidazole carboxylase (EC 4.1.1.21); 7,
phosphoribosylaminoimidazole-succinocarboxamide synthetase (EC
6.3.2.6); 8, adenylosuccinate lyase (EC 4.3.2.2); 9,
phosphoribosylaminoimidazolecarboxamide formyltransferase (EC

2.1.2.3); 10, IMP cyclohydrolase (EC 3.5.4.10).
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2 -‘Labeling of nucleic acid purines by glycine and formate

Most parasitic protozoa so far studied have failed to
incorporate radiolabeled glycine and formate into their nucleic acid
purines. These include Trypanosoma mega (Bone and Steinert 1956), TI.
lewisi (Pizzi and Taliaferro 1960), T. cruzi (Gutteridge and Gaborak

1979; Berens et al. 1981), I. gambiense, I. rhodesiense and I.

et

brucei gambiense (Fish et al. 1982a, 1982b), Leishmania donovani and

—— ——

L. braziliensis (Marr et al. 1978a), L. m. mexicapa (Hansen et al.

— s o S e

1984; Hassan and Coombs 1986a), Trichomonas vaginalis (Heyworth et

1. 1982), Tritrichomonas foetus (Wang et al. 1983a), Giardia lamblia

S—

(Wang and Aldritt 1983), Entamoeba histolytica (Boonlayangoor gt al.

1980; Lo and Wang 1985), Eimeria tenella (Wang and Simashkevich

1981; Lafon and Nelson 1985), Toxoplasma gondii (Perrotto et al.

1971) and Plasmodium lophurae (Walsh and Sherman 1968). This

provides strong evidence for their lack of de novo purine synthesis.
There are a few exceptions to the general situation. The occasional

opportunistic parasites Acanthamoeba castellanii and A. astronyxis

were recently found to be capable of de novo purine synthesis as
evidenced by progressive incorporation of glycine into nucleic acids
(Hassan and Coombs 1986a). A few endosymbilont-containing

trypanosomatids including Crithidia oncopelti (Newton 1957) and C.

deanei (Ceron et al 1979) also incorporate glycine into nucleie
acids. Interestingly, the aposymbiotic strain of C. deanei cannot
incorporate glycine into nucleic acids (Ceron gt al. 1979) suggesting

that de novo synthesis is dependent upon the symbiont. It has been

reported that Trypanosoma equiperdum utilises glycine for nucleic

acid synthesis (Pizzi and Taliaferro 1960) although the level of
incorporation was well below that for preformed purines. It was also

claimed that amastigotes of T. cruzi possessed de novo synthetic
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pathways (Yoneda 1971; Fernandes and Kimura 1973) although these
experiments did not exclude the possibility that the glycine was
utilised by the host cell before it was taken up by the parasite. As
yet, however, there have been no reported attempts to investigate in
detail the enzymes of the purine de novo pathway in any parasitic
protozoan. The incorporation of a small amount of labeled formate
into nucleotide pool of I. b. gambiense (Fish et al. 1982b) provided
evidence for the presence of the last two enzymes of the de novo
pathway, namely phosphoribosylaminoimidazolecarboxamide
formyltransferase and inosinate cyclohydrolase. This conclusion was
supported by the finding that 3-ribosyl-5-aminoimidazolo-4-
carboxamide (AICAR) maintained the viability of this organism for
over six weeks in vitro (Fish et al. 1982b). The work of Kidder and
Nolan (1981) gave indications that T. cruzi also have these two
enzymes. They showed that parasite extracts were able to produce the
nucleotide 5-phospho-3-ribosyl-5-aminoimidazole-4-carboxamide
(AICARP) when incubated with 5-aminoimidazole-U4-carboxamide (AICA)
and PRPP but not when the extract was heat inactivated or when the
PRPP was omitted. The presence of these enzymes could account for
the small amount of labeled formate detected in the nucleic acids of
amastigotes of T. cruzi (Gutteridge and Gaborak 1979). In contrast
to the wealth of knowledge on some parasites, there have not been any
reports on the occurrence or the absence of de novo synthetic

pathways in piroplasms such as Babesia and Theileria species.

2.2.3. Purine nucleotide interconversions

IMP occupies a central position in purine metabolism, acting as a
common precursor for both adenine and guanine nucleotides. The IMP
is converted to AMP in most organisms by the combined actions of

adenylosuccinate synthetase and adenylosuccinate lyase and to GMP by
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IMP dehydrogenase and GMP synthetase (Fig., 2). By subsequent
phosphorylations, AMP and GMP are converted to their respective
nucleoside diphosphates (ADP and GDP) and nucleoside triphosphates
(ATP and GTP) through the actions of nucleoside monophosphate kinase
and nucleoside diphosphate kinase, respectively. These reactions are
important in adjusting the intracellular supplies of adenine and
guanine nucleotides according to the immediate needs of the cells
under different physiological conditions. Adenine nucleotide may be
converted to IMP by two routes. The first consists of the direct
deamination of AMP to IMP catalysed by AMP deaminase, whereas the
second route involves cleavage of AMP to adenosine by 5'-nucleotidase
with the adenosine thus formed being reutilised for IMP synthesis via
the salvage pathway enzymes. The only known route for the conversion
of GMP to IMP, however, is via GMP reductase. These conversions are
beneficial to most cells because they enable them to synthesize
guanine nucleotides from adenine nucleotides and vica versa under
conditions of inbalance between the two types of nucleotides.

The adenylosuccinate synthetases of L. donovani (Spector et al.

1979) and I. gruzi (Spector et al. 1982) are similar to the
isofunctional enzymes from other sources. In general they show
similar pH profiles (optimum: 6.3 - 6.8), similar sensitivity to
inhibition by GMP and by GMP analogues, and a similar apparent K,
(10-12 pM) for IMP (Nagy et al. 1973; Muirhead and Bishop 1974;
Spector and Miller 1976). Importantly, however, they differ from the
enzyme of man (Spector and Miller 1976) in their ability to convert
the IMP analogue allopurinol ribotide to succino-Y4-aminopyrazolo(3,4-
d)pyrimidine ribotide. This amination of allopurinol ribotide may be

a lethal synthetic step for Leishmania (Nelson et al. 1979a, 1979b),

. cruzi (Avila et al. 1981), T. rhodesiense and L. brucei (Berens ef

I'-i

1. 1980a) for the product was found to be rapidly cleaved to 4~

o———
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Fig. 2. Salvage and interconversion of purines. Enzymes: 1,
adenine deaminase (EC 3.5.4.2); 2, adenosine deaminase (EC 3.5.4.4);
3, AMP deaminase (EC 3.5.4.6); 4, guanine deaminase (EC 3.5.4.3);
5,'nuc1eosidase (EC 3.2.2.1) or phosphorylase (cataboliec) (EC
2.4.2.1); 6, phosphorylase (anabolic) (EC 2.4.2.1); 7, nucleoside
kxinase (EC 2.7.1.15, EC 2.7.1.20, EC 2.7.1.73); 8, nucleotidase (EC
3.1.3.5); 9, phosphoribosyltfansferase (EC 2.4.2.7, EC 2.4.2.8, EC
2.4.2.22); 10, adenylosuccinate synthetase (EC 6.3.4.4); 1M1,
adenylosuccinate 1lyase (EC 4.3.2.2); 12, IMP dehydrogenase (EC
1.2.1.14); 13, GMP synthetase (EC 6.3.5.2); 14, GMP reductase (EC
1.6.6.8); 15, xanthine oxidase (EC 1.2.3.2). Abbreviation: AMP,
adenosine-5'-monophosphate; s-AMP, adenylosuccinic acid; IMP,
inosine-5'-monophosphate; GMP, guanosine-5'-monophosphate; XMP,

xanthosine-5'-monophosphate.

W

72




H
3 zoonnov.»ln_“lOOOI
N

0 0 0 H NH,
i I ./ i | _
— N N N _—C
A HN N\ ~ N
LS y r_ Yor T S T S
HoN z N =N N
:»Ouvno..o_..n :nOun -0-CH, H03P-0-CH, Hy03P-0-CH, H,03P-0-CH,
° 12 ° 10 o 1 o
H H H H H H H H
OH o: OH OH OH OH OH OH OH OH
GMP XMP IMP S.AMP AMP
8 |7 0 8 |7 8 7 3 qznm !
z _~C N N —-C. N
HN N AN N~ N\,
CH H
&-/ _ 7 _ \OI _” \O
o N N N

IOIOIM HO-CHy HO-CHyp HO- OIN
0 o] : 0 = 2
9 9
H H H H
OH OH OH OH OH OH

OH o:
Guanosine Xanthosine Inosine Adenosine
A o
™~
5 |6 5] |6 5] |6 5
_o_ _ﬁw _hw ﬂIN o
—C N —C Z C N —C N
L \Y HN Nen. 1 \ _ Nem
¥” \OI V/ _ F _ \OI - =~ /
H NS SN SN NN
Guanine Xanthine Hypoxanthine Adenine

Fig-2



aminopyrazolo(3,4-d)pyrimidine ribotide by the parasite
adenylosuccinate lyase, This rogue ribotide is thought to interfere
with parasite nucleic acid synthesis and metabolism with lethal
consequences for the cell. In contrast, the American trypanosome T.
rangeli appears to be unable to aminate allopurinol ribotide to 4~
aminopyrazolopyrimidine ribotide and indeed substrate specificity
studies carried out on partially purified adenylosuccinate synthetase
from T. cruzl and I. rangeli showed the T, cruzi enzyme to be 100-
fold more active on allopurinol ribotide than the T. rangeli enzyme
(Avila et al. 1981). This probably explains the failure of
allopurinol to affect T. rangeli multiplication (Avila et al. 1986).
Adenylosuccinate synthetase from L. donovani (Nelson et al. 1982;
Rainey and Santi 1983) was also able to use formycin B 5'-
monophosphate as an alternate substrate with apparent Kn of 26 M
and a V,  of about 1% the Vi of IMP. In contrast to its low
efficiency with the leishmanial enzymes, formycin B 5'-monophosphate
was a highly efficient substrate of mammélian adenylosuccinate
syntnetase with a V  approaching 40% of the V, of IMP (Spector et al.
1984)., As with Leishmania, formycin B 5'-monophosphate was also
aminated by I. cruzi to give 5'-nucleotides of the cytotoxic formycin
A which is incorporated into RNA (Rainey et al. 1983). A study of
GMP reductase from L. donovani revealed that it is inhibited by
allopurinol ribotide, thiopurinol ribotide (Spector and Jones 1982)
and by formycin B 5'-monophosphate (Spector et al. 1984). This is of
chemotherapeutic interest since these compounds were produced by
Leishmania when it was exposed to allopurinol, thiopurinol or their
ribosides (Berens et al, 1980b; Marr gt al. 1982) and formycin B

(Carson and Chang 1981). It has to be remembered, however, that

although these compounds are active antileishmanial agents in
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experimental models their potential as drugs is still in doubt (Marr
and Berens 1983; Marr 1984; Looker et al. 1986). It has recently,
been reported that various other trypanosomatids have similar
activities of purine nucleotide interconverting enzymes (Hassan and
Coombs 1986b). This suggests that these enzymes may be common to all
trypanosomatids which helps to explain the sensitivity of this group
to allopurinol and other related pyrazolopyrimidine compounds.
Interestingly, Berman and Webster (1982) have demonstrated that
mycophenolic acid, an inhibitor of IMP dehydrogenase and ultimately
guanine nucleotide synthesis, is toxic to L. tropica amastigotes in
vitro.

The incorporation of radiocactivity from labeled hypoxanthine and
inosine equally into adenine and guanine nucleotides and that from

labeled xanthine and guanine and their ribosides into adenine

nucleotides by L. donovani and L. braziliensis (Marr et al. 1978a)

e s Y s

confirms the presence of adenylosuccinate synthetase,
adenylosuccinate lyase, IMP dehydrogenase, GMP synthetase and GMP
reductase in these leishmanias. Similar results were obtained with
various trypanosomes including T. cruzi (Berens et al. 1981), T.
gambiense and L. rhodesiense (Fish et al. 1982a) and I. gambiense
(Fish et al. 1982b). The presence of adenylosuccinate synthetase in
T. gambiense had been established earlier (Schmidt et al. 1975). 1In

contrast, the endosymbiont-containing C. deanei (Ceron et al. 1979)

as well as Toxoplasma gondii (Pfefferkorn and Pfefferkorn 1977a) and

Eimeria tenella (Lafon and Nelson 1985) appear unable to convert GMP

to AMP as evidenced by the failure of radioactivity from guanine to

label adenine nucleotides, though conversion of IMP to GMP is

possible,

Trichomonas vaginalis (Heyworth et al. 1982), Giardia lamblia

(Wang and Aldritt 1983) and E. histolytica (Hassan and Coombs 1986c)
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are unusual in apparently lacking the enzymes that interconvert

purine nucleotides. In contrast, Tritrichomonas foetus can convert

IMP to AMP and GMP (Wang et al. 1983a) suggesting that deficiencies
in this aspect of purine metabolism are not a common feature of all
anaerobic sarcomastigophora. It is to be noted that mycophenolic
acid, an inhibitor of IMP dehydrogenase, and hadacidin, an inhibitor

of adenylosuccinate synthetase, inhibited the growth of I. foetus but

had no effect on Trichomonas vaginalis (Wang et al. 1984b). These

compounds are thought to act by blocking conversion of IMP to GMP and

of IMP to AMP, respectively. In contrast, Acanthamoeba species have

been shown to possess all the enzymes known to be involved in purine
nucleotide interconversions (Hassan and Coombs 1986d).

Studies on the ability of Plasmodium species to interconvert
purine nucleotides have indicated that both adenine and guanine
nucleotides can be synthesised from hypoxanthine via IMP (Reyes et
al. 1982; Webster et al. 1984), although adenylosuccinate synthetase
is the only enzyme detected so far (Lukow et al. 1973). 1In addition,
hadacidin, an inhibitor of adenylosuccinate synthetasé, selectively
blocks the synthesis of adenylate from hypoxanthine (Webster et al.
1984). These and other results suggest that the adenylosuccinate
pathway is essential for synthesis of parasite adenosine nucleotides
and so offers opportunities for the design of new antimalarial drugs
(Webster et al. 1984). It is of interest to note that the selective
inhibition of GMP formation from hypoxanthine via IMP by bredinin, an
inhibitor of IMP dehydrogenase, in P. falciparum (Webster and Whaun
1982) provides good evidence for the existence of IMP dehydrogenase

and a further indication that hypoxanthine is a major source of

purines in this parasite., Eimeria tenella grown in tissue culture

has been shown to be sensitive to aprinocid, thought to be due to the
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compound inhibiting IMP dehydrogenase and so the conversion of IMP to
GMP (Wang gf al. 1979). Recently Hupe et al. (1986) suggested that

the IMP dehydrogenase from E. tenella is a valuable chemotherapeutic

target enzyme and that it is specifically inhibited by mycophenolic
acid, with the latter being also inhibitory to the growth of this
parasite in tissue culture,

The lack of detectable purine nucleotide interconverting enzymes

in Babesia divergens (Hassan et al. 1986) is rather surprising, since

nucleotide interconversion appear to be significant to piroplasms as
indicated by the rapid incorporation of hypoxanthine into parasite
nucleic acids (Irvin and Young 1979). It may simply Be that the
activities of the enzymes are rather low and below the level of
detection in the assays used.

The free living ciliate protozoan, Tetrahymena pyriformis has

been shown to lack GMP reductase and is unable to convert IMP to GMP.
It is also doubtful whether this organism can convert IMP to AMP
(Hill 1972).

Thus a reasonable amount of information has been gathered
concerning a range of organisms, nevertheless there are still many
deficiencies in our knowledge about these interconversions. In most
cases more detailed enzymatic analyses are required before the
possibilities the enzymes present for chemotherapeutic attack can be

fully appreciated.

2.2.4, Purine salvage and nucleotide catabolism

All mammalian cells (Murray 1971), microorganisms (Nygaard 1983)
and parasitic protozoa (Gutteridge and Coombs 1977) studied appear to

have enzymes for salvaging purine bases and/or nucleosides (Fig. 2).
In human and other mammalian tissues, phosphoribosyltransferases
(PRTase) are the enzymes mainly responsible for the salvage of

purines. They catalyse the condensation of purines and PRPP to form
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5'-purine ribonucleotides. Mammals have two distinct enzymes, one
active towards adenine (adenine PRTase) (Krenitsky et al. 1969a) and
a second specific for hypoxanthine and guanine (hypoxanthine-guanine
PRTase) (Krenitsky et al. 1969b). In many microorganisms, however,
there are separate PRTases for each of the four bases adenine,
hypoxanthine, guanine and xanthine (Miller et al 1972; Nygaard
1983). Another important salvage route for nucleotide formation is
via the action of kinases which catalyse the phosphorylation of
nucleosides. Adenosine kinase (Miller et al 1979), guanosine kinase
(LePage and Junga 1963) and inosine kinase (Pierre and LePage 1968)
have been isolated from a number of mammalian sources and they have
been shown to play an important role in the control of nucleoside

concentrations in vivo.

=g

Nucleotides can be hydrolysed by nucleotidases to nucleosides
which can be further degraded by phosphorylases to yield the purine
base and ribose-l-phosphate. Adenosine can also be deaminated to
inosine by adenosine deaminase. In humans, the purine bases
hypoxanthine and guanine can be converted to uric acid by way of
xanthine in reactions catalysed by the enzymes guanine deaminase and
xanthine oxidase. 1In contrast, all parasitic protozoa so far studied
lack detectable activity of xanthine oxidase and as a result no
further degradation of purine bases can occur. In addition, some
parasitic protozoa contain adenine deaminase which catalyses the
deamination of adenine to hypoxanthine and is an enzyme that has not
been found in mammalian cells.

The salvage of preformed purines 1is essential for most parasitic
protozoa, as they lack a functional de novo synthetic pathway.
Evidence about purine salvage by parasitic protozoa has been obtained

from studying their requirements for purines in minimal defined
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growth‘media, their incorporation of radiolabelled purines into
nucleic acids, and from analyses of enzymes in parasite lysates. The
purine requirements of many parasitic protozoa can be satisfied by a
single purine (one of hypoxanthine, adenine, guanine, or xanthine) or

its nucleoside.

2.2.4.a. Irypanosoma cruzi

Studies by Gutteridge and Gaborak (1979) demonstrated that
epimastigote, trypomastigote and amastigote forms of I. cruzi can
salvage purine bases and nucleosides but not nucleotides. The
preferential incorporation into parasite nucleotides of purine bases
rather than nucleosides suggested that there are higher intracellular
activities of purine PRTases than nucleoside kinases (Gutteridge and
Gaborak 1979; Berens et al. 1981). This was later confirmed by
enzyme analyses (Gutteridge and Davies 1981) which showed that the
parasite has two distinct PRTases, one which is cytosolic and
specific for adenine and a second active towards guanine and
hypoxanthine and which is found associated with glycosomes. Whether
there is a separate xanthine PRTase remains to be established.
Interestingly, allopurinol and Y4-aminopyrazolopyrimidine which are
biologically active against T. cruzi (Avila et al. 1983; Marr et al.
1978b) were readily converted to their ribonucleotides by
hypoxanthine-guanine PRTase and adenine PRTase, respectively (Berens
et al. 1982; Avila et al. 1984) and it is likely that these
conversions are the basis of the selective toxicity of these drugs
towards T. cruzi.

Miller gt al. (1984) purified four nucleoside-cleaving enzymes
from T, cruzi. Two of the enzymes are nucleoside phosphorylases, one

specific for adenosine and the other for uridine. The other two

enzymes are nucleoside hydrolases, one specific for inosine and the
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other for 2'-deoxyinosine. These nucleoside-metabolising activities
are similar to those reported for L. donovani (Koszalka and Krenitsky
1979) with the exception that T. cruzi possesses a uridine
phosphorylase rather than a uridine hydrolase. Guanine deaminase has
been partially purified from T. cruzi and shown to be inhibited
strongly by N6-methyladenine and 4-amino-5-imidazole carboxamide
(Nolan 1984), Surprisingly, the latter compound is not inhibitory to
the growth of I. cruzi, although it is against various Leishmania
species (Kidder and Nolan 1981). Adenosine kinase of T. cruzi has
also been characterised (Kidder 1982). This enzyme resembles that

from L. m. mexicana (Hassan and Coombs 1985a) with respect to

e e

2+ requirement and ATP activation, but is different

apparent K , Mg
from leishmanial enzyme in being optimally active at high pH (8.0).
Interestingly, a purine nucleoside phosphotransferase using p-
nitrophenylphosphate as phosphate donor and active towards
allopurinol riboside and formycin B (Rainey et al. 1983; Berens et
al. 1984)but not adenosine (Kidder 1982) has been detected in I.
cruzi extracts and it is believed that the conversion of these
compounds to their 5'-nucleotides could be responsible for thneir
cytotoxic effects towards trypanosomes (Marr 1983). Neither 3'-AMP
nucleotidase nor 5'-AMP nucleotidase have been detected in I. cruzi
(Gottlieb et al. 1986). Although there are many common features, it
appears that not all strains of T. cruzi are identical in their
ability to metabolise purines. For instance, the Sonya strain was

found to possess adenosine deaminase and guanosine phosphorylase

(Davies gt al. 1983) whereas the Peru strain lacks these activities

(Berens et al. 1981; Miller et al. 1984).

——
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2.2.4.b. African trypanosomes

The purine salvage pathways of these parasites have been
extensively studied by measuring the incorporation of labelled purine

bases and nucleosides into nucleotide pools of T. gambiense and T.

rhodesiense (Fish et al. 1982b) and analyses of enzymes in cell free

extracts of T. gambiense (Schmidt et al. 1975), TI. vivax, T.

—t—

congolense (Ogbunude and Ikediobi 1983; Oébunude et al. 1985; Emeh

———

et al. 1986) and TI. brucei (Davies et al. 1983; Hassan and Coombs

1986b). Adenine deaminase is apparently absent from all of these

species except T. vivax, whereas adenosine deaminase has been

e s

detected but only in T.

—

brucei and not in the studies by Ogbunude and

Ikediobi (1983). Nucleosidase activity towards adenosine seems to be
a common feature of all african trypanosomes except T. congolense.
Adenosine phosphorylase has also been detected in T. congolense and
I. brucei but not in T. yvivax and I. gambiense. As with
trypanosomes, there are also significant differences between
leishmanial species énd insect trypanosomatids with respect to
adenine and adenosine metabolism (Hassan and Coombs 1986b). The
distinect differences between species in the content of adenine
deaminase, adenosine deaminase, adenosine nucleosidase and adenosine
phosphorylase could form the basis of a means of species
identification. All african trypanosomes, however, have some common
metabolic activities, notably guanine deaminase, AMP deaminase,
purine PRTases and nucleoside kinases. 3'-AMP nucleotidase but not
5'-AMP nucleotidase are also detected in extracts of TI. rhodesiense
(Gottlieb et al. 1986) and I. brucei (Hassan and Coombs 1986e), the
former enzyme being associated with the plasma membrane. Adenylate

kinase has been shown to have a dual mitochondrial and glycosomal

distribution in both bloodstream and procyclic I. brucei (Opperdoes
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et al, 1981).and was also found in glycosomes of bloodstream T.
hodesiense (McLaughlin 1981). Whilst trypanosomal glycosomes
contain a number of phosphotransferases, the glycosomal adenylate
kinase could play a fundamental regulatory role, possibly in
controlling intraglycosomal ATP/ADP levels and preventing complete
depletion of glycosomal ATP and hence inhibition of glycolysis. 1In
common with T. cruzi, the preferred pathway of nucleotide formation
in african trypanosomes seems to be via PRTases, which also accept
pyrazolopyrimidine compounds as substrates (Berens et al. 1980a), and

the hypoxanthine PRTase of T. brucei has also been shown to be

associated with the glycosomes (Hammond et al. 1985a).
2.2.4.c. Leishmania

There have been many reports on purine salvage pathways in

promastigotes of L. donovani (Looker et al. 1983; Marr and Berens

e s Y

1985), L. braziliensis (Marr et al. 1978a), L. m. amagonensis, L.

e e S

tarentolpe (Davies et al. 1983; Hassan and Coombs 1986b) and

e Y M s e

amastigotes and promastigotes of L. m. mexicana (Hassan and Coombs
1985a). The apparent lack of xanthine oxidase and the presence of
highly active adenine deaminase and guanine deaminase which lead to
the rapid production of hypoxanthine and xanthine, respectively,
point to nypoxanthine PRTase and xanthine PRTase as being of central
importance to leishmanial species. The apparent K, (adenine) of the
partially-purified adenine deaminase from L. tropica (molecular
weight 32000daltons (Konigk and Rasoul 1978) was quite similar (0.2 x

105 M) to those found for L. m. mexicana promastigotes (0.5 x 1075

M) and amastigotes (0.45 x 10~° M) (Hassan and Coombs 1985a) but much

lower than those of L. braziliensis, L. donovani and L. tarentolae

(0.7-2.2 mM) (Kidder and Nolan 1979). The leishmanial adenine

deaminase was found to be inhibited by coformycin, deoxycoformycin
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(Kidder and Nolan 1979) and by N6-methyladenine {(Nolan -and Kidder
1980). Leishmanial guanine deaminase has also been studied. The
apparent Km value for guanine and the pH optimum of the enzyme from
L. m. mexicana amastigotes (Km, 1x 107> M; pH 7.0) were found to be
significantly different from those of the promastigote enzyme (Km, 3
x 1072 M; pH 8.0) (Hassan and Coombs 1985a). The enzymes from other
leishmanial species have been reported to have Kms in the range 1.11

-4 1.67 x 10'” M and be similar with respect to pH optimum

x 10
having activity over a broad range (7.5-8.5) and to be inhibited by
N6-methyladenine and Ud-aminoimidazole carboxamide (Nolan and Kidder
1980; Kidder and Nolan 1981). Growth is also inhibited by these
compounds, thought to be due to their effect on guanine deaminase.
In contrast, the mammalian (rabbit liver) enzyme was not inhibited by
N6-methyladenine (Nolan and Kidder 1980). Striking differences have
been observed between amastigotes and promastigotes of L. donovani in
their content of enzymes converting adeﬁosine to hypoxanthine (Konigk
and Putfarken 1980; Looker et al. 1983). Purified amastigotes
deaminated adenosine to inosine (adenosine deaminase), an enzyme
activity not found in promastigotes, which could be subsequently
cleaved to hypoxanthine. With promastigotes extracts, adenosine was
cleaved to adenine, which is subsequently deaminated to hypoxanthine
by adenine deaminase, neither of these enzymes were found in
amastigotes. However, this stage-specific adenosine metabolism
apparently does not exist in L. m. mexicana (Hassan and Coombs
1985a); both amastigotes and promastigotes possess adenine deaminase
and adenosine deaminase. These species differences have to be
confirmed, there is some indication that the adenosine deaminase of
L. donovani amastigotes may have been of host origin. 1In other

e s Ve

studies, Iovannisci and Ullman (1984) showed that L. donovandi
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promastigote extracts possessed a very weak deaminase activity

towards formycin A, rather than adenosine, which they referred to as
formycin A deaminase. Adenosine deaminase is also apparently absent
from L. tarentolae but was detected in extracts of L. m. amazonensis

by Hassan and Coombs (1986b) although Davies et al. (1983) had
previously been unable to do so.

Koszalka and Krenitsky (1979) purified three distinet nucleoside
hydrolases from L. donovani promastigotes, one specific for 2'-
deoxynucleosides for which there is no mammalian counterpart. 1In
contrast to the T. cruzi enzyme, which is specific for 2'-
deoxyinosine (Miller et al. 1984), this leishmanial enzyme can
hydrolyse not only 2'-deoxyinosine but also 2'-deoxyguanosine and 2'-
deoxyadenosine. The second nucleoside hydrolase is specific for
ribonucleosides whereas the third is active towards both purine and
pyrimidine ribonucleosides; it cleaves the latter most effectively
and so has been referred to as pyrimidine nucleosidase. None of the
nucleoside hydrolases apparently cleaved adenosine to adenine; it
was therefore proposed that there was a phosphorylase present to
catalyse this conversion. Adenosine phosphorylase, has been detected
in L. tropica, and this readily synthesizes adenosine from adenine
and ribose-l-phosphate (Konigk 1978). Iovannisci and Ullman (1984),
however, suggested that L. donovani promastigotes possess both
adenosine hydrolase and adenosine phosphorylase as the cleavage of
adenosine to adenine occurred in the absence of inorganic phosphate
as well as being stimulated 4 fold by addition of 50 mM pnosphate.
The presence of catabolic phospnorylase in L. donovani was confirmed
by Hassan and Coombs (1986b), although they were not able to detect
nucleosidase acting on adenosine in this study. Indeed, the presence

of catabolic phosphorylase towards inosine, guanosine and xanthosine

was found to be a common feature of leishmanial species (Hassan and
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Coombs 1986b). Recently, a nucleoside phosphorylase specific for 6-
aminopurine nucleosides has been purified from L. donovani (Koszalka
and Krenitsky 1985). The enzyme had a molecular weight of 86,000
daltons, optimal activity in the range pH 5.6-6.5, was found to be
capable of synthesizing and cleaving 5'-methylthioadenosine, 2'-
deoxyadenosine, 5'-deoxyadenosine and adenosine and was referred to
as 5'-methylthiocadenosine phosphorylase. Nucleosidase activity

towards ribonucleosides and deoxyribonucleosides has also been

demonstrated in extracts of L, m., mexicana (Hassan and Coombs 1985a).

fe—aay

Purification of PRTase activities from L. donovani revealed the
presence of three distinct enzymes, one active on adenine, another on
hypoxanthine and guanine and a third on xanthine (Tuttle and
Krenitsky 1980). The adenine PRTase was found to have apparent
molecular weights of 54,000 and 25,000 daltons in the presence and
absence of PRPP, respectively. It appears that PRPP affects the
state of aggregation of the enzyme. The hypoxanthine-guanine PRTase
had a molecular weight of 110,000 daltons in the absence of PRPP and
addition of the latter caused dissociation of the enzyme into smaller
subunits (60,000 daltons) whereas the molecular weight of xanthine
PRTase (54,000 daltons) was independent of the presence of PRPP. U-
Aminopyrazolopyrimidine is metabolised by L. donovani adenine PRTase
(Tuttle and Kreanitsky 1980), but is not deaminated in yitro by

t al. 1979a; Marr and Berens 1983). A4-

—a

adenine deaminase (Nelson
Aminopyrazolopyrimidine-resistant lines of L. donovani were found to
be adenine PRTase-deficient; they were found to contain only half
the adenine PRTase activity present in wild type cells. This
suggests the existence of two gene copies for this enzyme and
providing some evidence that these pathogens are diploid (Iovanniseci

et al. 1984a). Leishmania donovani hypoxanthine-guanine PRTase has

——
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also provoked a lot of interest because it metabolises allopurinol to
its ribotide (Tuttle and Krenitsky 1980), whicﬁ accumulates in large
quantities in the parasite and is responsible, at least in part, for
the antileishmanial activity of this drug (Nelson et al. 1979b). 1In
contrast, allopurinol is a poor substrate for the human enzyme and
its ribotide is produced only in minute quantities within the cells
(Nelson gt al. 1973). The existence in leishmanial species of
xanthine PRTase, an enzyme not found in mammalian cells, makes it
another potential target for antileishmanial agents (Wang 1984),
Studies by Hassan gt al. (1985) using subcellular fractionation
techniques, have demonstrated that hypoxanthine and guanine PRTéses
together with xanthine PRTase are associated with glycosomes in L. m.
mexicana. The relevance of the glycosomal location of PRTases is
unclear, but the common requirement of the enzymes for PRPP suggests
that glycosomes may have a transport system for this compound or that
the purine PRTase may be located on the surface of the organelle as
has been suggested for orotate PRTase (Hammond and Gutteridge 1983).
Little information is available concerning nucleoside kinases in
leishmanial species. A nucleoside kinase from L. m. mexigcana
however, has been shown to require Mg2+ for activity, to be
stabilised by ATP, to be optimally active at pH 6.0 and have an
apparent K, for adenosine of 1.5 x 10'6 M (Hassan and Coombs 1985a).
Studies by Looker et al. (1983) on L. donovani show that adenosine
and inosine are the only nucleosides phosphorylated by nucleoside
kinase and that the activity with adenosine was 50-fold higher in
amastigotes than in promastigotes. Nucleoside kinase activity
towards adenosine and inosine but not guanosine has also been
demonstrated for L. m. amazonensis (Davies et al. 1983). Recently,

kinase activity towards all four purine nucleosides has been detected

in L. m. amazonensis, L. donovani and L. tarentolae (Hassan and
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Coombs 1986b). Leishmanias also contain adenylate kinase which
appears to be particulate in L. m. mexicana (Hassan and Coombs 1985a)

and associated with glycosomes in L. donovani and L. tropica (Hart

and Opperdoes 19814),. On the other hand, nucleoside
phosphotransferase towards inosine as substrate was not detectable in

L. donovani (Looker et al. 1983) or L. m. mexicana (Hassan and Coombs

1986b). Nevertheless, a similar enzyme is known to be present in
leishmanias, but whereas allopurinol riboside and formycin B are good
substrates, natural nucleosides apparently are not (Krenitsky et al.
1980). Both allopurinol riboside and formycin B have significant
antileishmanial activity., The selective toxicity of these agents for
Leishmania, as for trypanosomes, is thought to depend upon this
conversion such that high levels of allopurinol ribotide and formycin
B ribotide are produced. These are converted by a unique amination
to 4-aminopyrazolopyrimidine ribotide and formycin A ribotide,
respectively, then to their tripnosphates and finally incorporated
into the parasite's RNA (Carson and Chang 1981; Rainey and Santi
1983; Marr 1984; Nolan et al. 1984; Neal et al. 1985; Looker et
al. 1986). Neither allopurinol riboside, nor formycin B 1is
phosphorylated by kinases found in mammalian cells and are remarkably
non-toxic to mammals (Umezaw et al. 1967; Ishizuka gt al. 1968).
3'-Nucleotidase and 5'-nucleotidase activities have also been found
in Leishmania species (Pereira and Konigk 1981; Gottlieb and Dwyer
1983; Hassan and Coombs 1986e) and have been shown to be associated
with the plasma membrane of these organisms. The physiological
significance of these nucleotidases, however, remains to be
established; it seems likely that they play a key role in processing

exogenously available nucleotides to a form suitable for transport

into the cell.
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2.2.4.4d. Lower trypanosomatids
The purine salvage pathways of the lower trypanosomatids
Crithidia fasciculata. Herpetomonas m. muscarum and H. m.
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ingenoplastis have been studied in some detail (Hassan and Coombs

1985b, 1986b). It appears that these organisms contain PRTase
activities towards adenine, guanine, hypoxanthine and xanthine. The
results of earlier studies by Kidder et al. (1979) suggested that C.
fasciculata has three separate PRTases, for the synthesis of AMP, IMP
and GMP, respectively. It is thought that Y4-aminopyrazolo(3,i-
d)pyrimidine, which inhibits the growth of C. fasciculata, can be
converted to its ribonucleotide by adenine PRTase; adenine
antagonises the growth action (Dewey and Kidder 1977). All three
species were found to be devoid of adenosine deaminase and AMP

deaminase, but they contain highly active adenine deaminase and

guanine deaminase; H. m. ingenoplastis lacks the latter activity

(Hassan and Coombs 1986b). Furthermore, it appears that deamination
of adenine is obligatory for the conversion of adenine to IMP, since
C. fasciculata will not grow on adenine in the presence of
deoxyéoformycin, an inhibitor of adenine deaminase. The growth is
unaffected by deoxycoformycin when hypoxanthine 1s the purine source
(Kidder et al. 1977; Kidder and Nolan 1979). Guanosine, inosine and
xanthosine but not adenosine are cleaved by extracts of all three
species, apparently both phosphorylase and nucleosidase activities
were involved (Hassan and Coombs 1986b); adenosine nucleosidase had
earlier been found by Dewey and Kidder (1973) to be present in C.
fasciculata. Kinases active towards all nucleosides were also
detected in these organisms. These parasites, however, seem to

differ from leishmanias and trypanosomes in containing nucleoside

phosphotransferase towards inosine.
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2.2.4.e. Irichomonas vaginalis

Studies by Heyworth et al. (1982) and Wang (1983) have shown the
total lack of incorporation of hypoxanthine, inosine and xanthine

into the nucleic acids of T. vaginalis. They also found that
radioactivity from adenosine and adenine and from guanosine and

guanine were only incorporated into adenine and guanine nucleotides,

respectively. Trichomonas vaginalis appears to be unusual in

apparently lacking purine PRTase activities. Instead it possesses
purine nucleoside phosphorylase and nucleoside kinase activities
(Miller and Linstead 1983). Unlike trypanosomatids (Hammond and
Gutteridge 1984), T. vaginalis is devoid of adenine deaminase but
contains guanine deaminase and adenosine deaminase (Miller and
Linstead 1983); the latter appears to be extremely labile to
dialysis which explains why it was not found by Heyworth et al.
(1982). Trichomonas vaginalis also lacks nucleoside
phosphotransferase towards adenosine, inosine and guanosine (Miller
and Linstead 1983) but contains deoxyribonucleoside
phosphotransferase activity towards deoxyinosine and deoxyguanosine;
this allows the direct salvage of these deoxynucleosides to provide
dAMP and dGMP for DNA synthesis (Wang and Cheng 1984a). Purine
nucleoside phosphorylase and guanosine kinase have been purified from
T. vaginalis extracts (Miller and Miller 1985a). The former had a
molecular weight of 95,000 daltons and catalysed the synthesis and
cleavage of guanosine, adenosine and inosine at maximal velocities of
590,360,240 and 81,16,390 umol/min/mg protein, respectively. The
apparent Km values ranged from 17-54 uM for the nucleosides and 21-25
pM for the purine bases. On the other hand, the purified guanosine

kinase (molecular weight 16,000 daltons) had a specific activity of

34 pmol/min/mg protein at pH 6.8 and an apparent K, of 1 uM for
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guanosine. Inosine, adenosine and 2'-deoxyguanosine can also serve

as substrates for the enzymes (Miller and Miller 1985b).

2.2.4.¢F. TIritrichomonas foetus

The extensive studies carried out by Wang et al. (1983a)
constitute the only reports on purine salvage pathways in I. foet5§.
Adenine, hypoxanthine and inosine were found to be readily
incorporated into the nucleotide pool, probably through conversion to
IMP. The parasite has hypoxanthine-guanine-xanthine PRTase
activities but not adenine PRTase; it is not known yet whether these
activities are due to one or several proteins. Kinase activity
towards inosine and guanosine as well as phosphotransferase activity
towards inosine and adenosine are absent. The presence of adenosine
kinase and guanosine phosphotransferase, however, suggests additional
routes for obtaining AMP and GMP, respectively, not requiring
PRTases. The parasite also contains adenoéine deaminase, adenine
deaminase, adenosine phosphorylase and inosine phosphorylase
activities which is consistent with the suggestion that most purine
bases and nucleosides are converted to nypoxanthine before
incorporation into nucleotides. Moreover, the results suggests that
hypoxanthine could be the major source of purines in I. foetus. It

is apparent, therefore, that whereas Trichomonas vaginalis depends

largely on adenosine and guanosine kinases to provide their needs for
purine nucleotides, Tritrichomonas foetus relies mainly on
hypoxanthine PRTase. This explains why 8-azaguanine, an inhibitor of

hypoxanthine PRTase, inhibits the growth of I. foetus without

affecting Trichomonas vaginalis, whereas tubercidin, toyocamycin,

sangivomycin and arabinosyl adenine, known inhibitors of adenosine
kinase, exert significant inhibition on the growth of I. vaginalis

but not Tritrichomonas foetus (Wang et al. 1984b)., The growth

90



inhibition with .these compounds could also be due to their competing

as substrates for the enzymes and eventually being incorporated into

RNA.

2.2.4.g. Giardia lamblia

There are both similarities and differences between the purine

salvage pathways in G. lamblia and those of trichomonads. Giardia
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lamblia like Tpichomonas vagipalis cannot incorporate hypoxanthine,

inosine and xanthine into nucleotides, suggesting the absence of
hypoxanthine PRTase and xanthine PRTase (Wang and Aldritt 1983), It
differs from T. vaginalis, however, in that the radiocactivity from
guanosine cannot be directly incorporated into guanine nucleotide,
indicating that guanosine has first to be hydrolysed to guanine
before incorporation into GMP (Wang 1983). Of all the purine-
metabolising enzymes known, only four have been shown to be present

in G. lamblia. These are guanine PRTase, adenine PRTase, adenosine

hydrolase and guanosine hydrolase (Wang and Aldritt 1983).

Purification of guanine PRTase from G. lamblia revealed that it has

apparent molecular weight of 58,000-63,000 daltons by gel filteration
and 29,000 daltons by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, indicating that the native protein is a dimer;
hypoxanthine and xanthine are 200-fold less efficient substrates than
guanine (Aldritt and Wang 1986). The parasite enzyme 1is very
different from its mammalian counterpart, not cross-reacting
immunologically or at the gene level. Recent evidence indicates
that G. lamplia contains nucleoside phosphotransferase which can
phosphorylate 9-deazaadénosine (Berens et al. 1985), arabinosyl

adenine and arabinosyl guanine (Miller et al. 1986) to their

respective nucleotides and it is thought that this conversion could
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be responsible for the growth inhibitory effect of these compounds on

G. lamblia.

——

2.2.4.h. Entamoeba histolytica

Studies on the ability of E. histolytica to utilize exogenous
purine have indicated that adenosine is incorporated at much higher
rates than adenine, guanine and guanosine, whereas hypoxanthine,
inosine and xanthine were not incorporated into nucleotides

(Boonlayangoor gt al. 1980; Lo and Wang 1985). Enzyme analyses of

E. histolytica extracts revealed the presence of high activities of
nucleoside kinases and nucleoside phosphorylases which can function
in both anabolic and catabolic directions (Hassan and Coombs 1986c).
These findings, together with the apparent absence of guanine PRTase
and the very low activities of other PRTases, suggests that
nucleotides are synthesised from bases mainiy via nucleosides (Hassan
and Coombs 1986c)., These workers also suggested the presence of two
nucleoside phosphorylases, one active on adenosine and the other on
inosine, distinguishable by their different responses to pH and their
sensitivity towards inhibitors. Adenosine kinase has been purified
from E. histolytica (Lobelle-Rich and Reeves 1983) and shown to have
activity towards the adenosine analogue tubercidin, but not
arabinosyladenine. Both compounds inhibit the growth of E.
histolytica (Eubank and Reeves 1981), although the mechanism by which
these compounds exert their effect remains to be determined. 3'-
Nucleotidase and 5'-nucleotidase activities were also found in
extracts of E, histolytica (Hassan and Coombs 1986c), the former
being mainly particulate and possibly associated with the plasma

membrane. These two nucleotidase activities differ with respect to

their pH optimum and sensitivity towards inhibitors.

92



2.2.4.14. Acapthamoeba species

These opportunistic parasites, which have recently been shown to
be unusual amongst parasitic protozoa in that they possess de novo
purine synthesis (Hassan and Coombs 1986a), have also been studied
for their ability to salvage purines (Hassan and Coombs 1986d).
Hypoxanthine was incorporated into nucleic acids at the highest rate,
with the rates of incorporation decreasing in the order guanine,
adenosine, adenine, guanosine, inosine and xanthine. Examination of

enzyme activities in extracts of A. castellanii and A. astronyxis

revealed the presence of deaminases, phosphorylases, kinases, PRTases
and 5'-nucleotidases towards all substrates. AMP deaminase and 3'-
AMP nucleotidase were not detected. The results of these studies
suggest that hypoxanthine is of central importance in purine

metabolism (Hassan and Coombs 1986d).

2.2.4.j. Eimeria species

Eimeria tenella appears to be unusual in that its purine PRTase

is active towards hypoxanthine and guanine as well as xanthine (Wang
and Simashkevich 1981). It has been suggested that this enzyme is of
crucial importance for the parasite and that there is a correlation
between allopurinol specifically inhibiting both the enzyme (Wang and
Simashkevich 1981) and the growth of the parasite in cell culture

(Ryley and Wilson 1972). Eimeria tenella also contain adenine PRTase

and adenosine kinase but not inosine, guanosine or xanthosine kinase
or phosphotransferase activities (Wang and Simashkevich 1981).
Adenosine kinase has been purified from oocyst extracts of E.

=

tenella, E. acervulina and E. brunetti (Miller et al. 1982) and found

to accept some pyrazolopyrimidine ribosides as substrates whereas it
is inhibited by others. It appears, however, that neither

phosphorylation of these compounds by adenosine kinase nor their
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inhibition of the enzyme correlates with the drugs' efficacy in vivo

(Krenitasky et al. 1982). Recently it has been suggested that both
sporozoites and merozoites of E. tenella contain adenine deaminase,
adenosine deaminase, guanine deaminase and adenosine and guanosine
nucleosidase activities; this explains their ability to interconvert

purine bases and nucleosides (Lafon and Nelson 1985),

2.2.4.k. Toxoplasma gondii

It is technically difficult to study the incorporation of
radioactive purines into actively growing, intracellular T. gondii,
because the radiolabel becomes extensively incorporated into host
cells as well as the parasites. This problem has been largely
circumvented by growing the parasite in mutant host cells which lack
hypoxanthine-guanine PRTase and so are unable to utilize hypoxanthine
and guanine (Pfefferkorn 1981), When these mutant cells were
infected with T. gondii, they readily incorporated hypoxanthine and
guanine into nucleotides probably via hypoxanthine-guanine PRTase
(Pfefferkorn 1981). Hypoxanthine PRTase and adenine PRTase
activities have been detected in extracts of parasites (0'Sullivan et
al. 1981). 1In other studies, adenosine, inosine and hypoxanthine
were found to be readily incorporated into the nucleic acids of
extracellular T. gondii, whereas incorporation of adenosine was
decreased by 75% in mutants resistant to adenine arabinoside with
defect in adenosine kinase (Schwartzman and Pfefferkorn 1982). These
results points to the existence of two routes for adenosine
utilisation-direct phosphorylation to AMP by adenosine kinase and
hydrolysis by adenosine deaminase to yield inosine, which could be

subsequently cleaved to hypoxanthine by purine nucleoside

phosphorylase before incorporation into IMP.
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2.2.4.1. Plasmodium species

The preferred purine for Plasmodium species appears to be
hypoxanthine, which can be derived intraerythrocytically through the
following pathway: ATP —» ADP —» AMP —» IMP —»p inosine —p
hypoxanthine (Sherman 1979; Yamada and Sherman 1981a). Plasmodium

chabaudi (Konigk 1977), P. lophurae (Yamada and Sherman 1981b) and

P. falciparum (Reyes et al. 1982) have been found to possess the
following purine salvage enzymes: adenosine deaminase, purine
nucleoside phosphorylase, hypoxanthine-guanine PRTase, adenine PRTase
and adenosine kinase. The adenosine deaminase from P. lophurae
(Schimandle and Sherman 1983) and P. falciparum (Daddona et al. 1984)
are unusual in their lack of sensitivity to the inhibitor erythro-9 -
(2-hydroxy-3-nonyl)adenine (EHNA), though it 1is inhibited
competitively by coformycin and deoxycoformycin. Unlike the purine
nucleoside phosphorylase from human erythrocytes, the P. lophurae
enzyme (Schimandle et al. 1985) consists of five identical subunits,
favours inosine and hypoxanthine as substrates and is competitively
inhibited by formycin B. Purification of PRTases from P. chabaudi
revealed two distinct enzymes, one specific for hypoxanthine and
guanine and the other for adenine (Walter and Konigk 1974). Only the
former was competitively inhibited by the purine analogues 6~

mercaptopurine, 2-amino-6-mercaptopurine and thioguanine. In

addition, adenosine kinase purified from P. chabaudi was found to

phosphorylate the adenosine analogues cordycepin, tubercidin and
dimethylallyladenosine and enables them to enter the pathway of
purine nucleotide synthesis (Schmidt et al. 1974). This probably
explains the antimalarial activity of cordycepin and tubercidin

(Trigg et al. 1971).
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2.2.4.m. Piroplasms

While a little is known about purine salvage pathways of Babesia
species, only limited information is aQailable about those of
Theileria species. Studies on the uptake of purines by Babesia-
infected erythrocytes indicate that hypoxanthine is likely to be the
major purine source in vivo (Irvine et al. 1978; Irvine and Young
1979). It has also been shown that some antibabesial drugs may
affect hypoxanthine incorporation (Irvine and Young 1977) and

suggested that such inhibition could be predictive of their in vivo

——

activity. Recent evidence indicates that the rates of uptake of
adenosine and hypoxanthine by B. bovis were markedly greater than
those of adenine and guanosine (Conrad 1986). Studies on extracts of
B. divergens (Hassan et al. 1986) confirmed the presence of
relatively high activities of adenine deaminase, guanine deaminase,
nucleoside phosphorylase, PRTases, kinases and 5'-AMP nucleotidase
but failed to detect AMP deaminase and 3'-AMP nucleotidase. The
results indicate that B. divergens is capable of synthesizing purine
nucleotides by two routes, one involving PRTases and the other
employing nucleoside kinases (Hassan et al. 1986).

Irvine and Stagg (1977) studied the uptake of adenine,

hypoxanthine and guanine into Theileria parva-infected bovine

lymphoid cells and found that adenine was the only one incorporated.
Autoradiographic studies also revealed that there was no
incorporation of hypoxanthine and guanine into macroschizonts of T.
parva, whereas the host cells incorporated small amounts of the
former. These findings, together with the failure of macroschizonts

to incorporate 8-azaguanine and their rapid death in medium
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containing hypoxanthine as the only purine, further indicate the

absence of hypoxanthine-guanine PRTase in Theileria (Irvin and Stagg

1977).

2.2.%.n. JTetrahymena species

A survey of purine salvage enzymes in extracts of these free-
living protozoa has indicated the presence of highly active adenosine
deaminase, guanosine phosphorylase, inosine phosphorylase, adenosine
kinase and PRTases wherease adenosine phosphorylase, adenine
deaminase, guanine deaminase, AMP deaminase and guanosine kinase were

not found (Hill and Chamber 1967; Hill 1972).

2.2.5. Mechanisms of purine uptake

While there have been numerous studies on the mechanisms of
purine uptake into various mammalian systems, the systems of

parasitic protozoa have been studied little. The bloodstream

trypomastigotes of I. brucei and I. congolense have been shown to
possess a high affinity uptake system for adenosine; inosine,
guanosine, adenine and hypoxanthine were also transported, but less
efficiently, although it is not known whether more than one transport
system is involved (James and Born 1980). Studies on the mechanism
of adenosine uptake into T. vivax revealed that there was a different
pattern at higher concentrations (e.g. 10 mM). This suggested that
the organism has more than one means of transporting adenosine,
although the details of the two systems and their interrelationship
remained to be established (Okachi et al. 1983). Hansen et al.
(1982) studied adenine, hypoxanthine, adenosine and inosine uptake

into promastigotes of L. b. braziliensis and found that they were

transported by a mediated process at low concentrations and by

diffusion at higher concentrations. Investigations of the
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competitive interaction between these purines suggested the presence
of at least three transport systems; one for adenine and
hypoxanthine, a second for inosine and a third for adenosine.
Recently, however, it has been demonstrated from genetic studies that
L. donovani promastigotes contain two distinct nucleoside transport
sites, one transports inosine, guanosine and formycin B, whereas the
other transports pyrimidine nucleosides and the adenosine analogues,
formyecin A and tubercidin; adenosine itself, however, is transported
by both systems (Iovannisci et al. 1984b). The situation in L.
donovani contrasts to that of mammalian cells, into which all
nucleosides and their analogues are transported by a common function
(Cohen et al. 1979; Ullman et al. 1983). There are thought to be
two transport systems in C. fasciculata, one of high affinity and low
velocity and another of low affinity and high velocity (Kidder et al.
1978). Both will transport all purine bases. The lack of inhibition
of transport by respiratory inhibitors such as azide, cyanide and
dinitrophenol suggests the uptake of purines by C. fasciculata was
not energy-dependent (Kidder et al. 1978).

Studies on the purine uptake into E. histolytica revealed that
adenine, adenosine and guanosine can enter the amoeba by a carrier-
mediated transport system (Boonlayangoor et al. 1978). This is
consistent with the report of Reeves and West (1980) that E.
histolytica has nutritional requirements for adenine which can be
replaced by adenosine or AMP.

Tracy and Sherman (1972) showed that P. lophurae exhibited a
high rate of mediated uptake of adenosine, inosine and hypoxanthine
and suggested that these purines may have entered the free parasite
through a common transport locus. Similar findings have also been

reported for mammalian malaria parasites (Manadhar and Van Dyke
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1975). On the other hand, P. berghei has been shown to take up
purines both by diffusion and carrier-mediated sgstems and two
transport loci, for adenosine-inosine-hypoxanthine and adenine,
respectively, are thought to be present (Hansen et al. 1980).
However, to take into account the possible deamination of adenosine
at the surface of the parasite membrane, it was suggested that there
is a transport locus specific for 6-oxypurines (Hansen et al 1980).
Uptake into intracellular parasites such as intraerythrocytic malaria
parasites involves entry into the host cell first. The parasite
appears to modify this process for several substrates (Tracy and

Sherman 1972) in particular both the number and characteristics of

the adenosine transporter are changed (Hansen gt al. 1980).

St

2.3. Pyrimidine metabolism
2.3.1. Introduction

Most mammalian cells so far investigated appear to be able to
synthesize pyrimidine nucleotides via de novo synthesis that uses 002
and glutamine as precursors (Jones 1980; Peter and Veerkamp 1983;
Rasenack gt al. 1985). 1In contrast most are unable to convert
pyrimidine bases to their respective nucleosides, although they can
salvage pyrimidine nucleosides to produce their respective
nucleotides (Strauss et al. 1985).

Parasitic protozoa, however, differ considerably in their
abilities to synthesize and salvage pyrimidines. For instance,
malaria parasites appear to rely almost entirely upon the de novo

pathway for synthesis of their nucleotides (Sherman 1979), whereas

Trichomonas and Giardia salvage all of their pyrimidine requirements

(Wang 1983). Both routes are significant in trypanosomatids (Hammond

and Gutteridge 1984) and Toxoplasma gondii (Pfefferkorn 1981).
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2.3.2. De novo synthesis of UMP

The biosynthetic pathway leading to pyrimidine nucleotides (Fig.
3) appears to be common to most microorganisms (0'Donovan and
Neuhard, 1970), mammals (Levine et al. 1974; Jones, 1980) and
parasitic protoza (Gutteridge and Coombs, 1977) that have been
studied in detail. The pathway commences with the formation of
carbamoylphosphate from glutamine, ATP and CO2 in a reaction
catalysed by carbamoylphosphate synthetase (CPS), an enzyme located
in the cytosol. In mammalian systems, an alternative source of
carbamoylphosphate for pyrimidine biosynthesis is possibly available
from the mitochondrial carbamoylphosphate synthetase, an ammonia-
dependent enzyme (Tremblay et al. 1977). The condensation of
aspartate and carbamoylphosphate, the first step committed to the
pyrimidine pathway, is catalysed by aspartate transcarbamylase
(ATCase). In the next step, removal of a water molecule from
carbamoylaspartate by the action of dihydroorotase (DHOase), the
pyrimidine ring is closed and dihydroorotic acid is produced, which
is then oxidised to orotic acid by dihydroorotate dehydrogenase
(DHODHase). A ribose-5-phosphate is then added to orotic acid by
orotate phosphoribosyltransferase (OPRTase) to form orotidine-5-
monophosphate which 1s subsequently decarboxylated by OMP
decarboxylase (0ODCase) to yield UMP.

Three main approaches have been used to establish the existence

of de novo synthesis of pyrimidine nucleotides in parasitic protozoa.

1. Growth requirements

The development of minimal defined média that contain no

pyrimidines but which support the growth of parasitic protozoa has

—n e e

(references given in section 2.2.2.). Indeed most parasitic protozoa
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Fig. 3. De novo synthesis of UMP. Enzymes: 1, carbamoylphosphate

synthetase (EC 2.7.2.5); 2, aépartate transcarbamylase (EC 2.1.3.2);
3, dihydroorotase (EC 3.5.2.3); 4, dihydroorotate dehydrogenase (EC
1.3.3.1); 5, orotate phosphoribosyltransferase (EC 2.4.2.10); 6,
orotidine-5'-monophosphate decarboxylase (EC 4,1.1.23).

Abbreviation: PRPP, phosphoribosy1pyrophosphate.
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studied appear to be able to synthesise UMP de novo (Gutteridge and

Coombs 1977). Exceptions are trichomonads and Tetrahymena.

——— — s —

Nutritional studies have shown that Trichomonas vaginalis (Linstead

1981) and Tritrichomonas foetus (Wang et al. 1984a) and the ciliate

Tetrahymena pyriformis (Kidder et al. 1984) are unusual in that they

require preformed pyrimidines for their growth, suggesting that these

organisms are incapable of de novo synthesis of pyrimidine.

2. Labelling of nucleic acid pyrimidines by bicarbonate, orotate

and aspartate.

Initial evidence for the presence of de novo biosynthesis came
from the observation that radioactive bicarbonate, orotate and
aspartate were incorporated into nucleic acid pyrimidines.
Gutteridge and Gaborak (1979) demonstrated the incorporation of
bicarbonate into nucleic acids of all forms of T. cruzi; low
incorporation of orotate was also observed. In earlier studies, the
incorporation of orotic acid into T. cruzi had not been detected
(Yoneda et al. 1974a). Similarly L. donovani promastigotes (Lafon et
al. 1982), T. gondii (Perrotto et al. 1971) and B. rodhaini (Irvine
and Young 1979) incorporated oroﬁic acid only at very low levels. It
is now accepted, however, that the ability to incorporate orotic acid
can be a poor index of pyrimidine biosynthetic capacity, mainly
because some cells are relatively impermeable to this intermediate.
Nevertheless, it has been shown that orotic acid is utilised for
pyrimidine biosynthesis in I. equiperdum (Rubin et al. 1962), E.
histolytica (Booden et al. 1973), P. knowlesi (Gutteridge and Trigg
1970), B. divergens and B. major (Irvin and Young 1979).
Interestingly, C. fasciculata has been shown to incorporate the

ureide carbon of citrulline into pyrimidines, this possibly occurs

via carbamoylphosphate synthesis (Kidder et al. 1976). In addition
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P. lophurae (Walsh and Sherman 1968) and T. gondii (Schwartzman and

Pfefferkorn 1981) can incorporate bicarbonate and aspartate,
respectively, into the pyrimidines of nucleiec acids. These results
confirm that the parasites are capable of synthesizing pyrimidine de
novo. On the other hand, the anaerobic flagellates, Trichomonas
vaginalis (Heyworth et al. 1984; Wang and Cheng 1984b),

Tritrichomonas foetus (Jarrol et al. 1983; Wang et al. 1983b) and G.

p="==

lamblia (Lindmark and Jarrol 1982; Aldritt et al. 1985) are known to
lack de novo pyrimidine synthesis as confirmed by their inability to
incorporate bicarbonate, aspartate and orotate into the pyrimidines

of nucleic acids.

3. Enzyme analyses

The pyrimidine biosynthetic enzymes of members of the
Kinetoplastida have been studied in some detail. All six enzymes
have been detected in trypomastigote, epimastigote and amastigote
forms of I. cruzi (Hammond and Gutteridge 1980), trypomastigotes of

Letl A Aol Py

T. brucei and promastigotes of L. m. amazonensis (Hammond and
Gutteridge 1982), promastigotes of L. tropica and culture forms of C.
fasciculata (Hill et al. 1981a). The first three enzymes of this

pathway, CPS, ATCase and DHOase are cytosolic in trypanosomatids

similarly to other cells and evidence has recently emerged that these

enzymes exist as separate unassociated proteins in C. luciliae
(Tampitag and 0'Sullivan 1986). This is in contrast to mammalian
systems where these activities copurify as a multienzyume complex
(Jones 1980). The last three enzymes of the pathway of members of
the Kinetoplastida are of particular interest. In mammalian systems,
the enzyme involved in the conversion of dihydroorotate to orotate is
a dehydrogenase, which 1is particulate, mitochondrial and intimately

connected to the respiratory chain to which it passes electrons
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directly, probably at the ubiquinone level (Jones 1980). 1In
contrast, the isofunctional enzyme of the Kinetoplastida is soluble
and consumes oxygen but is not linked to the respiratory chain
(Hammond and Gutteridge 1984). The results of earlier studies with
C. fasciculata (Kidder and Nolan 1973; Kidder et al. 1976), several
species of trypanosomes and L. enriettii (Gutteridge et al. 1979)
lead to the postulation that the enzyme responsible for this
conversion is a hydroxylase which required tetrahydrobiopterin for
maximum activity. Such a hydroxylase mechanism, however, was not
consistent with the findings of Gero and Coombs (1982a) working on
amastigote or promastigote forms of L. m. mexicana. Recently, Pascal
et al. (1983) presented evidence that the enzyme purified from C.
fasciculata and T. brucei exhibits a characteristic flavin electronic
spectrum suggesting that dihydroorotate oxidation is mediated by
flavoprotein oxidases rather than pterin-linked hydroxylases.
Consequently they have suggested that the name dihydroorotate oxidase
is appropriate for the enzyme. The last two enzymes of UMP
synthesis, OPRTase and ODCase, which are cytosolic and exist as an
enzyme complex in higher eukaryotes (Jones 1980) appear to be
particulate in trypanosomatids (Rubin et al. 1962); Gero and Coombs
1980a; Hammond and Gutteridge 1982) and associated with the
glycosomes at lease in T. brucei trypomastigotes, L. m. amazonensis
promastigotes (Hammond et al. 1981), T. cruzi epim;stigotes (Hammond
and Gutteridge 1983) and C. luciliae (Pragobpol et al. 198%4a). It
has been suggested that the glycosomal location of the OPRTase-ODCase
enzymes could be favourable for the direct channeling of OMP, the
product of OPRTase, to ODCase, the next enzyme in the pathway.
Hammond and Gutteridge (1983), however,'were unable to detect latency
of OPRTase and they found that various inhibitors were as effective

against the enzyme activity of intact glycosomes as that in broken
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glycosomal preparations. They suggested,'therefore, that both
enzymes are located on the outside of the glycosome and are freely
accessible to the cytoplasm. A particularly intriguing finding was
that the promastigotes of L. m. mexicana contained 40 times more

OPRTase/ODCase activity than amastigotes (Gero and Coombs 1980a), In

addition OPRTase has also found in extracts of L. tarentolae and

—

Herpetomonas species (Hassan and Coombs 1986b) These differences

found between the trypanosomatid and mammalian enzymes provide
promising targets for chemotherapeutic attack.

Despite the apparent lack of de novo pyrimidine synthesis from

———

radiolabeled precursors in Trichomonas vagipalis, there is

uncertainty as to whether the enzymes are present. Hewyorth et al.

(1979) reported the presence of all six enzymes of UMP synthesis in
T. vaginalis, whereas Hill gt al. (1981a) confirmed the presence of

——

only CPS. Subsequent attempts to detect OPRTase and ODCase in T.
vaginalis extracts proved negative (Gero and Coombs 1980b; Heyworth

1. 1984), which could explain why the parasite is devoid of

———

et
pyrimidine de povo synthesis. The lack of detectable levels of CPS,

ATCase, DHOase, DHODHase and OPRTase in Iritrichomonas foetus (Jarrol

t al. 1983) and G. lamblia (Lindmark and Jarrol 1982) correlates

—— — oo e e e s

well with the observed lack of de novo pyrimidine synthesis in these

parasites.

Toxoplasma gondii has been reported to have all six enzymes of

the de novo UMP synthesis (Hill et al. 1981a; Q'Sullivan gt al.
1981; Asai gt al. 1983). CPS, ATCase and DHOase exist as separate
entities. DHODHase is particulate, sensitive to respiratory chain
inhibitors and is probably connected to oxygen utilisation through

the respiratory chain; though the nature of linkage remains to be

established. OPRTase and ODCase copurified in a single protein
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complex, with the former being completely inhibited with oxipurinol
but not allopurinol. The lack of detectable levels of CPS and
DHOase, together with the low activities of ATCase, OPRTase and
ODCase, in the oocyst of E. tennella suggests that the de novo
synthesis of pyrimidine is of little importance to this resting stage
of the parasite's 1life cycle (Hill et al. 1981a). As yet there is no
information available on the enzymes of de novo pyrimidine
biosynthesis in the trophozoit forms of Eimeria species.

Plasmodium species have been shown to contain all the enzymes
required for the synthesis of UMP by the de novo pathway (Hill et al.
1981b; Reyes et al. 1982; Gero et al. 1984). As in fungi (Makoff
and Radford 1978) and other higher eukaryotes (Jones 1980), CPS and
ATCase in P. berghei are associated in a single enzyme complex (Hill
et al. 1981b). The DHODHases from various plasmodia are particulate
and linked to the respiratory chain; their activity is inhibited by
respiratory chain inhibitors (Krooth et al. 1969; Gutteridge et al.
1979; Gero et al. 1981a, 1981b, 1984). Hammond et al. (1985b)
suggested that the inhibition of DHODHase by 2-(4-t-butyleyclohexyl)-
3-hydroxy-1,4-naphthoquinone is due to inhibition of the respiratory
chain at the ubiquinone step, where it differs significantly from
mammals, The compound causes a gradual decrease in UTP levels and
cessation of P, falciparum growth in vitro. OPRTase and ODCase are
mainly soluble in Plasmodium species (Walsh and Sherman 1968;
0'Sullivan and Ketley 1980; Gero et al. 1981b) and reside on
separate and distinct proteins in P. falciparum (Rathod and Reyes
1983). Recently Scott et al. (1986), from studies the effect of
pyrazofurin on P. falciparum in vitro, suggested that the inhibition
of ODCase might be its mechanism of action. Plasmodium species rely
entirely on UMP synthesis for their pyrimidine requirements as they

are unable to salvage pyrimidines or their nucleosides and therefore
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this pathway offers several opportunities for the design of new.
antimalarial drugs (Sherman 1979).

A functional pathway of de novo pyrimidine synthesis has also
been demonstrated in various Babesia species (Gero and Coombs 1982b;
Gero et al. 1983; Holland et al. 1983). CPS, ATCase and DHOase all
are soluble, with the former being unstable. DHODHase is particulate
and is inhibited by respiratory chain inhibitors (Gero and Coombs
1982b); it seems likely that it is associated with the respiratory
chain to which it passes electrons via ubiquinone. OPRTase and
ODCase are soluble and neither activity was inhibited by allopurinol
or oxipurinol. It remains to be determined whether the first three

enzymes or the last two enzymes exist as complexes or as separate

proteins.

pyrimidine biosynthesis in Theileria, Entamoeba and Acanthamoeba
species.

The regulation of pyrimidine nucleotide biosynthesis in
microorganisms has been extensively studied. It appears to be
mediated by inhibition of the first two enzymes, CPS and ATCase, by
CTP or UTP and also by repression or depression of the synthesis of
individual enzymes. There are some data on the regulation of
pyrimidine biosynthesis in a few parasitic protozoa. For instance,
in T. gondii ATCase does not appear to be the controlling enzyme of
the pathway as it is relatively insensitive to feedback inhibition by
UTP and CTP (Asai et al. 1983). Similarly, the lack of inhibition or
stimulation by pyrimidine nucleotides of the ATCase of Plasmodium
berghei suggests that CPS could be the point of metabolic control in

this parasite (Hill et al. 1981b). In P. faleciparum, CPS, which
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utilises glutamine more effectively than ammonia, appears to be a

locus of control as it is inhibited by UTP (Gero et al. 1984),

2.3.3. Pyrimidine salvage

As described above, most groups of parasitie protozoa can
synthesise pyrimidines de novo. Nevertheless, most parasitic
protozoa so far studied also have some salvage pathways. The
importance of these pathways as a source of pyrimidine nucleotides,
or their role in the regulation of the cellular concentrations of
these nucleotides, varies greatly. The evidence for the existence of
the salvage pathways comes mainly from studies demonstrating the
incorporation of radioactive uracil, uridine, cytosine, cytidine,
thymine and thymidine into nucleic acid pyrimidines and also from the
isolation and characterization of the enzymes involved in pyrimidine
salvage. These are shown schematically in Fig. 4. The pyrimidine
nucleosides can be cleaved by pyrimidine nucleoside phosphorylase or
pyrimidine nucleosidase (hydrolase) to their correspondent bases and
ribose-l-phosphate. Thymidine phosphorylase is present in most cell
types (Peters and Veerkamp 1983). Pyrimidine nucleoside
phosphorylase also occurs in some bacteria and can catalyse the
synthesis of pyrimidine nucleosides from bases and ribose-l-phosphate
(Neuhard 1983). The pyrimidine nucleosides can also be converted by
pyrimidine nucleoside kinase to their nucleotides. The other route
for the synthesis of UMP is by uracil phosphoribosyltransferase
(UrPRTase) from uracil and PRPP. In most organisms, the only route
for cytosine utilisation is by deamination to uracil catalysed by
cytosine deaminase. The search for cytosine deaminase in a variety
of parasitic protozoa has so far proved negative, whereas the enzyme
of other microorganisms has been well studied (Neuhard 1983).

Cytidine deaminase is another enzyme that occurs in some cells, this
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Fig. W. Salvage and interconversion of pyrimidines. Enzymes: 1,
cytidine deaminase (EC 3.5.4.5); 2, cytosine deaminase (EC 3.5.4.1);
3, nucleosidase (EC 3.2.2.8) or phosphorylase (capabolic) EC 2.4.2.3,
EC 2.4.2.4); 4, phosphorylase (anabolic) (EC 2.4.2.3); 5,
Jucleoside kinase (EC 2.7.1.48, EC 2.7.1.21); 6, deoxyeytidine
kinase (EC 2.7.1.74); 7, nucleotidase (EC 3.1.3.5); 8,
phosphoribosyltransferase (EC 2.4.2.9.); 9, nucleoside-5-
monophosphate kinase (EC 2.7.4.14); 10, nucleoside-5'-diphosphate
kinase (EC 2.7.4.6); 11, CTP synthetase (EC 6.3.4.2); 12,
deoxycytidylate deaminase (EC 3.5.4.12); 13, ribonucleotide

reductase (EC 1.17.4.1); 14, thymidylate synthetase (EC 2.1.1.45).
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deaminates cytidine/deoxyctidine to uridine/deoxyuridine which can

then be utilised for UMP/dUMP synthesis.

2.3.3.a. Trypanosomatids

Rubin gt al. (1962) and Momparler and Jaffe (1965) studied the
utilisation of pyrimidines by T. equiperdum and found that uracil is
readily incorporated into nucleic acids possibly via UrPRTase.
Gutteridge and Gaborak (1979) reported that uracil is incorporated by
amastigotes at much lower rate than by epimastigotes and
trypomastigotes of T. cruzi. In confirmation of this finding,
UrPRTase was present in epimastigotes and trypomastigotes but could
not be detected in amastigote forms (Hammond and Gutteridge 1982).
These workers also reported that UrPRTase is soluble enzyme and quite

distinct from glycosomal OPRTase. UrPRTase has also been

demonstrated in cell free extracts of L. m. amazonensis, L.
tarentolae, C. fasciculata (Hammond and Gutteridge 1982) and C.

luciliae (Tampitag and 0'Sullivan 1986). The utilisation of uridine
for nucleic acid synthesis nas been reported for various trypanosomes
(Chang et al. 1978; Gutteridge and Gaborak 1979), leishmanial
species (Bachrach gt al. 1979; Mukkada gt al. 1985) and C.
fasciculata (Cosgrove et al. 1979). Uridine phosphorylase and
uridine nucleosidase have been detected in I. cruzi, I. brucei,
various leishmanial species, C. faseiculata, C. luciliae and
Herpetomonas species (Dewey and Kidder 1973; Koszalka and Krenitsky
1979; Hammond and Gutteridge 1982; Miller et al. 1984; Tampitag

and 0'Sullivan 1986; Hassan and Coombs 1986b). Uridine kinase was

not found in L. m. amazonensis, TI. cruzi, I. brucel (Hammond and

Gutteridge 1982) and C. luciliae (Tampitag and 0'Sullivan 1986).

Similarly T. equiperdum seems deficient in uridine kinase (Jaffe

1961) but it has been postulated, although with no experimental
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evidence presented, that C. fasciculaga have this activity (Dewey et
al. 1978). This enzymic deficiency in members of the Kinetoplastida
stands in contrast to the observation that uridine kinase is present
in most mammalian cells thus far studied (Kepler and Holstege 1982).
Thus, it appears that uridine utilisation by trypanosomatids is
likely to involve conversion to uracil via uridine phosphorylase or
nucleosidase with the uracil subsequently being converted to UMP by
UrPRTase. All forms of T. cruzi have been found able to utilize
cytidine for nucleic acid synthesis (Gutteridge and Gaborak 1979)
whereas T. equiperdum has extremely limited ability to incorporate
cytosine or cytidine (Momparler and Jaffe 1965)., Cytidine deaminase
is present in G. fasciculata and I. cruzi (Kidder 19814), leishmanias,

Herpetomonas and T. brucei (Hassan and Coombs 1986b). In addition,

——t—

cytidine nucleosidase is found in C. fasciculata (Dewey and Kidder
1973) and L. donovani (Koszalka and Krenitisky 1979). It has been
inferred that the inability of L. tropica and L. donovani to utilise
deoxycytidine is due to lack of deoxycytidine kinase (Konigk 1976).
This contrasts markedly with the situation in I. gambiense, where the
uptake of deoxycytidine is significant (Konigk 1976). Thymidine but
not thymine is utilised effectively by most trypanosomes for nucleic
acid synthesis (Pizzi and Taliaferro 1960; Al Chalabi and Gutteridge
1977a; Cosgrove et al. 1979; Gutteridge and Gaborak 1979; Lafon gt
al. 1982; Mukkada et al. 1985). Thymidine phosphorylase is reported
to be present in various trypanosomes but not C. oncopelti (Al

Chalabi and Gutteridge 1977a), leishmanias, Herpetomonas and C.

fasciculata (Hassan and Coombs 1986b). Of the range of
trypanosomatids studied, only L. m. mexicana promastigotes and C.
fasciculata have been found to contain thymidine nucleosidase (Hassan

and Coombs 1986b). Thymidine kinase has been observed in I. b.

rhodesiense, and to be controlled by feedback inhibition from TTP
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(Chello and Jaffe 1972), whereas L. donovani has been found to

contain thymidine phosphotransferase instead (Krenitsky et al. 1980).

2.3.3.b. Trichomonads
Pyrimidine salvage becomes indispensable for trichomonads as
well as Giapdia as they apparently lack de novo pyrimidine

biosynthesis (Wang 1983). Trichomonas vaginalis (Wang and Cheng

1984b; Heyworth et al. 1984) and Tritrichomonas foetus (Jarrol et

al. 1983; Wang et al. 1983b) can incorporate uracil, uridine,

cytidine and thymidine into pyrimidine nucleotides. Cytosine and

thymine are not incorporated. Whereas uracil is most effectively

utilised by TI. foetus, uridine and cytidine are preferentially

——

utilised by Trichomonas vaginalis. Both parasites are able to

incorporate thymidine into DNA, possibly via particulate thymidine
phosphotransferase (Wang 1983) although this enzyme was not found in
a different strain of TI. vaginalis (in another study) (Miller and
Linstead 1983). The apparent absence of thymidylate synthetase in
trichomonads (see section 2.3.5.) makes thymidine phosphotransferase

essential for DNA synthesis and so an attractive target for

chemotherapeutic attack. Tritrichomonas foetus has very high
UrPRTase activity which enables incorporation of uracil into UMP as

one major pyrimidine salvage pathway; Trichomonas vaginalis,

however, has very little of this activity. UrPRTase seems to be of

crucial importance to the Tritrichomonas foetus for it has been

observed that 5-flourouracil, which specifically inhibits this

enzyme, is an inhibitor of growth of I. foetus in vitro (Wang et al.

1983b). It seems most likely that the incorporation of uridine and
cytidine into T. foetus takes place either through a
phosphotransferase or the prior conversion to uracil by the actions

of uridine phosphorylase and cytidine deaminase (Wang 1983). It has
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been reported that uridine kinase was also found in extracts of T.
foetus (Jarrol et al. 1983), suggesting the existence of an another
route for converting uridine to UMP, although this was not confirmed
by Wang et al (1983b). Indeed, published results indicate that there
are several distinct differences in pyrimidine salvage between

strains of trichomonads. For instance, Trichomonas vaginalis strains

ATCC 30001 (Wang and Cheng 1984b) and Bushby (Miller and Linstead
1983; Heyworth et al. 1984). Pyrimidine nucleoside
phosphotransferase are reported to predominate in the former whereas
pyrimidine nucleoside kinases are present in the latter. Uridine
kinase has been recently isolated from both strains. The results
Support the previous work on the Bushby strain as it has been shown
that the enzyme does not phosphorylate thymidine (Miller and Miller
1985b). It is yet to be determined whether these discrepancies can
be explained by differences in growth conditions or analytical

methodology or are true strain differences.

2.3.3.c. Giardia lamblia

The means of pyrimidine salvage in G. lamblia.are very similar
to those of trichomonads in that uracil and thymidine are salvaged
predominantly by UrPRTase and thymidine phosphotransferase,
respectively, to supply necessary nucleotides for the parasites
(Lindmark and Jarrol 1982; Aldritt et al. 1985b). Uridine and
cytidine may also be degraded to uracil through the actions of
uridine nucleosidase and cytidine deaminase before utilisation for
nucleotide synthesis. Uracil and uridine may also be converted to
cytosine nucleotides probably via CTP synthetase. The major

differences in pyrimidine salvage between G. lamblia and trichomonads

seems to be that Giardia contains cytidine nucleosidase and cytosine

PRTase activities.
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2.3.3.d. Amoebae

Autoradiographic studies have shown that E. histolytica can
incorporate thymidine and uridine into DNA and RNA, respectively
(Albach et al. 1966; Sharma gt al 1969). Booden et al. (1976) have

——

also shown that E. histolytica can incorporate cytidine, uracil,
cytosine and thymine into nucleic acids. It was also reported that
uridine and cytidine are taken up by the amoeba by a carrier-mediated

transport system whereas uracil, cytosine, thymine and thymidine

enter via passive diffusion (Booden e 1. 1978). Acanthamoeba

species have also been shown to incorporate uridine and thymidine
into their nucleic acids (McIntosh and Chang 1971; Jantzen 1974),
As yet, however, there have been no reports on the pyrimidine salvage

enzymes that occur in these amoebae.

2.3.3.e. Toxoplasma gondii

Studies on I. gondii growing in mutant host cells defiecient in
pyrimidine salvage activities showed that the parasite incorporated
uracil, uridine and deoxyuridine (Pfefferkorn 1981). Siwmilarly it
was shown that labelled thymidine and cytidine were incorporated into
parasite nucleic acid (Perrotto et al. 1971; Yoneda gt al. 1974b).
It has been suggested that uracil and uridine enter the nucleotides
of T. gondii through the action of UrPRTase (Pfefferkorn 1978) and
uridine kinase (0'Sullivan et al. 1981), respectively. Uridine
phosphorylase has also been detected in extracts of I. gondii

(Pfefferkorn and Pfefferkorn 1977).

2.3.3.°f. Eimeria species

Little is known about pyrimidine salvage in Eimeria species.
Unfortunately, no information is yet available about pyrimidine

salvage enzymes in Eimeria species. Autoradiograpnic experiments
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with Eimeria-infected host cells revealed incorporation of uridine
and cytidine but not thymidine into the nucleic acids of the parasite
(Roberts et al. 1970; Ouellette et al. 1973). It is possible that
uridine becomes phosphorylated when it enters eimerian parasites, and
then may be incorporated directly into RNA or may be reduced and then
dephosphorylated to yield deoxythymidylic acid, thus methylation of
the latter would result in thymidylic acid avialable for DNA
synthesis (Ouellette et al. 1974). However, these findings could
suggest a possible key role of uridine for pyrimidine nucleotide
synthesis by Eimeria. Interestingly, many uridine analogues exhibit
activity against Eimeria species (Ryley et al. 1974; Matsuno et al.

1984; Kobayashi et al. 1986).

— ——

2.3.3.g. Plasmodium species

There is now ample evidence to suggest that Plasmodium species
are unable to utilise preformed pyrimidine bases and nucleosides and
must, therefore, obtain them by de novo synthesis (Sherman 1979). It
has been reported that of a variety of radiocactive pyrimidines tested
(uracil, uridine, cytosine, cytidine, thymine and thymidine) none was
utilised by the intraerythrocytic form of the parasite (Bungener and
Nielson 1967; Walsh and Sherman 13968; Gutteridge and Trigg 1970; Van
Dyke et al. 1970; Lantz et al. 1971; Neame et al. 1974). Konigk

(1976) found that the uptake of deoxycytidine by P. chabaudi-infected

erythrocytes could possibly occur via deoxycytidine kinase; this
pathway could provide deoxycytidylate which becomes deaminated to
deoxyuridylate, the substrate of the thymidylate synthetase. Most
recently, Reyes et al. (1982) presented evidence that P. falciparum

apparently lacks uridine-cytidine kinase, deoxycytidine kinase,

thymidine kinase, and c¢ytidine deaminase for salvage of pyrimidine
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nucleotides, thereby confirming that the salvage of pyrimidine bases
and nucleosides pathway is not occurring. UrPRTase was detected, but

at a very low activity level.
2.3.3.h. Piroplasms

Irvin and colleague (1978, 1979) reported that murine species of

Babesia (B. microti and B. rodhaini) incorporated labelled uridine

r
AR 33 .13

and thymidine into nucleic acids to a greater extent than bovine
species (B. divergens and B. major). This implies that the murine
strains rely more on salvage pathways for their pyrimidine
requirements, whereas de novo synthesis is more important in the
bovine strains. 1Irvin and Stagg (1977) also reported that the
incorporation of thymidine into I. parva was high enough to predict
the presence of thymidine kinase; uridine was also incorporated but
without evidence of specific localisation. As yet,however, there

have not been any reports on the occurrence of pyrimidine salvage

enzymes in Babesia and Theileria species.

Rt e A el

2.3.3.1. Tetrahymena species

The inability of T. pyriformis, to synthesize the pyrimidine
ring makes them dependent upon an exogenous supply of pyrimidine for
growth (Hill 1972). Extensive examination of the enzymes in I,
pyriformis extracts revealed the presence of highly active
cytidine/deoxycytidine deaminase, thymidine phosphorylase,
uridine/deoxyuridine phosphorylase, UrPRTase and thymidine kinase
activities. 1In contrast cytidine-uridine kinase and cytosine PRTase

could not be detected (Hill and Chambers 1967; Hill 1972; Wykes and

Prescot 1968; Yuyama et al. 1979).
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2.3.4, Interconversion of pyrimidine nucleotides

The pathways for UMP biosynthesis (whether synthesized de novo
or via salvage of preformed pyrimidine bases and nucleosides)
represent only the first of three equally important phases of
nucleotide biosynthesis. A second phase consists of the conversion
of UMP to UTP and CTP, whereas the third phase involves the formation
of deoxyribonucleotides. Once UMP is available, it can be
phosphorylated by kinases through UDP to UTP in a two step reaction
involving ATP as the phosphoryl donor. UTP is then aminated to CTP
by the enzyme CTP synthetase which utilises glutamine (mammals) or
ammonia (bacteria) as the amine donor.

As yet, no direct information is available on CTP synthetase in
parsitic protozoa. Although there are no reports on the presence of
this enzyme in trypanosomes or Leishmania, it has been shown that

both UTP and CTP are produced (Hammond and Gutteridge 1984; Marr and

Berens 1985). Similarly for Trichomonas vaginalis (Heyworth et al.

1984) and Tritrichomonas foetus (Wang et al. 1983b), incubation of

cells with either (3H) cytidine or (3H) uridine resulted in labelling
of both uracil and cytosine nucleotide pools which, together with the
finding of cytidine deaminase, suggests that CTP synthetase 1is
present in these parasites.

A continuous and balanced supply of deoxyribonucleoside
triphosphates is required during DNA synthesis. In mammalian cells,
these are produced by the reduction of ribonucleotides. This
reduction occurs at the ribonucleoside diphosphate level and is
catalysed out by ribonucleoside diphosphate reductase (Thelander and
Reichard 1979). This reaction requires thioredoxin, thioredoxin
reductase and NADPH as a cofactor (Fig. 5). In some bacteria; such

as Lactobacillus leichmannii, the reduction of ribonucleotides is

catalysed by a single complex protein which reduces all four
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naturally occurring ribonucleoside triphosphates (ATP, CTP, UTP, and
GTP) to their corresponding 2'-deoxyribonucleoside triphosphates
(dATP, dCTP, dUTP and dGTP) (Mollgaard and Neuhard 1983). This
enzyme has an absolute requirement for 5'-deoxy-5-adenosylcobalamine
(coenzyme B12) and can use lipoiec acid or dithiothreitol or
thioredoxin as reducing agents.

There 1s 1little known about the formation of
deoxyribonucleotides in parasitic protozoa. Some evidence has been
obtained for some parasites indicating that the reduction occurs at
the diphosphate level. Ribonucleoside diphosphate reductase has been
shown to be present in T. foetus (Wang 1983) and constitutes the
first report of this enzyme in any parasitic protozoa. The enzyme is
not dependent upon coenzyme B12 and also is insensitive towards
hydroxyurea (Wang 1983) with the latter not effecting the parasite's
growth. Hydroxyurea, however, is a specific inhibitor of most
ribonucleoside diphosphate reductases, and its addition to growing
cultures of C. fasciculata (Cosgrove et al. 1979) and TI. gondii
(Kasper and Pfefferkorn 1982) resulted in a rapid inhibition of the
cell division in these organisms. Hydroxyurea also inhibits the
growth of L. tarentolae (Simpson and Braly 1970) and I. b. brucei

(Brun 1980) and growth and transformation of L. m. mexicana (Hart et

al. 1981). These tentative conclusions about the presence of the

——

enzyme, however, must be confirmed by direct enzyme assays. 1In

contrast to I. foetus, Trichomonas vaginalis lacks ribonucleoside

diphosphate reductase but contains instead deoxyribonucleoside
phosphotransferase (Wang and Cheng 198%a). This enzyme can transfer
the phosphate group from Q—nitrophenylphosphate to thymidine,
deoxyadenosine, deoxyguanosine and deoxycytidine with the formation

of TMP, dAMP, dGMP and dCMP, respectively (Wang and Cheng 1984a),
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The enzyme has an estimated molecular weight of 200,000 daltons,
apparent K, values of 2-3 mM for the four deoxyribonucleosides

and optimal activity in the range pH 5.0-6.0. It seems likely
that this enzyme may provide the main mechanism for supplying T.
vaginalis deoxyribonucleotides and so provides a good target for

antitrichomonial chemotherapy (Wang and Cheng 1984a).
2.3.5. Biosynthesis of thymine nucleotides

The formation of thymine nucleotides is a strategically
important part of the complex of metabolic events which provides
nucleotide building blocks for DNA replication. The strategic
importance and the complex reactions leading to thymidylate have led
to suggestions that DNA synthesis may be influenced or even regulated
through such reactions. Deoxythymidylic acid (TMP) is formed from
deoxyuridylic acid (dUMP) by the enzyme thymidylate synthetase (TS)
(Fig. 6). 1In this‘reaction, a methylene group and two reducing
equivalents are transferred from 5,10-methylenetetrahydrofolate to
dUMP. The products are TMP and dihydrofolate. Regeneration of
tetrahydrofolate occurs in a reaction catalysed by dihydrofolate
reductase (DHFR) with NADPH as the electron donor. Thymidylate
synthetase and DHFR exist as a bifunctional protein in the

Irypanosomatidae (Al Chalabi and Gutteridge 1977b; Ferone and Roland

1980; Yaseen and Al Chalabi, 1980; Garrett et al. 1984),
Plasmodium species (Ferone et al. 1970, Pattanakitsakul et al. 1985)
and E. tepella (Wang et al. 1975; Coles et al. 1980; Garrett et al.
1984), whereas the enzymes from bacteria, yeast and mammalian cells
are distinet and readily separable (Blakley 1969). It has been
reported that [. major promastigotes, selected for resistance to the
DHFR inhibitor methotrexate or the TS inhibitor 10-propargyl-5,8

dideazofolate, overproduce the bifunctional TS-DHFR and show two
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distinet and uniform amplified regions of DNA (Coderre et al. 1983;

——

Beverly et al. 1984; Garvey et al. 1985; Washtein et al. 1985).
The bifunctional TS-DHFR has been purified to homogeneity from the
promastigotes of L. major and found to have two identical subunits of
molecular weight 55,000 daltons (Meek et al. 1985). The protein has
been found to be extremely susceptible %o proteolysis, which results
in selective destruction of TS activity and the generation of
fragments of 36,000 daltons and 20,000 daltons (Garvey and Santi
1985). The limited proteolysis does not separate the protein into
its two components (TS and DHFR), however, but rather it is cleaved
"at a highly vulnerable site of the TS sequence. Data from
proteolysis experiments, amino acid sequencing and nucleic acid
sequencing indicate that DHFR occurs on the N-terminal region of the
protein whereas TS is towards the carboxy terminal region (Garvey and
Santi 1985). In C. fasciculata, the resistance to methotrexate has
found to be associated with a decrease in the rate of transport of
the drug into the cell and not with amplification of the DHFR gene as
in the case of L. major (Dewes et al. 1986). On the other hand,
investigation of pyrimethamine resistance in Plasmodium species
revealed both an increased amount of DHFR as well as changes in its
kinetic properties (Ferone et al. 1970; Diggens gt al. 1970).
Recent evidence, however, 1indicates that the resistance to
pyrimethamine in P. chabaudi (Sirawaraporn and Yuthavong 1984) and in
P. falciparum (Walter 1986) is not correlated with an increase in

DHFR content but is most likely due to genetic changes leading to a

structurally different enzyme. Trichomonas vaginalis, Tritrichomonas

foetus and G. lamblia were found to lack TS and DHFR, which enables

them to grow normally in the presence of potent antifolates or TS

inhibitors such as methotrexate, pyrimethamine, trimethoprim and 6-
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azauridine (Wang 1983). Thymidylate synthetase and DHFR also could

not be detected in E. histolytica and E. invadens (Garrett et al.

1984) .
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Chapter 3

LEISHMANIA MEXICANA MEXICANA: PURINE METABOLISING ENZYMES OF

AMASTIGOTES AND PROMASTIGOTES

Published as: Hassan, H.F. and Coombs, G.H. 1985. Leishmania

mexicana mexicana: purine metabolising enzymes of amastigotes and

promastigotes. Experimental Parasitology, 59, 139-150.
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Culture promastigote and isolated amastigote farms of Leishmania m.

mexicanma have been surveyed for the presence of enzymes involved in
purine metabolism.  Quantitative but rot qualitative differences between
the enzymes of two forms were discovered. There were found to be
significant differences between the enzyme content of L.m.mexicana and
that reported for L.donovani. Extracts of both parasite forms of L.m.
mexicana were found to have higher adenine deaminase and guanine
deaminase than adenosine deaminase. There appeared to be two distinct
nucleosidases; ane active on nucleosides, the other cn deoxynucleosides.
Phosphorylase could be detected only in the catabolic direction. Nucleo-
tidases were present, but were more active on 3'- than 5 — nucleotides.
Phosphoribosyltransferase and nucleoside kinase activities were detected
in both forms. Nucleotide-interconverting enzymes were found to be
present, with IMP dehydrogenase being the most active. Cell
fractionation experiments revealed that, in the pramastigote, enzyme
separation within the parasite may play an important part in regulating

cellular purine metabolism.

Index Descriptors: Ileishmania mexicana mexicana, pramastigote,

amastigote; Protozoa, parasitic; Metabolism;

Enzyme; Purine.
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INTRODUCTION

All parasitic protozoa examined to date appear to be incapable of
synthesizing purine de novo and so are deperdent on salvage pathways
(Gutteridge and Coombs, 1977). This conclusion cames fram detailed
investigations of various forms of species of Trypanosam (Ceron et al.
1979; Gutteridge and Gaborak, 1979; Berens et _al. 1981; Gutteridge and
Davies, 1981; Fish et _al. 1982a, 1982b), Leishmania (Marr et al.1978;
Davies et al. 1983), Trichamonas (Heyworth et al. 1982; Miller ard
Lirxistead,l983;wangg_al.l983), Plasmodium (Walsh amd Sharman, 1968; Lukow
et al., 1973; Yamada ard Sherman, 1981; Reyes et al. 1982) and Eimeria
(Wang and Simashkevich, 1981).

There have been several reports on the occurrence and properties of
various purine metabolizing enzymes of the pramastigotes of the human

Pathogens leishmania donovani (Marr et al. 1978; Koszalka and

Krenitsky, 1979; Spector et al. 1979a;Konigk ard Putfarken, 1980: Nolan
and Kidder, 1980; Tuttle and Krenitsky, 1980; Kidder and Nolan, 1981;
Lafon et al. 1982, Spectar ard Jones, 1982; Gottlieb ard Dywer, 1983),
L.major (L.tropica) (Konigk, 1978; Konigk and Abdel Rasoul, 1978),

L.braziliensis and L.mexicana (Davies et al. 1983; Kidder and Nolan,

1979, 1982; Molan and Kidder, 1980). Very little has been reported,
however, on the enzymes of purine metabolism in the leishmanial amastigote,

Konigk amd putfarken (1980) inferred that there are stage-specific

differences in the AMP-catabolizing reactions of amastigotes and
Pramastigotes of I.donovani  amd this was confirmed by ILoocker
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et al. (1983), who also detected phosphoribosyltransferase and
nucleosidase activities in amastigotes of L.donovani. There have been mo
reports, however, on purine metabolizing enzymes of the amastigote of
L.m.mexicana ar other cutaneous leishmanias.

In this investigation, comparative studies were performed on
extracts of amastigotes and promastigotes of L.m.mexicana in arder to
characterise the enzymes irnvolved in purine salvage pathways. Special
emphasis has been placed on identifying differences between the two farms,
in an attempt to elucidate the special adaptations of the amastigote to
its enviromment in the mammalian host. Such important enzymes or
metabolic pathways ocould be targets for chemotherapeutic attack of this

parasite.

MATERIALS AND METHODS

Isolaticn, Cultivation and Fracticnation of Parasites.

Leishmania m.mexicana amastigotes were isolated fram cutaneous

lesions in female NIH mice (Hacking and Churchill, Buntingdon, Cambridge)
or CBA mice (Department of Zoology, University of Glasgow, Glasgow Gl12
800) by a method involving saponin lysis of contaminating erythrocytes and
ion exchange chramatography to remove leukocytes (Hart et al. 1981).
Pramastigotes of L.m.mexicana were grown in vitro in HOMEM medium
(Berens et al. 1976) with 10% (v/v) heat inactivated foetal calf serum
at 26 C as described previously (Narth and Coambs, 1981). Crude
hamogenates of parasites in 50 mM Tris, H 7.0, containing O.lmM DIT ard

(except for studies on phosphoribosyltransferase and kinase activities)
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ImM EDTA were cbtained by two periods of 15s sonication, separated by a
30s cooling period, using a MSE Soniprep 150. Hamogenates were
fractionated by centrifugation at 105,000 Xgat 4 C for 1 h and the
resultant supernatant used as source of the enzyme in all experiments
except where specified. With amastigotes, leupeptin was added at 100
pg/ml to the parasite suspension before sonication for sam experiments.To
investigate the subcellular localisation of enzymes, L.m.mexicana
pramastigotes were gently lysed by mixing with acid-washed alumina (sigma
type 305) and fractionated by differential centrifugation at 2100 Xg for
10 min, 15,800 Xg for 10 min and 240,000 Xg for 1 h as described
previously {Coarbs et al. 1982). The four fractions produced were frozen

and thawed three times to disrupt organelles and assayed for purine

salvage enzymes.

Enzyme analyses.
The canposition of the assay mixtures and the extinction

cocefficients used to calculate the enzyme activities are summarised in
Table I. All enzyme activities were assayed spectrophotcmetrically at 26 C.
The rate of change in absorbance resulting fram the conversion of
substrates to products was monitored at the appropriate wavelength using a
Pye Unicam SPB00 ultraviolet spectrophotameter at a full scale setting of
0-0.2 absorbance units. Final assay mixtures had a total volume of 1.0ml
and lcm pathlength quartz cuvettes were used. Reaction mixtures were
preincubated to 26 C and the reaction usually was started by the addition
of enzyme. All assays were carried out in triplicate in each experiment.
One unit of enzyme activity was defined as the amount of enzyme that will
catalyze the comversion of 1 mol of substrate to product per minute at

26 C. All specific activities were calculated with reference to sample
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TABLE 1

Spectrophotometric Assay Conditions

mM (NH,),SO,, 0.5 mM PEP,
0.2 mAf NADH, 0.125 U PK, 0.1
U LDH

Final
concentration Other constituent of am (mM~!
Enzyme EC Substrate (mM) reaction mixture® Product cm-iy* References
Adenine deaminase 3.5.4.2  Adenine 0.1 0.02 U XOD Urate 293 (10.6)
Guanine deaminase 3.5.4.3  Guanine 0.05 0.02 U XOD Urate 293 (8.4) Kalckar 19474
Adenosine deaminase 3.5.4.4  Adcnosine 0.1 0.005 U PNP, 0.02 U XOD Urute 293 (10.6) Kulckur 1947q
AMP deaminase w.u.A.o_ AMP 0.1 IMP 265 (~7.6) Kalckur 19476
Nucleosidase or 3.2.2.1 Inosine 0.5 0.02 U XOD Urate 293 (10.6) Koszulka and Krenitsky 1979
phosphorylase or
(catabolic)* 2.4.2.)  (r/d) Guanosine 0.05 Guanine 252(~4.4) Koszalka and Krenitsky 1979
(r/d) Adenosine 0.1 Adenine 255 (~2.0) Koszalka and Krenitsky 1979
Xanthosine 0.5 0.02 U XOD Urate 302 (5.6) Koszalka and Krenitsky 1979
Phosphorylase 2.4.2.1  Adenine 0.1 I mA{ R-I-P or dR-I-P, 0.4 U ADA Inosine 261 (—-6.4) Miller and Lindstead 1983
(anabolic) Hypoxanthine 0.1 I mAMf R-1-P or dR-1-P Inosine 249 (1.4) Miller and Lindstead 1983
Guanine 0.05 | mM R-1-P or dR-[-P Guanosine 255 (4.2) Miller and Lindstead 1983
Xanthine 0.1 I mM R-1-P or dR-I-P Xanthosine 248 (4.4) Miller and Lindstead 1983
Nucleotidase 3.1.3.6  3'-Nucleotide 2.5 100 mAf KCI, | mAf CoCl, Gottlieb and Dwyer 1983
3.1.3.5  5'-Nucleotide s 100 mAf KCI, 10 mM MgCl, Gottlieb and Dwyer 1983
IMP 0.25 5 mA MgSO,. 0.1 mM EDTA, 32  Urute 292 (11.5) Tuttle and Krenitsky 1980
maf (NH,)),SO,, 0.005 U PNP,
0.02 U XOD
Phosphoribosyltrans- 2.4.2.7 Adenine 0.1 5 mM MgSO,. | mM PRPP, buffer AMP 255 (3.3) Tuttle and Kreaitsky 1980
ferase (PRTase) pH 9.2 .
2.4.2.8 Guanine 0.05 S mM MgSO,, | mM PRPP GMP 255 (4.2) Tuttle and Krenitsky 1980
24.2.8 Hypoxanthine 0.1 5 mM MgSO,, | mM PRPP IMP 243 (2.2) Tuttle and Krenitsky 1980
. 2.4.2.22 Xanthine 0.1 5 mM MgSO,, | mM PRPP XMP 250 (3.9) Tuttle and Krenitsky 1980
Kinase 2.7.1.20 Nucleoside 0.1 25 mM KCl, 2 mM MgCl,, 0.2 mAM  Nuckotide 340 (- 18.66) Lindberg ef al. 1967
PEP, 0.2 mM NADH, | mM ATP,
0.125 U PK, 0.1 U LDH
2.74.3 AMP 0.1 As per nucleoside ADP 340 (—12.44) Lindberg es al. 1967
2.74.8 GMP 0.1 As per nucleoside GDP 340 (- 12.44) Lindberg er al, 1967
Adenylosuccinate lyase 4.3.2.2  Succino AMP 0.05 5 mM EDTA AMP 280 (~10.7)  Spcctor er al. 1979
GMP reductase 1.6.6.8 GMP 0.1 S mM DTT. | mAM EDTA, 0.1 mAf IMP 340 (—6.22)  Spector e ul. 19796
NADPH
. IMP dehydrogenase 1.2.1.14 IMP 23 0.1 M KCI, 0.28 mM NAD XMP 340 (6.22) Miller and Adamczyk 1976
Adeaylosuccinate 6.3.44 IMP 0.25 0.125 mAf GTP, S mM MgCl,, 8 S-AMP 280 (11.7) Spector e al. 19794
syathetase mAM KCI, 0.2 mM NADH, 0.125 :
U PK, 0.1 U LDH, 4 mM
aspartate’
GMP synthetase 6352 XMP 0.125 1.25 mM ATP. 10 mAf MgSO,. 60 GMP 340 (12.44) Spector et al, 1974

- Note. Abbreviations used as indicated under Materials and Methods.
* When not included otherwise, the buffer used was $0 m Tris~HCl.
¢ Wavelength monitored (extinction cocfTicient).

* In phosphorylasc assays, 20 mm sodium phosphate was added.
Y (rld) = ribo/deoxyribo.
7 50 ma Hepes bufler was used.
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protein and measured at fhe enzyme's pH optimum, except where indicated
otherwise. 2denine phosphoribosyl transferase (APRTase) was assayed at jo'3!
9.2 in order to eliminate interference fram adenine deaminase. The
apparent Kg's far same substrates were calculated by the Lineweaver-Burk
method.  Protein concentrations were estimated by the method of Lowry

et al. (1951) with bovine serum albumin as standard.

Enzyme namenclature.

A variety of names have been used by previous workers for what were
apparently the same enzymes activities. In this communication, the
following enzyme names are used throughout (alternatives used in the
literature are given in parentheses): adenine deaminase (adenase, adenine
aminchydrolase) ; guanine deaminase (guanase, guanine aminchydrolase) :
adenosine deaminase (adenosine aminchydrolase); AMP deaminase (AMP amino-
hydrolase) ; nucleosidase (purine ribonucleosidase, nucleoside hydrolase,
nucleoside cleavage); phosphorylase (purine nucleoside phésphorylase); AMP
kinase (adenylate kinase); GMP kinase (guanylate kinase); adenylosuccinate
lyase (succino-AMP lyase, adenosuccinate AMP-lyase); GMP reductase
(quanylate reductase); IMP dehydrogenase (IMP: NAD+ oxidoreductase) ;
adenylosuccinate synthetase (succino-AMP synthetase, IMP: L-aspartate
ligase (GDP)) ard GMP synthetase (guanylate synthetase, XMP: IL~glutamine

amidoligase (AMP)).

Materials.
Purine bases, nucleosides, 2'- deoxynucleosides, nucleoside mono-
Phosphates,  D-ribose-l-phosphate (R-1-P), 2-deoxy-D-ribose-l-phosphate

(dR-1-P), MADH, phosphoenolpyruvate (PEP),S-phosphoribosyl-l-pyrophosphate
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(PRPP), bovi_ne. milk xanthine oxidase (XOD), calf intestine adenosine
deaminase (ADA), rabbit muscle pyruvate kinase (PK) ard lactate dehydro~
genase (LDH) were purchased fraom Sigma Chemical Qo. Ltd., Poole, Dorset,
U.K., NAD*, NADPH amd calf spleen purine nucleoside phosphorylase (PNP)
were purchased from Boehringer Mannheim Corp. Leupeptin was supplied by
the Protein Research Fourdation, Osaka, Japan. Other reagents were of
analytical grade and obtained from BDH Laboratory Chemical Division,

Poole, Dorset or Sigma Chemical Co. Itd., Poole, Dorset, U.K.

RESULTS

The specific activities at the pH optimm of . the various purine
salvage enzymes which were detected in high speed supernatant fractions of
pramastigote and amastigote forms of L.m.mexicama are given in Tables II
and III respectively. Higher activities of several enzymes were detected
in amastigotes lysed in the presence of 100 bg/ml  leupeptin than in
lysates produced in its absence. The lower activities in the latter
case presumably were due to inactivation of the enzymes by the amastigote
Proteinases that are present at very high activity (Coombs, 1982). It
has been suggested that inhibition of the amastigote proteinase by
leupeptin is a sensible precaution to take in many studies of amastigote

proteins (Pupkis and Coambs, 1984).

Deaminases.
e e

Adenine deaminase, guanine deaminase and adenosine d‘eaminase were
bresent in both pramastigotes and amastigotes, whereas AMP deaminase was
found only with small crganelle fractions of thg cell (see Table V ).

The activity of adenine deaminase was 5 times greater in the pramastigote
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TABLE I
Activities of Purine Salvage Enzymes in Promastigote Forms of Leishmania mexicana mexicana

Phosphorylase Phosphorylase

Deaminase Nucleosidase (catabolic) (anabolic) Kinase PRTase Nucleotidase
pH optimum a- b 7.0 ‘ 6.0 7.4 e
Adenine 156 + 8 (4) nd. <3(Q) 15+ 43 .
>aa=omm=n 1513 nd. <2(3) nd. <5Q) 47 =6 4)
Deoxyadenosine nd. <2Q3) nd. <5(Q3) 40+ 5 (6)
5'-AMP nd. <2Q3) 48 = 17 (3) 23 +2(3)
3'-AMP 70 = 6 (3)
dAMP 34 £ 173)
Hypoxanthine nd. <13(2) 55 = 6(3)
Inosine 172 £ 9 (6) 97 + 45 (4) 26 x4 (3)
Deoxyinosine 75 =5 (6) 1526 (3) 287 (3)
IMP 3Itx1 Q) 76 £ 7(@3)
dIMP 44 (2
Guanine ) 60 = 5(5) nd. <4 (2) 120 £ 9 (3)
Guanosine 101 x 21 (5) 17 = 11 (3) 276 (3)
Deoxyguanosine 60 = 6 (5) nd. <2(@3) 27 = 7 (3)
GMP 36 £ 12(2) 52 £ 6(3)
dGMP 40 x 17 (2)
Xanthine . nd. <4 (2 19 £ 2Q)
Xanthosine 524 (3) 34+ 1403) 24 =5 (3)
XMP 62 x6 (3) 24+ 1 (3)

Note. The activities given are in nmol min ™! mg protein~!, and are the means (= SD or range) from the number of experiments given in parentheses.
n.d., not detectable. -

¢ pH optimum for adenine deaminase was 7.4 and for guanine deaminase, 8.0; adenosine deaminase and AMP deaminase were assayed at pH 7.4.

* pH optimum for nucleosidase was $.$ and for deoxyribonucleosidase was 6.5.

€ Assayed at pH 6.8,

“ Assayed at pH 9.2.
¢ 5'-Nucleotidase assayed at pH 7.0; 3'-nucleotidase assaycd at pH 8.5. Activity in homogenate, assayed by the method of Gottlieb and Dwyer 1983.
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TABLEIII

Activities of Purine Salvage Enzymes in Amastigote Forms of Leishmania mexicana mexicana

Phosphorylase  Phosphorylase
Deaminase  Nucleosidase (catabolic) (anabolic) Kinase PRTase Nucleotidase
pH optimum . + 7.0 < 6.0 7.4 ‘
Adenine 45 = 11 (5V nd. <1Q) nd. <2@3)6 = 53¢
48 =703)
Adenosine 9+2@)Y nd.<3(3) ND/nd. < 4 (2) 4 =33y
8x2(4) 34+ 1003)
Deoxyadenosine nd. <3(3) ND/n.d. < 4 (2) 3207y
. 2 +£9(@3)
5'-AMP nd. < 0.7 (3) 2 0.6 12 = 1 3V
26 = 13(3) 13 £ 2(3)
3'-AMP 53 4y
54 +70)
Hypoxanthine nd. <6(2) nd. <2(3)16 = 5(4)
Inosine 85 + 42y ND/11 = 2(3) 2+ 0.1Q¥
87 = 7(@4) 13%6(2)
Deoxyinosine 86 = 143y ND/6 = 1 (3) 21y
89 = 13(3) 16 = 3(3)
IMP 16 = 1 ¥
15x1(Q)
Guanine 69 = 173V nd. <2(Q2) nd. <13Vl £9(3)
67 = 10 (3)
Guanosine 10 =1Q3yY ND/nd. <2(Q) 0.9 = 0.2 (2¥
10303 17 = 6 (3)
Deoxyguanosine 4303 ND/nd. < 2(2) 2 = 0.1y
: 19 = 6(5)
GMP 0.7 = 0.4 2¥ 17 = 1 2y
2x1(3) 14x1Q)
Xanthine . nd. <2(2) nd. <134 =3Q3)
Xanthosine 103 = 16 3Y ND/6 = 2(3) 3= 2Q¥
14823 12 +3Q)
XMp 17+ 2QY
12+1Q)

Note: For each enzyme, the first and second activities given are those detected in homogenate
of leupeptin (100 pg/ml), respectively. The act
“ pH optimum for adenine deaminase was 7
® pH optimum for nucleosidase was 5.5 and for deoxynucleosidase, 6.0.

.4 and for guanine deaminase, 7.0; adel

supernatants prepared in the absence and presence
ivities were assayed and presented as described in Table 11. n.d., not detectable; ND, not determined.
nosine deaminase and AMP deaminase were assayed at pH 7.4.

€ Assayed at pH 6.8.
< Assayed at pH 9.2.
¢ 5'-Nucleotidase assayed at pH 7.0; 3'-nucleotidase assayed at pH 8.5. Activity in homogenate, assayed by the method of Gottlieb and Dwyer 1983.
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than the amastigote, but the pH optimm remained the same ard the apparent
K, for adenine differed 1little: amastigote, 0.45 x 107 M; pramastigote,
0.50 x 10‘5 M. Guanine deaminase was similarly active in botii forms,
however  there were significant differences in the pH optimum and
apparent Km's for gﬁanine : amastigote, H 7.0, 10'5 M; promastigote, pii
8.0, 3 x 10-5 M.  The guanine deaminase activity declined sharply after
approximately 5 min incubation with both pranastigote and amastigote

samples.

Nucleosidases.

All of the ribonuclecsides and 2 ~de5xyribonucleosides tested,
with the exception of ribo- and deoxyriboadenosine, were cleaved to their
respective bases by extracts of L.m.mexicana pramastigotes. The ribo-
nucleosides were cleaved at Thigher rates than their corresponding 2'
—deaxyribonuclecside derivatives. Optimum activity was dboserved at pH
5.5 with inosine, guanosine and xanthosine as substrates ard at pH 6.5

with deoxyinosine and deoxyguanosine as substrates. The apparent Michaelis

S

- -5
constants for ribo- and deoxyriboinosine were 0.6 x 10 "M and 1 x 10 M

respectively, while that for guanosine was 0.2 x 107 M.

Nucleosidase and deoxynucleosidase of amastigotes were fourd to be
differemt fram the pramastigote enzymes in several respects. Firstly,
the activity with deoxyinosine as substrate was fourd to be optimal at pH
6.0 not pH 6.5. Secomdly, purine ribonucleosides and their corresponding
2 ~deoxyribonucleosides were found to be cleaved at very similar rates.
Thirdly, the hydrolysis of deoxyinosine, although initially rapid,
declined sharply after a few minutes, unlike the pramastigote activity.

Fourthly, the relative activities against different substrates was found
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to be xanthosine>inosine = deoxyinosine>guanosine>deoxyguanosine, whereas
with promastigote enzymes the activities were in the order of inosine>
guarosine>deoxyinosine>deoxyguanosinesxanthosine.  In absolute terms, the
rates of cleavage of inosine, guanosine, and deoxyguanosine were higher in
promastigotes  than amastigotes, whereas those of xanthosine and
deoxyinosine were higher in amastigotes. As with the promastigote, no
hydrolysis of ribo- and deoxyriboadenosine oould be detected with the

amastigotes.

Phosphorylases.

None of the purine bases tested were converted to their respective
ribonucleosides by the extracts of either parasite form in the presence of
either ribose-l-phosphate or deoxyribose-l-phosphate. These data indicate
that L.m.mexicana does not possess a phosphorylase activity in the
anabolic direction. To test the possibility that phosphorylase could play
a part in the cleavage of nuclecsides, the effect of phosphate (20mM) on
nucleoside hydrolysis was studied. Phosphorylase acting on inosine,
deoxyinosine and xanthosine was detected in both forms of the parasite,
although the rate was higher with the pramastigote. The phosphate-
dependent conversion of guanosine to guanine was detected only with the
pramastigote. No activity was detected for adenosine with either
a“‘aStiQOt&s or pranastigoﬁes. The pH optimm for phosphorylase was

significantly higher than for the nucleosidases.
Kinases.

Purine nucleoside kinase activity in extracts of pamastigotes was

optimal at pH 6.0. Magnesium icns were essential for enzyme activity,
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the rate of which was related to the concentrations of both Mg*™ ard ATP
(Fig.1). The highest enzyme rate was cbtained with 2 x 10 °M Mgtt amd 1073
M ATP. At lower concentrations of each, the activity was less, whereas
increases in the ATP ard Mg“ concentrations above these levels, either
singly or together, resulted in irhibition of the enzyme. The Michaelis
constants were determined to be 1.5 x 10 °M for adenosine and 1.0 x 107 %M
for ATP. Pramastigote adenosine kinase exhibited broad specificity with
respect to nucleoside triphosphate, though the activity was highest with
ATP as phosphate donor.

Extracts of amastigotes were assayed for adenosine kinase activity
using the conditions optimal for the promastigote enzyme. The activity
detected was same eight times greater in lysates produced in the presence
of leupeptin, suggesting that it protected the enzyme. Kinase activities
with inosine, guanosine, xanthosine and their respective deoxyribonucleo-
sides were detected in the amastigote. AMP and GMP kinase activities

also were present in both parasite forms (Tables II ard I1I).

Phosphoribosyltransferases.

Purine phosphoribosyltransferase (PRTase) activities were detected

in pramastigotes of L.m.mexicana. Parasite adenine deaminase activity

significantly interfered with the assay of adenine PRTase. To minimize

this, adenine PRTase was assayed at pH 9.2, where the adenine deaminase

activity was insignificant. The rates of activity detected with

different substrates was in the order guanine>hypoxanﬂ1ine>xanthme>

adenine. The activities were stimulated by divalent cations (5mM) and it

+ ++ ++ .
was fourd that Mg++ was more effective than Ma ~, Zn~ oOr Co' . It is

i i t
interesting to mote, however, that MSO4 (5mM), wnlike the other divalen
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cations tested, markedly increased the rate of change of absorbance of an
incubation mixture containing buffer, PRPP amd extract but ro purine base.
This endogenous activity made it impossible to measure, spectrophoto-
metrically, the precise purine PRTase activities in the presence of Mn*™.
PRTase activities were detectable in amastigote extracts only when
leupeptin had been used. Even then, the amastigote activities were
significantly lower than in the pramastigote (Tables II and III). The
relative rates of PRTase activities detected in amastigotes were

hypoxanthine>guanine>adenine>xanthine.

Nuclectidases.

5' - and 3' —Nucleotidase activities towards several substrates were
present in hamogenates of both pramastigotes and amastigotes (Tables II

and III).

Enzymes catalyzing purine nuclectide intercanversians.

Adenylosuccinate lyase, adenylosuccinate synthetase, IMP
dehydrogenase, GMP reductase and GMP synthetase were all detected in both
amastigotes and pramastigotes, although only when leupeptin was used were
the latter two enzymes detectable in amastigote extracts (Tablev). IMP
denydrogenase was the most active enzyme of the five in both forms of the
parasite. Pramastigote adenylosuccinate lyase was stimilated three fold
for adenylosuccinate

by S5mM EDTA, was most active at p 7.8 and had a Ky,

of 2.3 x 10°°M.

Subcellular localisation of enzymes.

The activities recovered in the various cell fractions of L.m.
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TABLE 1V
Specific Activities of Enzymes of Leishmania mexicana mexicana Involved in Interconversion
of Purine Nucleotides

Amastigote
Enzyme Promastigote — Leupeptin? + Leupeptin
Adenylosuccinate lyase 19 = 1(6) 4 +2(@3) 12 £ 6(9)
Adenylosuccinate synthetase 2 = 0.4 (6) 1 +03@4) 2050
IMP dehydrogenase 151 =12 (4) ) 17 £ 9(Q3) 56 = 10 (7)
GMP reductase ) 5+ 0.7() n.d. < 0.5(Q) 2 = 0.3(Q)
GMP synthetase 6x1(@Q) nd. <03®) 7+x503)

Note. The activities given are in nmol min~' mg protein~!, and are the means (= SD or range) from the
number of experiments given in parentheses. n.d., not detectable.

¢ Amastigotes were lysed in the presence or absence of leupeptin at 100 pg/ml.
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mexicana pramastigotes are shown in Table V . Adenine deaminase and
guanine deaminase activities were present mainly in the cytosolic
fraction. In ocontrast, AMP deaminase activity was detected only in the
small organelle fraction, whereas adenosine deaminase was recovered in all
fractions. The nucleosidases were mainly cytosolic. Nucleoside kinase
activities were recovered in all fractions, but the highest amounts were
in fractions Py and Py. In oontrast, most of GMP kinase was recovered in
the cytosolic fraction. Adenine PRTase was recovered in S but was not
detectable in any other fraction. Guanine PRTase also appeared to be
largely cytosolic, althouwgh a significant proportion was recovered in
fraction P,. IMP nucleotidase was found to be largely particulate with
more than 80% of the activity being recovered in the particulate
fractions. IMP dehydrogenase was detected in all fractions, with a large
proportion being in Py, the microsamal fraction, vwhereas adenylosuccinate

lyase was mainly cytosolic.

DISCUSSION
The pathways implicated with purine salvage in L.m.mexicana by
this study are shown in Fig.2. The results suggest that the differences
between amastigotes and pramastigotes probably are quantitative rather
than qualitative. The presence of highly active adenine deaminase,
guanine deaminase and nucleosidases points to the parasite xanthine and

hypoxanthine phosphoribosyltransferase activities being of central

importance to both developmental forms. This suggestion is supported by
the previous observation that L.m.mexicana amastigotes and pramastigotes

i ine i ts into their nucleic
incorporate exogerous hypoxanthine in large &amoun
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TABLE V
Distribution of Enzymes in Subcellular Fractions of Leishmania mexicana mexicana Promastigotes®

Percentage
Enzyme P, P, Py S recovery
Adenine deaminase 1035 53 4+08 81 =8 134 = 15
Guanine deaminase n.d.} n.d. nd. 100 n.a.od
Adenosine deaminase 2=+8 27 = 4 14 = 4 44 = 4 121 = 12
AMP deaminase n.d. 100 nd n.d. n.a.¢
Inosine nucleosidase 1 +09 <0.5 = 0.2 7%6 91 =7 110 =9
Guanosine nucleosidase B33 ' s5=4 <208 8l =5 128 = 35
Adenosine nucleosidase n.d. n.d. n.d nd. n.aJ’
Xanthosine nucleosidase nd. n.d. n.d. 100 na’
2-Deoxyinosine nucleosidase nd. ’ nd. n.d. 100 nad
2-Deoxyguanosine nucleosidase 25 = 6 n.d n.d. 536 n.a.?
2-Deoxyadenosine nucleosidase n.d. n.d. n.d. n.d. n.af
Adenosine kinase 314 29+6 156 256 104 = 11
Inosine kinase 27+6 39+8 12+4 2=x6 107 =5
Guanosine kinase 304 30+4 15«7 245 127 = 12
Xanthosine kinase B=x6 33+6 1325 20=7 72 = 36
AMP kinase =S5 255 14 = 8 23 % 4 71 =16
GMF kinase 29 =11 93 5=1 58 = 12 91 %= 21
Adenine PRTase nd. nd. n.d. 100 n.a.f
Guanine PRTase 8§ +2 14 2 4+05 74 +6 98 + 28
IMP nucleotidase’ 236 36 x4 26 = 11 16 = 4 9 +7
IMP dehydrogenase 197 134 35+3 34 13 49 = 17
Adenylosuccinate lyase 2 =3 <8 %3 <5=0.5 66 = 0.9 126 = 44
Hexokinase/ 16 = 6 54 =7 14=5 12%6 97 = 10
Succinic dehydrogenase/ 43 = 24 35 = 26 23 = 14 <1 101 = 31
RNA/Protein/ 0.07 = 0.06 0.07 = 0.05 0.37 = 0.16 0.06 = 0.04 n.a.
Glucose-6-phosphate
dehydrogenase/ 6=6 6 =2 5x2 81 *6 98 =6

@ The figures (means = SD from three experiments) represent the activity present in each fraction as a

percentage of the total activity recovered.
5 n.d., not detectable.
< n.a., not applicable.
4 Activity not detectable in homogenates.
¢ Assayed by the method of Tuttle and Krenitsky 1980.
£ Data from Coombs er al. 1982
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(———) pathways not detectable. Key to enzymes: 1, adenine deaminase; 2, guanine deaminase; 3,
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15, adenylosuccinate synthetase; 16, GMP synthetase; 17, xanthine oxidase.

166



acids (Chéaldo ard Oodnbs, 1983). The nucleotides produced by the
activity of the phosphoribosyltransferases could be converted to AMP and
GMP by other enzymes present  (adenylosuccinate  synthetase,
adenylosuccinate lyase, IMP dehydrogenase and GMP synthetase) and so
incorporated into RWA and DNA. In this ‘respect, L.m.mexicana appears
to be similar to L.donovani (Locker et al. 1983) and several other
trypanosanatids studied (Berens et al. 1981; Cercn et al. 1979; Fish
et al. 1982a, 1982b; laFon et al. 1982; Marr et al. 1978). The pesent
study shows, however, that in various respects purine metabolism in
L.m.mexicana differs significantly fram that of L.dmovani.

Leishmania m.mexicana apparently differs quite oonsiderably fram

L.donovani in adenine and adencsine metabolism. L.daovani
amastigotes possess an active adenosine deaminase which catalyzes the
corversion of the nucleoside to inosine which can be metabolised
subsequently to hypoxanthine (Konigk and Putfarken, 1980; Looker et al.
1983). In contrast, L.donovani pramastigotes lack adenosine deaminase,
and, although adenine deaminase is present, the majar route for adenosine
metabolism is thought to be phosphorylation to AMP. It has been
postulated that the differences in metabolism of the two developmental

forms is related to the interpretation of envirormental signals (Konigk

and  Putfarken, 1980). Such stage-specific adenosine metabolism
apparently does not exist in L.m.mexicana. The presence in both

parasite forms of adenosine deaminase and adenosine kinase ard the
apparent absence of adenosine nucleosidase and  adenosine phosphorylase
suggests that exogerous adenosine, which is incorporated in large .amolmts

by both stages (Capaldo and Coarbs, 1983), is converted either to AMP by

adenosine kinase ar to hypoxanthine via adenosine deaminase and inosine
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nucleosidase. It is rot known how the differences between L.m.mexicana
and L.donovani are related to their respective enviromments; further
study is necessary to unravel this fascinating problem.

Two nucleosidases have been reported for L.donovani, cne specific
far ribonucleosides, the other for dJdeoxyribonucleosides (Koszalka and
Krenitsky, 1979). The evidence presented in this paper concerning the
relative rates of hydrolysis of ribonucleosides and deoxyribonuclecsides
in the two forms of L.m.mexicana and the pH optima with the different
substrates, together with the different sensitivities of the two
activities to a range of inhibitors (unpublished data), suggests that
L.m.mexicana also contains two distinct enzymes.

Leishmania m.mexicana appears also to differ from L.dmovani

with respect to nucleoside kinase activities. Unlike this latter organism
(Locker et al. 1983), activities were detected in L.m.mexicana with
all four purine nucleosides and, in addition, the specific activities
towards the different nucleosides were similar in both forms of the
parasite.

The absence .Of phosphorylase activity in the anabolic direction
suggests that purine bases can be salvaged only via phosphoribosyltrans-
ferases. Nucleosides other than aderosine could be cleaved by
nucleosidase or phosphorylase and the resulting bases then corverted to
their respective nucleotides by phosphoribosyltransferases.  The specific
activities of the phosphoribosyltransferases reported in this paper are
quite similar to the levels reported by Locker et al. (1983) for

L.donovani and the previous work with pramastigotes of L.donovani

(Tuttle and Krenitsky, 1980). The enzymes' requirement for divalent

cations -is similar to previous reports for xanthine
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phosphoribosyltransferase in L.mexicana (Kidder and Nolan, 1982). The
distribution profiles for adenine and guanine PRTases suggests that they
are distinct enzymes, as has also been fourd with L.donavani (Tuttle and
Krenitsky, 1980). The recovery of a significant proportion Vof guanine
PRTase in the P, fraction suggests that this enzyme may be associated with

glycosames as has been reported in Trypanosoma cruzi (Gutteridge and

Davies, 1982). Studies on the subcellular crganisation of PRTases in
L.m.mexicana involving separation of parasite fractions by isopycnic
centrifugation on linear sucrose gradients have demonstrated that
xanthine, guanine and hypoxanthine PRTase activities are present in
glycosomes hut adenine PRTase is not ( see chapter 4),

In contrast to observations with the pramastigotes of L.donovani,
adenylosuccinate lyase was foud to be nore active than adenylosuccinate
synthetase in both forms of L.m.mexicama (Spector et al. 1979b). The
level of GMP reductase was quite similar to that reported to be present in
L.donovani (Spector and Jones, 1982). There have been no previous
reports on the activity of IMP dehydrogenase in trypanosanatids. The
relatively high activity of the enzyme and its potentially key role in
synthesis of GMP make this an interesting enzyme for further analysis.
The apparent location of a significant part of this activity in the
microsamal fraction of L.m.mexicana, whereas the kinase activities and
IMP nucleotidase were present in the small organelle fraction amnd the
nucleosidases were found in the cytosol, suggests that there is separation

within the cell of at least same of the anabolic and catabolic enzymes

which would campete for the same substrates. It seems likely that such

separation plays an important role in regulating cellular purine

metabolism.
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Previous studies have deuwonstrated how differences in the
properties of leishmanial and host cell purine metabolizing enzymes may be
exploited in chemotherapy (Pfaller and Marr, 1974; Marr and Berens, 1977,
1983; Nelson, et al. 1979a, 1979%, 1982; Carson and Chang, 1981; Berman
et al. 1983, Rainy and Santi, 1983). It is the amastigote that is the
main target for antileishmanial drugs. The study reported in this paper
is the first stage in an investigation of L.m.mexicana amastigote

enzymes and their potential as targets in chemotherapy.
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Chapter 4

SUBCELLULAR LOCALISATION OF PURINE-METABOLISING ENZYMES IN

LEISHMANIA MEXICANA MEXICANA

Published as: Hassan, H.F., Mottram, J.C. and Coombs, G.H. 1985.

Subcellular localisation of purine-metabolising enzymes in Leishmania

mexicana mexicana. Comparative Biochemistry and Physiology 81B,
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Abstract -'1. Leishmania mexicana mexicana cultured promastigotes were

fractionated by isopycnic centrifugation on linear sucrose gradients.

2. Guanine, hypoxanthine and xanthine phosphoribosyltransferase
activities were found to be associated with glycosomes, whereas adenine
phosphoribosyltransferase was cytosolic.

3. 3'- and 5'- nucleotidases and IMP dehydrogenase were shown to be
particulate, the former two possibly being associated with the plasma
membrane, IMP dehydrogenase with the endoplasmic reticulum.

4. Nucleosidases and deaminases were found to be cytosolic.

5. The results demonstrate that intracellular separation of enzymes

could play a part in the regulation of the parasite's purine metabolism.

INTRODUCTION

Leishmanias have been found to lack de novo purine synthesis and require an
exogenous purine for growth (Marr et al. 1978). It has been shown that
Leishmania differ from mammalian cells in their ability to metabolise some
purine analogues through the salvage pathways, the enzymes concerned there-
fore provide opportunities for the development of new antileishmanial agents

(Nelson et al. 1979; Rainey and Santi, 1983). There have been several

reports on purine metabolism in various Leishmania species (Marr et al. 1978;

Koszalka and Krenitsky, 1979; Spector et al. 1979; Tuttle and Krenitsky,

1980; Lafon et al. 1982; Spector and Jones, 1982; Looker et al. 1983;

Hassan and Coombs, 1984, 1985), but as yet little attention has been paid to

the subcellular localisation of the purine-metabolising enzymes within the

. . . . : otes
cell. Investigations of Leishmania mexicana mexicana cultured promastigo
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by fractionation involving differential centrifugation showed that some
of the purine salvage enzymes were located in the particulate fractions
of the parasite (Hassan and Coombs, 1985). We have now extended these
studies by using isopycnic centrifugation and have elucidated the organ-
ellar localisation of many of the purine-metabolising enzymes of L. w.

mexicana promastigotes

MATERIALS AND METHODS

Promastigote growth and fractionation

. . . . . o
Leishmania mexicana mexicana promastigotes were grown at 26 C and harvested

as described previously (Coombs et al. 1982). The promastigotes (approximately
2x1010 cells per experiment) were washed, lysed with alumina and subjected

to isopycnic centrifugation using a linear sucrose gradient (1.15-1.24 g/ml)

as described by Mottram and Coombs (1985). The final gradient was recovered

in 2 ml fractions which were assayed for enzyme activities, the data being

analysed and represented as described previously (Mottram and Coombs, 1985).

Enzyme assays

All assays were carried out at 26°C. Adenine deaminase (EC 3.5.4.2.),
inosine and 2-deoxyinosine nucleosidase (EC 3.2.2.1), adenylosuccinate lyase
(EC 4.3.2.2) and IMP dehydrogenase (EC 1.2.1.14) were assayed spectrophoto-
metrically as described previously (Hassan and Coombs, 1985). 3'- and 5'-
nucleotidase (EC 3.1.3.6 and 3.1.3.5, respectively) were assayed colori-

metrically using the procedure described by Gottlieb and Dwyer (1983).

Purine phosphoribosyltransferases (PRTases) (adenine PRTase, EC 2.4.2.7;

guanine and hypoxanthine PRTase, EC 2.4.2.8; xanthine PRTase, EC 2.4.2.22)

were assayed radiochemically in an reaction mixture (total volume 150 ul)

3 . . -1
containing 50 mM Tris-HCl, pH 7.4, 0.1 mM (2-"H) adenine (50mCi mmol ~) or
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14 . . -1
(8-"7C) guanine (5mCi mmol ) or (G 3w hypoxanthine850mCi mmol 1y or

14 . . -1
(6-" C) xanthine(i8mCi mmol ), 1 mM sodium salt of 5- phosphoribosyl-1l-
pyrophosphate (PRPP), divalent cations as their sulphates 5 mM MgSOa for

guanine PRTase, 5 mM CoSO, for xanthine PRTase and 0.75 mM MnSO, for adenine

4
PRTase and hypoxanthine PRTase and an appropriate amount of enzyme to
catalyze nucleotide synthesis at a linear rate for the period of the in-
cubation. Reactions were initiated by the addition of substrate, incubation
was for 5 min (guanine PRTase), 10 min (adenine PRTase and hypoxanthine
PRTase) or 30 min (xanthine PRTase) and the reactions were stopped by heating
the reaction mixture in a boiling water bath for 3 min. The mixtures
subsequently were centrifuged at 2100 g for 5 min and the substrate and
product in 10 pl aliquots of the supernatants were separated by ascending
thin layer chromatography on PEl cellulose F precoated sheets using water for
the adenine PRTase assays (Rf values: adenine, 0.287; AMP, 0.0) and
potassium phosphate buffer, pH 6.8/saturated ammonium sulfate/n-propanol
(100/60/2, v/v) for the hypoxanthine PRTase, guanine PRTase and xanthine
PRTase assays (Rf values: hypoxanthine, 0.37; IMP, 0.67; guanine, 0.22;
GMP, 0.53; xanthine, 0.22; XMP, 0.47). 1In each case, 10nmol of nonradio-

active substrate and product were added..as carriers during TLC separation.

Spots corresponding to the purine base and 5'- ribonucleotide were visualised

under ultraviolet light, cut out and assessed for radioactivity using a

scintillation cocktail containing 0.35% (w/v) 2,5-diphenyloxazole, 0.005%

(w/v) 1,4-di-2-(5- phenyloxazolyl) benzene and 3% (v/v) Triton X100 in toluene

MATERIALS

- . . -1
(2-3H) Adenine, 24 Ci mmol }; (G-BH) hypoxanthine, 2.3 C1 mmol = and

(6-140) xanthine, 54 mCi mmol—l, were all obtained from Radiochemical Center,
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14 -
Amersham, England. (8- "G) Guanine hydrochloride, 55.5 mCi mmol 1, was
purchased from New England Nuclear, West Germany. PEI cellulose F precoated
sheets were obtained from BDH, Glasgow, Scotland. All other chemicals were

obtained from Sigma Chemical Co.Ltd., Poole, Dorset, England.

RESULTS

The distribution profiles of purine-metabolizing enzymes on the linear
sucrose gradients are presented in Figures 1 and 2. Appropriate marker

enzymes for different cell compartments in Leishmania mexicana mexicana

promastigotes (namely, glycosomal hexokinase, mitochondrial oligomycin-
sensitive ATPase and cytosolic pyruvate kinase (Mottram and Coombs, 1985))
are also included in these figures for comparison. Phosphoribosyltransferase
activities with guanine, hypoxanthine and xanthine banded at a density of
1.225-1.230 g/ml, similar to the glycosomal marker enzyme hexokinase. A
portion of each of these activities (29%, 33% and 4%, respectively) was
recovered in the cytosolic fractioms. In contrast, adenine PRTase was almost
entirely recovered in the cytosolic fraction. The distribution profiles of
3'- and 5' nucleotiéases were similar, with a peak of activity at 1.155-1.160
g/ml. Nucleotidase activity was detected in all the fractioms, however, which
was probably a reflection of some of the plasma membrane being spread through-
out the gradient, as has been shown by transmission electron microscopy
(unpublished). 1IMP dehydrogenase showed a prominant peak of activity at
1.160-1.165 g/ml. Inosine nucleosidase activity was mostly recovered in the
as were the activities of adenine deaminase and 2'-

cytosolic fractionm,

deoxyinosine nucleosidase (data not shown), whereas adenylosuccinate lyase

was mainly present in the cytosolic fraction but also showed a small but

distinct peak at 1.15-1.20 g/ml, the same density as the mitochondrial marker

oligomycin-sensitive ATPase
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Figs 1 and 2. Distribution profiles of enzymes in L. m. mexicana promastigote lysates after isopycnic

centrifugation on 1.24-1.15 g/ml linear sucrose gradients. The left hand axis represents the frequency of

the gradient (p = 1.24-1.15 g/m!) and the right hand axis represents the frequency of the soluble fractions

combined as one histogram bar (p = 1.15-1.07 g/ml). Histograms show the means (£ SE) from three

experiments. Mean percentage recoveries ranged from 81% (IMP dehydrogenase) to 105% (xanthine
PRTase).
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DISCUSSION

The finding that hypoxanthine and guanine PRTase activities are associated

with glycosomes in Leishmania mexicana mexicana promastigotes is in

agreement with the results of Gutteridge and Davies (1982) for Trypanosoma
SEEEi epimastigotes and so suggests that, in this respect, the organelles
from the two species are similar. This study, however, has established
for the first time that glycosomes contain xanthine PRTase and so adds
another enzyme to the lengthening list of those known to be present in
these trypanosomatid-specific organelles (Opperdoes, 1982). The pyrimidine
biosynthetic enzyme orotate PRTase has also been found to be associated with
the glycosomes of Leishmania promastigotes (Hammond and Gutteridge, 1982).
The relevance of the glycosomal location of purine and pyrimidine PRTases is
unclear, but the common requirement of the enzymes for PRPP suggests that
glycosomes may have a tramsport system for this compound or that the purine
PRTases may be located on the surface of the organelle as has been suggested
for orotate PRTase (Hammond and Gutteridge, 1983). The presence of these
enzymes in glycosomes, which have no counterpart in mammalian cells, make them
attractive targets in the development of new antileishmanial drugs.

Gottlieb and Dwyer (1983) reported the presence of 5'- and 3'- nucleotidase

activities on the plasma membrane of L. donovani, the latter enzyme being

thought of as a marker for this structure. Both 5'- and 3'- nucleotidases are

largely sedimentable in both amastigotes and cultured promastigotes of L. m.

mexicana ('seechapter six ). The recovery of the two nucleotidase activities
mexicalla

throughout the gradient suggests that upon cell lysis the plasma membrane was

disrupted into segments of different densities, although the peak activity at

1.155-1.160 g/ml suggests that the membrane segments were concentrated at this

density. The peaking of IMP dehydrogenase activity at the higher density of

1.160-1.165 g/ml suggests that it is not associated with the plasma membrane

and it appears likely that the enzyme is located in the endoplasmic reticulum,
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as has been described for higher eukaryotic cells (Wu and Scringeour, 1973).

The results suggest that in L. m. mexicana promastigotes there is

intracellular separation of some of the purine-metabolising enzymes and that
whereas the catabolism of purines and nucleosides occurs mainly in the cytosol,
the anabolic processes leading to nucleotides for RNA and DNA synthesis are
associated with cell organelles. Such a situation would mean that channelling
of purines, nucleosides and nucleotides between subcellular compartments is an

integral part of leishmanial purine metabolism.
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Chapter 5

PURINE PHOSPHORIBOSYLTRANSFERASES OF LEISHMANTA MEXICANA MEXICANA

AND OTHER FLAGELLATE PROTOZOA

Published as: Hassan, H.F. and Coombs, G.H. 1985. Purine
phosphoribosyltransferases of Leis mania mexicana mexicana and other

flagellate protozoa. Comparative Biochemistry and Physiology, 82B,

T73-779.
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Abstract - 1, Amastigotes and cultured promastigotes of Leishmania mexicana

mexicana and L. m, amazonensis, cultured promastigotes of L. donovani and

L. tarentolae, and the culture forms of Crithidia fasciculata, Herpetomonas

muscarum muscarum and H, m. ingenoplastis all possessed four phosphor ibosyl-

transferase (PRTase) activities: adenine PRTase, hypoxanthine PRTase,

guanine PRTase and xanthine PRTase.

2. The enzymes of L, m. mexicana required divalent cations for activity;

an+ or Co2+ produced maximal activity in most cases.

3. Hypoxanthine PRTase, guanine PRTase and xanthine PRTase from all

organisms were sedimentable in part, suggesting that they may occur within

glycosomes.

4, The enzymes of L. m, mexicana cultured promastigotes were inhibited by

a range of purine analogues.
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INTRODUCTION

Previous investigations have revealed that phosphoribosyltransferases

(PRTases) are the enzymes principally involved in the utilization of purines

by the two main forms of Leishmania mexicana mexicana (Hassan and Coombs,
1984, 1985) as has also been suggested for other Leishmania species and a
range of other parasitic protozoa (Wang, 1984), The finding of the presence
of highly active adenine deaminase, guanine deaminase and nucleosidases in

both amastigotes and promastigotes of L, m, mexicana (Hassan and Coombs,

1985) and promastigotes of other Leishmania species (Kidder and Nolan, 1979;
Konigk and Rasoul, 1978; Koszalka and Krenitsky, 1979; Marr et al., 1978;
Nolan and Kidder, 1980; Looker et al., 1983) further emphasised the
importance of hypoxanthine PRTase (dPRTase) and xanthine PRTase (XPRTase) to
these parasites. Leishmanial HPRTase is an especially interesting enzyme
because it metabolises allopurinol to its ribotide, which accumulates in
large quantities in the parasite and is responsible for the antileishmanial
activity of this drug (Tuttle and Krenitsky, 1980; Nelson et al.,, 1979). In
contrast, allopurinol is a poor substrate for mammalian HPRTase and its
ribotide is produced only in minute quantities within the cells (Nelson et
al., 1973). The existence in leishmanial parasites of XPRTase, an enzyme
not found in mammalian cells, makes it another potential target for
In our previous studies on PRTases, it was shown

antileishmanial agents.

that guanine PRTase (GPRTase), HPRTase and XPRTase were associated with the

glycosomes of promastigotes of L. m. mexicana (Hassan et al., 1985), as has

been reported also for epimastigotes of a related trypanosomatid Trypanosoma

cruzi (Gutteridge and Davies, 1982), We have extended these studies by

investigating the enzymes of L. m. mexicana amastigotes and promastigotes

with respect to divalent cation requirements and sensitivity to purine

analogues and compared these enzymes with those in a variety of other

trypanosomatids.
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MATERIALS AND METHODS

Isolation, cultivation and fractionation of parasites

Amastigotes of L, m. mexicana (M379) and L. m. amazonensis (LV78) were
isolated from cut‘aneous lesions in female CBA mice (Department of Zoology,
University of Glasgow, Glasgow G12 80Q) and balb/c mice (Liverpool School of
Tropical Medicine), respectively, as described by Hart et al, (1981).
promastigotes of L, m, mexicana (M379), L. m, amazonensis (LV78) and L.
donovani (IV9) were grown in vitro at 26°C in HOMEM medium (Berens et al.,

1976) with 10% (v/v) heat inactivated foetal calf serum as described

previously (North and Coombs, 1981), Leishmania tarentolae, Crithidia

fasciculata (Anopheles strain ATCC 11745), Herpetomonas muscarum muscarum

(ATCC 30260) and H., m. ingenoplastis (ATCC 30269) were grown at 26°C in LIT

medium with 10% (v/v) heat inactivated foetal calf serum (Camargo, 1964).
Gentamicin sulphate was added at 25 pg/ml to all culture media to inhibit
bacterial growth, Parasites were harvested by centrifugation at 3.000 X g
2t 4°C for 10 min and washed twice in 50 mM Tris-HCI buffer, pH 7.4,
containing \0,1 mM dithiothreitol, For most studies, the pelleted cells were
suspended in 2 ml of the above buffer and lysed by sonication for two
periods of 15 s, separated by a 30 s cooling period, using a MSE Soniprep
150 fitted with an exponential probe at 4 n amplitude. The crude
homogenates produced were fractionated by centrifugation at 105,000 X g at
4°Cc for 1 h and the resultant pellets were resuspended in the above buffer
to the volume of the supernatant fraction, With amastigotes, the proteinase
ed at 100 pg/ml to the parasite suspension before

inhibitor leupeptin was add

sonication for some experiments. To study the subcellular localisation of

enzymes, L. m, mexicana promastigotes were gently lysed with alumina and

fractionated by differential centrifugation exactly as described previously

(Coombs et al., 1982).
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Analytical methods

The standard assay conditions for the PRTases, which were used except
were stated otherwise, were as follows: Adenine PRTase (APRTase EC
2.4,2,7), 50 mM Tris-HCI, pH 7.5, 0.75 mM MnSO4, 1 mM PRPP, C.1 mM (2-
34)adenine (50 mCi mmol™1); GPRTase (EC 2.4.2,8), 50 mM Tris-HCI, pH 8.0, 5
mM MgSOy, 1 mM PRPP, 0.1 mM (8—14C)guanine (5mCi mmol"l); HPRTase (EC
2.4,2.8), 50 mM Tris-HCI, pH 9.0, 0.75 mM MnSO4, 1 mM PRPP, 0,1 mM (G-

3 . . -
H)hypoxanthine (850mCi mmol™l); XPRTase (EC 2.4.2.22), 50 mM Tris-HCl, pH

8,0, SmM CoSO4, 1 mM PRPP, 0.1mM (6—14C) xanthine(18 mCi mmol—l). Assay

mixtures had, unless otherwise specified, a final volume of 100 nl and
contained an amount of extract sufficient to catalyse nucleotide synthesis
at a linear rate for the period of incubation. The reaction was routinely
preincubated with PRPP at 26°C for 5 min before the reaction was initiated
by the addition of purine base. Control assays were run without PRPP.
Incubation was at 26°C for 5 min (GPRTase) or 10 min (APRTase, HPRTase and
XPRTase) and the reaction was stopped by heating the reaction mixture in a
boiling water bath for 3 min. The resultant precipitated protein was
removed by centrifugation at 2100 X g for 5 min and aliquots (10 pl) of the
supernatant were spotted on to PEI cellulose F sheets in the presence of 10

nmol of purine base and corresponding 5'—ribonucleotide as carriers.

Plates were developed by ascending chromatography in water (Eor AMP

formation) or in 0.1 M potassium phosphate buffer, pH 6.8/saturated

(NH4)2504/n—propanol (100/60/2 (v/v)) (for GMP, IMP and XMP formation). The

carrier spots were visualised with ultraviolet light, they had the following

Re values: adenine, 0.29; AMP, 0.0; guaninz, 0.22; GMP, 0.53; hypoxanthine,

0.37; IMP, 0.67; xanthine, 0.22; XMP, 0.47. The spots of the chromatograms

containing the purine and 5'-ribonucleotide were cut out and counted for

radioactivity using a scintillation cocktail containing 0.35% (w/v) 2,5

diphenyloxazole, 0.005% (w/V) l,4—di—-2—(5—phenyloxazoly1)—benzene and 3%

(v/v) Triton X100 in toluene. One unit of enzyme activity was defined as
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the amount of enzyme that catalyses the conversion of 1 nmol. of substrate
to product per min,

PRTase activities were determined at a range of pH obtained using the
following buffers: potassium phosphaté, 50 mM (pH 6.0-7.0); Tris-HC1l, 50 mM
(pH 7.0-9.0) and CHES, 50 mM (pH 9.0-9.8). The apparent K s for substrate
and PRPP were calculated by the Lineweaver-Burk method, For inhibitor
studies, the extract was preincubated with the inhibitor for 10 min at 26°C
and the assay were carried out as described above. Inhibition is expressed
as the % reduction in activity compared with the activity under standard
conditions., PRTase activities of flagellate protozoa other than L. m.
mexicana were measured under the standard assay conditions.

Adenine deaminase (EC 3.5.4.2) was assayed spectrophotometrically at
26°C as described previously (Hassan and Coombs, 1985). Protein

concentrations were estimated by the method of Lowry et al., (1951) with

bovine serum albumin as standard,

Materials

(2—3H) Adenine, 24 Ci mmol-l, (G-3H) hypoxanthine, 2.3 Ci mmol™t and
(6—14C) xanthine, 54 mCi mmol_l, were obtained from Amersham International,
England. (8-14C) Guanine hydrochloride, 55.5 mCi mmol™! was purchased from
New England Nuclear, West Germany. 5-phosphor ibosyl-1-pyrophosphate (PRPP),

purine bases and 5'-ribonucleotides were all obtained from Sigma Chemical Co

Ltd,, Dorset, Poole, England. PEI cellulose F precoated sheets (Merck) were

obtained from BDH, Glasgow, Scotland.

RESULTS

Leishmania m, mexicana was found to contain high activity of adenine
Leishmania m. TE2--2o=

deaminase (Hassan and Coombs, 1985) which could interfere with the assay of

APRTase. To eliminate this problem, APRTase was assayed in the presence of

0.75 mM MnSO4° This inhibited the activity of adenine deaminase by 85%,
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whereas APRTase was fully activated (Fig. 1).

The effect of pH on the activities of L, m, mexicana PRTases is shown
in Fig. 2, With amastigote extracts, the pH optimum for GPRTase, HPRTase
and XPRTase was 8.5, the activity declining sharply on both sides. With
promastigote extracts, the activity with guanine was optimal in the range pH
7,5-9,0, while with hypoxanthine and xanthine optimal activity was at pH 9.0
and 8.0, respectively. In contrast, APRTase from both forms was most active
at pH 7.5.

The divalent cation activation of PRTases from promastigote and
amastigote forms of L. m, mexicana is shown in Figs 3 and 4, respectively.
Tt was found for the promastigote enzymes that the relative efficiencies of

2* > Mg2+ > Co2+ >

2t 5 Mp?t > zn?t

the cations at 1 mM in stimulating the activities were Mn
7n?t for GPRTase, Mn2+ > Zn2+ > M92+ > C02+ for HPRTase, Co
> Mg2+ for XPRTase and C02+ > Mn2+ > Mg2+ > Zn2+ for APRTase. Amastigote
enzymes were affected somewhat differently from those of promastigotes,
notably with respect to the marked stimulation of HPRTase by Co2+ (1 mM) and
APRTase by znt (0.25 mM)., In many instances, it was found that the
divalent cations were inhibitory at higher concentrations.

Using the standard assay conditions, GMP production catalysed by L. m.

mexicana promastigote extract increased linearly with time up to 5 min,

while the formation of IMP, XMP and AMP was linear with time for 10 min. The

purine PRTase activities detected in extracts of promastigotes and

amastigotes forms of L, m, mexicana are given in Table 1. With all four

substrates, the activities of promastigotes were appreciably higher than

those of amastigotes. The activities detected in amastigotes lysed in the

absence of leupeptin were significantly lower than those in extracts

produced in its presence. The relative rates of PRTase activities detected

in promastigotes were guanine > hypoxanthine > adenine > xanthine, whereas

those detected in amastigotes were guanine > hypoxanthine > xanthine >

adenine,
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Table 1. Specific activities and some propertics of purine phosphoribosyltransferases in
pr(mms(igoic.ﬁ'?md amastigotes of Leishmania m. mexicana

APRTase HPRTase GPRTase XPRTase
Promastigote -
© Spncific activity? 17 ¢ 1 2111 3043 11 +1
K,: Substrate (uM) 250 220 200 100
PRPP (M) 500 270 800 65
A SedimentabilityP 6+2 20 +6 36 + 4 N +4
Amastigote
specific acivity 12 3,0+ 0.8 542 10 +1 4,0+ 0,9
112 0.5 + 0.1 1,0 £ 0.1 2.0 + 0.1 2.0+ 0.1
K,: Substrate (pM) 7 200 18 500
PRPP (pM) 48 48 62 142
% Sedimentability® s+7 404 32+5 s1+1

*The activities are given in nmol/min/mg protein and are the means + S.D. from three
experiments. The activities detected in amastigote lysates produced in the presence
(1) and absence (1) of leupeptin (100 1 g/ml) are given.

*The activity sedimented in the 105,000 g pellet as a % of the total activity originally
detected. The figures given are the means + SD from three experiments.
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The apparent K values for each substrate also are given in Table 1,
together with data on sedimentability of the PRTase activities in crude
homogenates (sonicates) of the two parasite forms. GPRTase, HPRTase and
XPRTase were sedimentable in part, although the greater proportion of the
enzyme activities were recovered in the supernatant fraction. The
activities recovered in the subcellular fractions of L, m, mexicana
promastigotes are shown in Table 2, A significant proportion of guanine,
hypoxanthine and xanthine PRTases were recovered in fraction P, which also
contained many of the glycolytic activities and was rich in glycosomes
(Coombs et al., 1982), whereas APRTase was mainly cytosolic,

The inhibitory effect of various purine analogues on the PRTases from
promastigotes of L, m, mexicana are given in Table 3, Replacement of the 6-
amino group of adenine or the 6-hydroxy group of guanine and hypoxanthine by
a thiol group produced potent inhibitors such as 6-mercaptopurine, 2-amino-
g-mercaptopurine and their ribotides. Substitution of other groups
(methylthio, methylamino, and dimethyl) in the 6 position led to poorer
inhibitors. Of the pyrazolopyrimidines tested, thiopyrazolopyrimidine
inhibited APRTase and HPRTase more effectively than GPRTase. Allopurinol,

however, was a poorer inhibitor of APRTase than GPRTase and HPRTase. 4-

Aminopyrazolopyrimidine inhibited APRTase appreciably but was relatively

ineffective against GPRTase and HPRTase, None of the purine analogues

tested was very effective as an inhibitor of XPRTase, 6-methylmercapto-

purine and thiopyrazolopyrimidine were the most active. Tubercidin also had

a large effect against the PRTases, APRTase and HPRTase being especially

sensitive, Formycin B and sinefungin, bwwever, had only minor inhibitory
activity.

Data on the purine PRTase activities in other trypanosomatid species

are presented in Table 4. Each of the four activities was detected in each

protozoan, although the levels of activity differed significantly as did the
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Table 2. The distribution of purine phosphoribosyltransferase
actlivities in subcellular fractions of Leishmania m. mexicana

promastigotes®
Enzyme N P, P S % Recovery
ARPTase 3 2 i 94 148
HPRTase M 13 6 67 9
GPRTase 9 14 6 M 95
XPRTase 12 28 9 =1 85
BexokinaseP 16 s« W 12 97
Pyruvate klnaseb S 3 1 62 67
Succinic dehydrogenase®? 43 I 23 a 101
rab 6 5 55 18 84
Protein? 17 1% 19 4 94

*The ligures given are the activity present in each Iraction as a
percentage of the total activity recovered.
*Data from Coombs ¢f al.. 1982.
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Tahle 3. The cffect of inhibitors on Leishmania m. mexicana promastigote purine
phosphoribosyltransferase activitics

Compound APRTase HPRTase GPRTase XPRTase
4-Aminoimidazole-S—carboxamide 25 0 32 20
4-Aninoimidazole-5—-carboxamide riboside | 1 S 0 ral
6-4ercaptopurine 96 62 88 50
6—Mercaptopurine riboside 92 89 n “
2-Anino~6-mercaptopur ine 97 87 90 26
2-Amino—6-mercapto-purine ritoside 95 kx] 39 39
6Hethylaminopurine 57 49 2 29
6-¥ethylmercaptopurine : 49 27 20 S4
6-Methylmercaptopurine riboside 40 67 0 37
Dimethylallylaminopur ine a8 s9 3 20
Dimethylallylaminopurine riboside 36 53 13 13
Allopurinol 38 81 3 47
4-Aminopyrazolo (3,4-d) pyrimidine 59 14 0 k38
4-Amino-6-hy§roxypyrazolo(3.4—d) pyrimidine 45 19 35 30
{-Thiopyrazolo (3,4—d)pyéimidim 96 89 18 66
Tubercidin 80 98 54 S0
Formycin B o 4 0 1
Sinefungin 0 2 2 ¥

The figures given are the % inhibition produced by the compounds at I mM
(formycin B, 0.1 mM).
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Table 4, Specific uctivilies und percentage sedimentability of purine phosphoribosyltransferase uctivities in homogenates of

trypanosomatids
APRTasne HPRTase GPRTase XPRTase

T et B sl B s S sl
Leishmania m, smazonensis (Amastigote) 2,005 533 1241 3832 6+1 51:10 181l 52l
Leishmania m, amazonensis (Promastigote) 6+1 1042 10%2 17+2 193 264 781 68 %6
Leishmania donovani 94 1) 943  30+1 A2 40:6 st 927
Leishmania tarentolae 1346 1736 841 211 2747 836 742 59 £ 8
Crithidia fasciculata 13+ N6 Ixd 0=*5 18 + 5 18 +3 LIE Y 49 £ 3
Aerpetomonas m. muscarum M2 13 %7 0,5+ 0,1 80¢10 10 + 4 4+ 10 4+l 49 + 1
Hecpetamonas m, ingencplastis 1 %3 %7 0301 46123 9413 438 6+2 04’

*The activities given are in amol
"The activity sedimented in the |

/min/mg protein und ure the means + SD from three experiments

05,000 ¢ pellet as a % of the total activity originally present. The figures are the meuns = SD from
three experiments.
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extent to which the enzyme could be sedimented by centrifugation.

DISCUSSIN

The results presented confirm that L. m. mexicana contains enzymes to
convert adenine, guanine, hypoxanthine énd xXanthine to their monophosphates
and it is evident that these enzymes are present at similar activities to
those found in other Leishmania species (Kidder and Nolan, 1982; Konigk,
1978; Davies et al., 1983; Looker et al.,, 1983; this communication). The
enzymes from L. m., mexicana, however, appear to differ significantly, both
with respect to K and pH optima, from those of other Leishmania species.
The apparent K.s of purine substrates for the enzymes of L. m, mexicana
promastigotes (Table 1) were much higher than those reported for L. donovani
promastigotes (Tuttle and Krenitsky, 1980), whereas distinct differences in
the pH optimum for APRTase and HPRTase were observed (8.4-9.1 and 6.9,
respectively, for L. donovani promastigotes as compared with 7.5 and 9.0 for
the same enzymes in L, m, mexicana promastigotes). The assay conditions
used to determine the K s in the present study differed from those
previously used for L. donovani, not only with respect to pH but also ions.
This possibly accounts in part for the differences observed; it has been
postulated that cations change the affinity of the enzymes for their
substrates (Kidder et al., 1979), The divalent cation activation of L, m.
mexicana APRTase, GPRTase and HPRTase observed in this study are guite

similar to those reported for the isofunctional enzymes in the related

trypanosomatid Crithidia fasciculata (Kidder et al., 1979) and the

sensitivity of L. m. mexicana XPRTase activity to ions is similar to those

previously reported for four species of Leishmania (Kidder and Nolan, 1982).

The lower activities of PRTases in amastigote lysates produced in the

absence rather than the presence of leupeptin presumably were due to

inactivation of the enzymes by the amastigote cysteine proteinase that is

present at very high activity (Coombs, 1982; Pupkis and Coombs, 1984), It
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has been suggested that inhibition of the amastigote proteinase by leupeptin
is a sensible precaution to take in many studies of amastigote proteins
(Pupkis and Coombs, 1984), Even when leupeptin was used, however, the PRTase
activities were much lower in amastigotes than in promastigotes of L, m.
mexicana, which could be a reflection of the lower growth rate of the
amastigotes,

The findings that HPRTase, GPRTase and XPRTase in L, m. mexicana are
apparently membrane bound in part, and were recovered with the particulate
fractions of promastigotes, relate well with our previous report that they
are associated with glycosomes (Hassan et al., 1985),

Purine PRTases have been investigated previously not only in Leishmania
species, the activities in cultured promastigote forms of L. donovani, L. m,
amazonensis and L. tarentolae being similar to those detected in this study,

but also in several other parasitic protozoa including Plasmodium chabaudi

(Walter and Konigk, 1974), Crithidia fasciculata (Kidder et al., 1979),

Eimeria tenella (Wang and Simashkevich, 1981), Trypanosoma cruzi

(Gutteridge and Davies, 1982), Trichomonas vaginalis (Miller and Lindstead,

1983), Tritrichomonas foetus (Wang et al., 1983) and Giardia lamblia (Wang

and Aldritt, 1983). There have been no previous reports, however, on the

PRTases in L. m., amazonensis amastigotes and Herpetomonas spp. or on XPRTase

in C, fasciculata. The present study has shown that these hemoflagellates

also possess all four PRTase activities, The finding that HPRTase, GPRTase

and XPRTase were sedimentable in part in all of these trypanosomatids gives

some support to the suggestion that these PRTases are glycosomal in all of

the kinetoplastida,
The potent inhibitions by 6-mercaptopurine and 2-amino—6-mercaptopurine
of HPRTase and GPRTase were probably due to competition with the purine base

for the same substrate (PRPP), The activity observed with 6é-mercaptopurine

riboside and 2-amino-6-mercaptopurine riboside may have been due to the

cleavage of these ribosides by parasite nucleosidase or phosphorylase
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(Koszalka and Krenitsky, 1979; Hassan and Coombs, 1985) during the
preincubation period and the subsequent inhibition of the PRTases by the
released 6-mercaptopurine and 2-amino-6-mercaptopurine, respectively. The
antileishmanial affects of allopuriﬁol and thiopyrazolopyrimidine are
probably due to their conversion to their respective ribonucleotides in vivo
and subsequent inhibition of nucleotide metabolism (Nelson et al., 1979).
Allopurinol and thiopyrazolopyrimidine have been shown to be efficient
substrates for HGPRTase (the enzyme possessing both HPRTase and GPRTase
activity) from L. donovani (Tuttle and Krenitsky, 1980), as has 6-mercapto-
purine, The inhibitions observed with these compounds in this study could
similarly be due to their competing as substrates for the enzymes. The high
sensitivity of the leishmanial PRTases to tubercidin make this analogue
interesting for further investigation, especially since it is a potent

inhibitor of both in vitro growth of promastigotes and amastigote

transformation (see chpter 12 ).
The data on the distribution of the enzymes in cell fractions indicates

that, in L, m, mexicana, APRTase is distinct from the other PRTases (Table

2; Hassan et al., 1985), The relative insensitivity of XPRTase to

inhibition by purine analogues (Table 3) suggests that it may be a different

protein from HPRTase and GPRTase. These latter two activities are catalysed

the same enzyme in many cells including many protozoa (Tuttle and

by

Krenitsky, 1980), It has not been established whether this is also the case

with L. m., mexicana, the data presented, however, clearly demonstrate that

although the two activities are similar in various properties they are

affected differently both by divalent cations and some purine analogues. We

are at present undertaking the purification of each of the PRTase enzymes

present in L, m, mexicana promastigotes with the aim of elucidating the

number present as well as gaining further insight into the properties of

these important leishmanial enzymes.
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Chapter 6

PHOSPHOMONOESTERASES OF LEISHMANIA MEXICANA MEXICANA AND

OTHER FLAGELLATES

Submitted as: Hassan, H.F. and Coombs, G.H. 1986.

Phosphomonoesterases of Leishmania mexicana mexicana and other

flagellates.
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Abstract

Amastigotes and log-phase promastigotes of Leishmania mexicana

mexicana contained distinct acid phosphatase, 3'-nucleotidase and 5'-
nucleotidase activities, distinguishable by their responses to pH and
inhibitors. Both tartrate-sensitive and tartrate-resistant acid
phosphatase was present in the two forms, amastigotes possessed less
tartrate-resistant acid phosphatase than promastigotes. A tartrate-
sensitive acid phosphatase was secreted into the medium in large

amounts during the growth in vitro of L.m. mexicana promastigotes.

The 5'-nucleotidase activity of both parasite forms was inhibited by
ammonium molybdate, sodium tartrate and, to less extent, by sodium
flouride whersas 3'-nucleotidase was inhibited by EDTA. All three
activities were shown to be present on the external surface of both
amastigotes and promastigotes. The three phosphomonoesterase

activities were also detected in extracts of L. m. amazonensis, L.

— e ——

donovani, L. tarentolae, Crithidia fasciculata, Herpetomonas muscarum

muscarum, H. m. ingenoplastis and Trichomitus batrachorum whereas 5'-

—— ——

nucleotidase was not detected in Trypanosoma brucei brucei extract

and 2'-nucleotidase was absent from extracts of Trichomonas vaginalis

and Tritrichomcnas foetus.

Key words: Leishmania mexicana mexicana; Amastigotes;
Promastigotes; Trypanosomatids; Trichomonads; Acid

phosphatase; 3'-Nucleotidase; 5'-Nucleotidase.
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Introduction

Parasite surface membranes are of specilal interest as they are
the prime site of interaction between the parasite and its host and
so they are intimately involved in many cellular events including the
transport of essential nutrients and the protection of the parasite
from the host's immune response (1). The plasma membranes of a
variety of parasites have been purified in recent years and this has
allowed a detailed examination of their many components. Some of the
most exciting findings have come from investigations of
trypanosomatids, most notably the leishmanias (2-7).

Leishmania donovani promastigotes have been shown to possess

three distinct phosphomonoesterase activities (acid phosphatase, 3'-
nucleotidase and 5'-nucleotidase) all of which are localised, at
least in part, on the external surface of the plasma membrane (3-5).
The surface acid phosphatase of L. donovani promastigotes appears to
comprise three activities. The main one 1is tartrate-resistant and
the enzyme responsible has been purified (8) and shown to inhibit
markedly the oxidative metabolism of neutrophils (9); the
implication is that this enzyme may play a crucial role in enabling
of the parasite to avoid the microbicidal activity of macrophages.
Acid phosphatase also occurs intracellularly in L. donovani
promastigotes as well as being secreted in large amounts (6). Other
species of Leishmania and other trypanosomatids also possess‘acid
phosphatases (10-12) but they have been studied in less detail.
3'-Nucleotidase, an enzyme that does not have a mammalian
counterpart, has also been purified from L. donovani promastigotes.
Although highly active as a 3'-nucleotidase, there are suggestions

that the physiological function is as a nuclease (13). Despite its

potential interest, most of the findings so far have come from

studies of culture promastigotes of leishmanias. There is as yet
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relatively little information on the 3'-nucleotidases of other
parasitic protozoa, although similar enzymes have been reported to be

present in Crithidia fasciculata (14), Trypanosoma rhodesiense (15)

and Entamoeba histolytica (16).

5'-Nucleotidase is thought to be a usual constituent of the
plasma membrane of mammalian cells (17) and a similar enzyme has also
been detected in promastigotes of several leishmanial species (4, 18-
19); it seems likely that they play a key part in processing
exogenously available nucleotides to a form suitable for transport
into the cell.

These three activities may well play key parts in the
interaction of flagellate parasites with their hosts and the
information on the leishmanial enzymes that has been reported so far
provides a most fascinating indication of their possible roles. As
yet, however, studies on the leishmanial enzymes have been largely
limited to cultured promastigotes and mainly those of L. donovani.
The purpose of this study was to determine to what extent the enzyme
activities differ between species, information which should give a
greater insight into their role, and, crucially, the situation in
leisnmanial amastigotes. Log-phase promastigotes of leishmanias are
thought to correspond to the stage that occurs in the sandfly midgut.
Not only do these forms differ from amastigotes, which reside in
mammalian macrophages, but also they appear to be significantly
different from the promastigotes mainly responsible for initiating

infections in mammals (20).

Materials and Methods

Isolation, cultivation and 1ractlona-zoll 22 L8l85-228

. m. mexicana (M 379) were isolated from cutaneous

Qeunit

Amastigotes of

lesions in female CBA mice (Zoology Department, Glasgow University,
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Glasgow G12 8QQ) as described previously (21). Promastigotes of L.

m. mexicana (M 379), L.m. amazonensis (LV 78), L. donovani (LV 79)

e e e

and L. tarentolae, culture forms of C. fasciculata (Anopheles strain

[ ettt st

ATCC 11745), Herpetomonas muscarum muscarum (ATCC 30260) and H. m

.

ingenoplastis (ATCC 30269) and procyclic trypomastigotes of

Trypanosoma brucei brucei (Stock EATRO 1125) were cultured as

described previously (21). Trichomonas vaginalis (G3),

—— e Y . e e o Y —

Iritrichomonas foetus (F2) and Trichomitus batrachorum (B2) were

cultured in modified MDM medium as described previously (22).
Parasites at mid-log phase of growth were harvested by centrifugation
at 3000 x g at 4°C for 10 min and all except trichomonads washed
twice in 50 mM Tris-HCl buffer, pH 7.2, containing 0.85% NaCl.
Trichomonads were washed in 0.25 M sucrose. The cells were stored as
pellets at -70°C until use, whereupon they were suspended in the
buffered saline supplemented with 0.1 mM dithiothreitol and lysed by
sonication for two periods of 15 s, separated by a 10 s cooling
period, using a MSE Soniprep 150 fitted with an exponential probe at
Mlpm amplitude. The crude homogenates produced were either used
directly or fractionated at 105,000 x g at 4°C for 1 h with the
resultant supernatants and pellets being separated and the latter
resuspended in the above buffer to the volume of the supernatant

fraction.

Enzyme analyses 3'-Nucleotidase (EC 3.1.3.6) and 5'-
nucleotidase (EC 3.1.3.5) activities were assayed by determining the
amount of inorganic phosphate released from the substrate. The

standard assay conditions for the nucleotidases, which were used

unless otherwise specified, were as follows. 3'-Nucleotidase: 50 mM

Tris-maleate (pH 7.5 for leishmanial amastigotes or pH 8.0 for
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leishmanial promastigotes and other flagellates); 1 mM CoClZ; 5 mM
3'-AMP and sample protein. 5'-Nucleotidase: 50 mM Tris-maleate, pH
6.5 (leishmanial promastigotes and other flagellates) or 50 mM sodium
acetate, pH 5.5 (leishmanial amastigotes); 1 mM MgCly; 5 mM 5'-AMP
and sample protein. Incubations were for 30 min at 42°C in a final
volume of 1 ml and involved an amount of extract sufficient to
catalyse the reaction at a linear rate for period of the incubation.
The assay mixtures were routinely preincubated for 3 min at 42°C
before the reaction was initiated by the addition of enzyme sample.
The reaction was terminated by addition of 1 ml 8% (w/v)
trichloroacetic acid and chilling in an ice bath. The precipitated
protein was removed by centrifugation at 2100 x g for 5 min and the
phosphate concentration in the supernatant estimated by the method of
Fiske and Subbarow (23). Acid phosphatase (EC 3.1.3.2) was assayed
in a reaction mixture (0.4 ml) containing 50 mM sodium acetate (pH
4,5 for leishmanial amastigotes or pH 5.5 for leishmanial
promastigotes and other flagellates), 5 mM p-nitrophenylphosphate
(PNPP) and an amount of extract sufficient to catalyse the reaction
at a linear rate for the 30 min incubation at 42°C, The reaction was
initiated by the addition of enzyme sample and terminated by the
addition of 1 ml of 0.1 N NaOH, The released p-nitrophenol was
estimated spectrophotometrically at 410 nm using an extinction
coefficient of 14.3 x 10-3 M~ en~1. Acid phosphatase activity
towards other substrates was assayed by determining the amount of
inorganic phosphate released during incubation for 30 min at 42°c,
The inorganic phosphate was estimated by the method of Fiske and
Subbarow (23) following termination of the reaction by addition of 1
ml 8% (w/v) trichloroacetic acid. 1Inosine nucleosidase was assayed

as described previously (19).

The effect of pH on the enzyme activities was determined by
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using the following buffers: sodium acetate, 50 mM (pH 3.5-6.0) and

Tris-maleate, 50 mM (pH 6.0-9.0). The apparent Km values for
substrate were determined by the Lineweaver-Burk method (24). The
effects of inhibitors on enzyme activities were assessed by
preincubating the extract with the inhibitor for 10 min before
initiating the assay. Protein concentrations were estimated by the

method of Lowry et al. (25), with bovine serum albumin as standard.

Phosphomonoesterase activities of living L. m. mexicana Studies

on the nucleotidase and acid phosphatase activities of living
promastigotes and amastigotes of L. m. mexicana were carried out
using the method of Gottlieb and Dwyer (3). Purified amastigotes (1
X 108/ml) and mid-log phase promastigotes (5 x 107/ml) were incubated
for 30 min at 30°C (amastigotes) or 25°C (promastigotes) in a
reaction mixture containing 50 mM Tris-maleate, pH 7.0, 0.85%7 (w/v)
NaCl and 5 mM PNPP or 2.5 mM 3'-AMF or 2.5 mM 5'-AMP. At appropriate
time points, aliquots of the incubation mixture were centrifuged at
2100 x g for 5 min and the supernatants were analysed for the

-

released inorganic phosphate (nucleotidases) or p-nitrophenol (acid
phosphatase) as described above. The activities of living parasites
were compared with those of parasite lysates containing the same

amount of protein and assayed under identical conditions.

Released phosphomonoesterase activities. The acid phosphatase

released by L. m. mexicana promastigotes into growth medium was

studied using the following procedure. Promastigotes were remcved

from late-log phase cultures by centrifugation at 2,000 x g for 10

min at 4°C and the resultant supernatants were filtered (0.22 Am

millipore filter) and concentrated by freeze-drying for 24 n . The

concentrated medium was resuspended in 50 mM Tris-HCl, pH 7.2, with
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0.1 mM dithiothreitol and aliquots were assayed for acid phosphatase
as described above. Aliquots of whole cultures (i.e. containing
promastigotes) also were assayed for acid phosphatase activity, using

0.1% (v/v) Triton to ensure cell lysis.

Electron microscopic studies on the localisation of leishmanial

phosphomonoesterases. For detection of acid phosphatase, amastigotes

(1 x 108/ml) or promastigotes (5 x 107/m1) were fixed in 0.5% (v/v)
glutaraldehyde (amastigotes) or 1% (v/v) glutaraldehyde
(promastigotes) in 0.1M sodium cacodylate, pH 7.2, containing 5%
(w/v) sucrose (SCS) for 30 min at 4°c, Following fixation, cells
were washad twice in SCS, twice in 50 mM sodium acetate, pH 5.0,
containing 5% (w/v) sucrose (SAS) and resuspeﬁded in SAS with 3.3 mM
Pb (N03)2 and 12.5 mM disodium glycerol-2-phosphate as substrate.
After 30 min incubation at 37°C, the cells were washed twice in SAS
and post-fixed with 1% (v/v) 0sQy for 1 h at 4°C. The cells were
then washed twice with distilled water, stained for 20 min with 0.5¢
aqueous (w/v) uranyl acetate, washed again with distilled water,
dehydrated in a graded series of ethanols, embeded in Epon, sectioned

and examined unstained or after staining with uranyl acetate and lead

citrate as described previously (26). For detection of 3'- and 5'-

; 3
nucleotidases, living cells were incubated at a density of 1 x 107/ml

(amastigotes) or 5 X 107/m1 (promastigotes) in the medium described

by Dwyer and Gottlieb (5) which comprised 40 mM Tris-maleate, pH 7.2,

I mM Mg(N03)p, 100 mM NaCl, 20 mM KC1, 40 mM sucrose, 1 mM Pb (NO3),

. . o]
and 1 mM 3'-AMP or 5'-AMP. After incubation for 20 min at 37°C

i i termi b
(amastigotes) cor 25°Cc (promastigotes) the reaction was terminated by

addition of an equal volume of 21 (v/V) glutaraldehyde in 0.2M sodium

cacodylate, pH 7.2, and kept on ice for 30 min. The cells were then

i i ost fixed with 19
washed twice in 0.1 M sodium nacodylate, pH 7.2, pCS
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(v/v) 0sOy for 1 h at 4°C and processed as described above.

Materials. 3'-AMP (sodium salt), 5'-AMP (sodium salt),
glycerol-2-phosphate (disodium) and p-nitrophenyl phosphate
(magnesium salt) were obtained from Sigma Chemical Co. Ltd., Poole,

Dorset, England. All other chemicals were obtained from the sources

listed previously (16, 19).

Results

The phosphomonoesterase activities detected in homogenates of
amastigotes and promastigotes of L. m. mexicana are given in Table 1.
The level of each of the three activities was slightly higher in
promastigotes than in amastigotes and in both forms the activities
towards the three substrates were in the order 3'-AMP > PNPP >
5'-AMP. The recoveries of the phosphomonoesterase activities in the
particulate and soluble fractions are also given in Table 1. The
major proportion of both nucleotidases was recovered in the
particulate fraction of both parasite forms, which is consistent with
these activities being largely membrane-bound. In contrast, only
just over half of the acid phosphatase activity was sedimented

suggesting that this activity occurs in multiple forms.
The three monoesterase activities of L. m. mexicana were

examined in more detail in order to distinguish them. The effects of

pH are shown in Fig. 1. Acid phosphatase activity was found to be

maximal at pH 4.5 and 5.5 for amastigotes and promastigotes,

respectively, there being little activity towards PNPP at alkaline

pH. 5'-AMP nucleotidase activity was maximal at pH 5.5 for

amastigotes and at pH 6.5 for promastigotes, whereas 3'-AMP

nucleotidase showed high activity over a broad range of pH (7.0-8.5),

the apparent optima being 7.5 for amastigotes and 8.0 for
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Table 1. Activities and some properties of phosphomonoesterases in L. m. mexicana

——

Acid phosphatase 3'-AMP nucleotidase 5'-AMP nucleotidase
Amastigotes
pH optimum 4.5 7.5 5.5
Specific activity? 66 + U 69 + T 24 4+ b
% mmawsozwmdwwwn<c 56 + 6 (101 + 5) 89 + 2 (96 + 2) 70 + 7 (93 % 6)
K, (mM) 1.1 0.64 0.86
Promastigotes
pH optimum 5.5 8.0 6.5
Specific activity? 88 + 9 76 + U 37T+ 5
% Sedimentability® 58 + 4 (98 + 5) 90 + 1 (97 + 1) 81 +3(99+7)
Kn (mM) 0.66 ‘ 0.58 0.72

i .

2 The mean activities + SD in homogenates expressed in nmol/min/mg protein.
b The activity sedimented in the 105,000 x g pellet as a % of the total activity recovered. The
figures are the mean + SD from three experiments with the amm:.vmﬂom:wmmm activity recovered +

SD given in parentheses.

219



100

1 Activity
®»
O O

N
O

N
O

100

8

o))
@)

[Activity

40

20

pH

Fig.1 The pH dependence of Leishmania m. mexicana promastigotes (4)

and amastigotes (B) phosphomonocesterases. The buffers used (50 mM)
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promastigotes.

The effects of several cations on the pnosphomonoesterase
activities of particulate fractions of amastigotes and promastigotes
of L. m. mexicana were investigated using chlorides of Mg2*, Mn*,
7n2*, and co2*. The only significant effect observed was the small
stimulation (approximately 15%) of both amastigote and promastigote
5'-AMP nucleotidase activity by 1 mM Mg2+ and the greater stimulation
(around 50%) of 3'-AMP nucleotidase of both parasite forms by 1 mM
co’*,

The three phosphomonoesterase activities of L. m. mexicana were

also differently sensitive to various inhibitors {Table 2).
Molybdate proved to be an effective innibitor of acid phosphatase and
5t-nucleotidase but had no effect on 3t-nucleotidase. Fluoride,
tartrate and dithicnite inhibited amastigote scid phosphatase to 2
greater extent tnan the promastigote aztivity. 5'-Nuclentidase of
both forms was innibited to a considerable degree by fluoride and
tartrate but affected little by ditnhionite. EDTA was the only
compound found to inhibit 3'-nucleotidase to a great extent,
dithionite caused only a small inhibition.

A range of other potential substrates were used to give more
information on the specificity of the L. m. mexica
phosphomonoesterases, the results are presented in Table 3. Acid
phosphatase was most active towards PNPP, although fructose-6-
phosphate, glycerol—Z-phosphate and glucose—5-phosphate were all
hydrolysed by both amastigotes and promastigotes extracts. Fructose-
6—phosphate was hydrolysed more rapidly than glucose-5-phosphate by
both forms. Of the 3'-nucleotides tested, 3'-AMP and 3'-IMP were the
best substrates, although 3'-UMP, 3'-GMP and 3'-CMP were also

hydrolysed. Phosphate was also released from eacn of the 5'-
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Table 2. Effects of inhibitors on the phosphomonocesterase aotivities of the 105,000 x g pellets of L. m.

o mexicana amastigotes and
proaastigotes

Aoid phosphatase J'-AP pucleotidase S!-AP nucleotidase

Inhibitor ogﬂhwﬂnhg Amastigotes Prasastigotes Amastigotes Promastigotes Amastigotes Promastigotes
Ammonium molybdate 10 89+ 3 91+ 1 NI NI 85 + 1 87+ 1
1 89+ 3 8842 NI NI 8+ 3 85+ 1

0.1 87+ 1 9+6 NI NI Thoal 8y 2

Sodium fluoride 10 91+ 1 68 + 1 . NI NI me“m 33+ 4
1 89+ 2 4% + 8 NI NI 19+8 S+ 5

0.1 M 8 NI NI NI C 7s Ws b

Sodium tartrate 10 86 s 1 544 4 NI NI 50 3 1 STs 3
1 ;su 9 85 NI - NI B2 R

0.1 30.¢ 9 51 NI NI 29+ 1 12+ 4

Sodium dithionite 10 73+ 1 331 156 9+l 104 6+ 3
1 30 £ 13 51 6+3 Tg2 4 g2 121
0.1 34 1 NI NI ML " N

EDTA 10 NI NI 68+ 6 76 + 6 4+ 4+ 1
- 1 NI NI 49 + 7 62+ 6 42 2+ 1
0.1 NI NI T3 Msh NI N

2 Tne figures given are the % inhibition relative to the activity in the absence of inhibitors (means + SD).
NI, no inhibition detected.
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Table 3. Activities of L. m.

mexicana phosphomonoesterases on different substrates®

Acid phosphatase

3'-Nucleotidase 5'-Nucleotidase

Substrate Amastigote Promastigote Substrate Amastigote Promastogote Substrate Amastigote Promastigote
p-Nitrophenylphosphate 78 + U 97 + 9 3'-AMP 125 + 14 133 + 15 51 ~AMP 3+ U 58 + 7
Glycerol-2-phosphate 21 + 2 30 +5 3'-IMP 102 + 10 139 + 14 51-IMP 3+ 3 82 + 8
Fructose-6-phosphate 15 + 2 43 + 4 3'-UMP 95 + 10 84 + 9 5'-UMP 63 + 6 5 + 5
Glucose-6-phosphate 9 +2 15 + 3 3'-GMP b6 + 4 42 + 3 51 -GMP 35 + 8 34 + 10

3'-CMP 49+ 5 49+ 8 51-CMP 19 + U 1+ 3
™P 49 + 5 04 + 6

bbbt " - - ; PP N Bdeierdbmciiomeliconad

2 The figures given are specific activities (in nmol/min/mg 105,000 x g pellet protein) and are the means + SD from replicate

experiments.

223



nucleotides tested, although in this case there were significant
differences between the affinity of the amastigote and promastigote
enzymes towards some of the substrates. The nucleotidases of L. m.

mexicana displayed no activities toward 2'-AMP.

Living amastigotes and promastigotes of L. m. mexicana were

et

found to hydrolyse PNPP, 3'-AMP and 5'-AMP (Fig. 2). Cell lysates
hydrolysed PNPP at significantly greater rates than intact
promastigotes and amastigotes. In contrast, homogenates and living
parasites hydrolysed 3'-AMP at the same rate whereas 5'-AMP was
broken down slightly more rapidly by homogenates than by intact

parasites.

In order to examine whether acid phosphatase was released from
growing promastigotes of L. m. mexicana, the activity of this and
inosine nucleosidase in log-phase culture medium was assessed. It
was found that a very high proportion (83 + 10%) of the total acid
phosphatase in log-phase cultures was recovered in culture medium
after removal of the cells. In contrast, inosine nucleosidase, which
is at high activity in the parasite and mainly cytosolic (27), could
not be detected in culture medium after removal of the promastigotes.
From the limit of detection of the enzyme assay, it was calculated

that at most 2% of total inosine nucleosidase activity could have

been present in the culture medium; this confirms that there had

been insignificant cell lysis. The extracellular acid phosphatase

activity was found to be maximally active in the range of pH 4 - pH 6

and markedly inhibited by both sodium fluoride (92% at 1 mM) and

sodium tartrate (89% at 0.1 mM). In contrast, 3'-AMP nucleotidase

and 5'-AMP nucleotidase activities were not detectable in the culture

medium following the removal of cells. Using the lower limit of

detection for each enzyme, it was calculated thab at most 5% and 8%,

respectively, of total activities in the cultures could have been
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present in the medium.

Phosphomonoesterases were studied cytochemically by using lead
as the capture agent of the phosphate liberated in the hydrolysis of
glycerol-2-phosphate, 3'-AMP and 5'-AMP. For L. m. mexicana
promastigotes and with each substrate, the reaction product appeared
as electron dense particles distributed over the cell surface (Fig.
2a-c). No reaction product was observed on the plasma membrane when
tne substrate was omitted from the incubation medium. With
amastigotes of L. m. mexicana, acid phosphatase was primarily
detected in megasomes (26). Surface staining of acid phosphatase was
consistently observed (Fig. 23d), but it was much less intense than
for promastigotes (Fig. 2a). Reaction product deposition was also
observed using the acid phosphatase procedure described but with 1 mM
CMP as substrate, whereas there was no deposit apparent when 1 mM
PNPP was used. It was much more difficult to detect surface
nucleotidases with amastigotes than with promastigotes. Using the
same conditions that were successful with promastigote enzymes,
reaction product was found but only over parts of the surface of some
amastigotes, as shown for example in Fig. 3e. Modification of the
incubation conditions including varying the pH (6.8-7.8), incubation
time (5-30 min), incubation temperature (0-37°C) and also using
cerium chloride as the capture agent instead of lead proved no more
successful.

The activities of acid phosphatase, 5'-nucleotidase and 3'-

nucleotidase detected in other trypanosomatids and three trichomonads

are given in Table 4. Acid phosphatase was present in all species

with high levels of activity and 5'-AMP nucleotidase was detected 1n

. ivity in
all except Trypancsoma b. brucel, although the activity

was present in

trichomonads was relatively low. 3'-AMP nucleotidase
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Fig. 3. Ultrastructural localisation of'écid phosphatase (a, bar = 1
pm), 3'-AMP nucleotidase (b, bar = 0.5 um), 5'-AMP nucleotidase (c,
bar = 0.25 um), acid phosphatase (d, bar = 0.25 pm) and 3'-AMP
nucleotidase (e, bar = 0.5 ym) in promastigotes (a-c) and amastigotes

(d-e) of Leishmania m. mexicana using lead as the capture agent.

Abbreviations: f, flagellum; fp, flagellar pocket; Kk, kinetoplast;

M, mitochondrial profile; mg, megasome.
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Table 4. Phosphomonoesterase activities of a range of flagellates.

poctiSit piosatataze ok h® muolestisas Spao A mislsotidase

activity® % Sediment® aotivity® % Sediment® aotivity® % Sediment®
L. m. amazonensis 62+ 3 6527 105 ¢ 1 88 + 2 55+ 2 75 & 6%
L. donovani 84+ 2 68 + 4 67+ 1 90 + 6 8¢ 2 7 ¢ 2%
L. tarentolae 94+ 4 61 3 3¢ 44 4 T1 & 6 174 2 60 + ks
C. fasciculata 174 + 6 67 + 398 202 + 15 93 & 3* 9 + 11 75+ 6
H. m. mpuscarum 63 + 13 51 + guw Was 1 71+ 6 20 + 2 47 + 2
H. B. ingenoplastis 129 + 10 %6+6 23+ 3 521 204 4 50 + 4
I. b. brucei Wl 54 2 1 W+ U 8043 <o0.2 na
T. vaginalis 53+3 60 + 6 < 0.1 na 0.6 & 02 LU
I. foetus 56 ¢ 3 ’ 60+ 5 < 0.1 na 2+ 02 48 4+ 5
I. batrachorum 85+ 7 47 ¢ 1 0.6 + 0.1 64 +1# S5+ 1 67 + 1

2 The activities glven are those in parasite homogenates, are expressed in nmol/min/mg protein and are the means + SD from

replicate experiments,

% e activity sedimented in the 105,000 x g pellet as a ¥ of the total aotivity recovered. The figures are the means + S

from replicate experiments. The mean total activity recovered was between 90-100% except were indicated * or ¥* for which

mean total recoveries were 85 -~ 90% and 110-120%, respectively.

na, not applicable.
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all trypanosomatids, although at different activities, whilst it was

not found in Trichomonas vaginalis or Tritrichomonas foetus but was

detected, albeit at a very low level, in Trichomitus batrachorum.

Most of the activities detected were to a large extent sedimentable

by centrifugation (Table 4).

Discussion
The present investigation has shown that in several respects the

phosphomonoesterases of L. m. mexicana appear to be similar to those

e S—— et

of L. donovani (3-5). There appear to be three groups of enzyme that
can be distinguished by their responses to pH (Fig. 1) and inhibitors
(Table 2). It seems, however, that each can use a variety of
substrates (Table 3) and it is probable that at least some of the

activities measured are due to multiple enzymes. This is suprorted

—

by the finding that certainly acid phosphatase and probably 5'-
nucleotidase occur both membrane-bound and in the matrix of the cells
and that acid phosphatase is excreted in large amounts. Leishmania
donovani 3'-nucleotidase was found upon purification to be a
heterogenous complex of proteins, although there were suggestions
that these mav have been due to proteolysis upon cell lysis (13).

The significance of the multiplicity of acid phosphatase activities,

the relationship, if any, of the different forms, and their natural

substrates are intriguing questions that remain to be answered.
Another unresolved question concerns the functional significance

of the enzymes. We have shown in this study that all three

phosphomonoesterase activities occur on the surface membrane of
. . . hi
amastigotes as well as promastigotes of L. m. mexlcana; ‘t is

apparently is also the situation with L. donovani (3,5), although the

. i i h
evidence for amastigotes is yet to be published. The finding that

acid phosphatase staining was less abundant on the surface of
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amastigotes of L. m. mexicana than occurred on promastigotes does not
provide support for the suggestion that the surface enzyme is mainly
involved in the interaction of the parasite with macrophages. A
similar conclusion can be drawn from the inhibition results (Table 2)
that show amastigotes possess less tartrate-resistant acid
phosphatase, the enzyme of L. donovani that inhibits the oxidative
metabolism of neutrophils (9). The cytochemical staining method,
however, 1is not easily quantified and the results with 3'-
nucleotidase and 5'-nucleotidase suggest that the amastigote surface
may be able to rearrange and remove the surface labelling quite
rapidly. Thus these results should be interpreted with caution.

The information gained on the distribution of the enzyme
activities amongst the protozoa provides some insight into their
possible functions. The results of this study (Table 4) show that
whereas acid phosphatase activity is present in all flagellates
investigated, 5'-nucleotidase is apparently absent from T. b. brucei,
confirming the previous findings of McLaughlin (28) and Gottlieb et
al. (15) with T. rhodésiense, and 3'-nucleotidase is a characteristic
of the trypanosomatids studied but not all trichomonads. 3'-
Nucleotidase has been found previously in C. fasciculata (14) but it
apparently does not occur in all trypanosomatids for it was not
detected in T. cruzi (15). Interestingly it also occurs in E.
histolytica (16) but has been reported to be absent from Babesia
divergens (29), Acanthamoeba species (30) and T. vaginalis (31). 5'-

Nucleotidase is more widely distributed being found in all of these

four parasites as well L. tropica (18). There is, however, little

information yet on whether the enzymes are present on the surface of

these parasites. The occurrence of all three activities on the outer

surface of 1. donovani is well established and we have now shown this
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L. m. amazonensis (32) and (. fasciculata (14) but interestingly

S ——— s e v

promastigotes of L. major, both mid-log and metacyclic, appear to

lack an acid phosphatase on the surface (32). In contrast, the

insect flagellate H. m. muscarum possesses an highly active surface

acid phosphatase, although H. m. ingenoplastis does not (32)., 3'-

Nucleotidase occurs on the surface of procyclic T. rhodesiense (15)
but the location of acid phosphatase in this parasite has not been
reported.

There is some evidence that the 3'-nucleotidase activity of
leishmanias may be a different expression of an enzyme that functions
as a nuclease in yivo (13), presumably hydrolysing nucleic acids
available in the parasites' environment. The resultant nucleotides
could be further catabolised by the surface localised 5'-nucleotidase
to yield nucleosides which could be taken into the cells more easily.
Such a sequential action of the two activities could be beneficial to
leishmanias and other trypanosomatids in both their insect and
mammalian hosts and studies on the consumption and incorporation of
nucleic acids and nucleotides by these protozoa should help to
elucidate the enzymes roles. The lack of 5'-nucleotidase in I. b.
brucei, however, casts some doubt on the proposed role of 3'-
nucleotidase present as nuclease unless the parasite can use 5'-
nucleotidase directly.

The situation concerning the possible functions of acid

phosphatase is even more intriguing. The excretion of large amounts

of the enzyme from both L. donovani and L. m. mexicana promastigotes

Praiubbini e

provided evidence that this may be a general property of leishmanias

promastigotes; recently, however, it was reported that a similar

excretion does not occur with L. major (32,33). It is yet to be

confirmed if excretion also occurs with amastigotes, although there
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is evidence that it does with L. donovani at least (33), and so could
be involved with survival in macrophages. At present some
nutritional role seems equally likely at least for the parasite in
the sandfly; information from further studies on insect flagellates
may provide the answer. The extracellular enzyme appears to differ
from the main surface localised activity, certainly with respect to
inhibition by tartrate and fluoride. The finding that a tartrate-
resistant acid phosphatase purified from L. donovani promastigotes
(and thought to be the same as the surface bound enzyme) inhibited
the oxidative metabolism of neutrophils raised the possibility that
this enzyme may be crucial for survival of Leishmania in macrophages
(9). If this is so, it would be expected to be a leishmania-specific
feature and a key enzyme in the stages of Leishmania that infect
macrophages, that is metacyclics and amastigotes, being unimportant
to non-infective promastigotes such as those in log-phase culture and
insect trypanosomatids. As yet there is no report that such a

correlation exists, although the finding that a more virulent line of

. donovani possesses higher acid phosphatase activity is relevant

e s e e

[

I

(34). The presence of surface acid phosphatase on C. fasciculata, if
confirmed, would argue against the enzyme's only role being related
to survival in macrophages, as does our observations for H. m.
muscarum whereas the lack of activity on the surface of L. major
promastigotes shows that the enzyme is not essential for infection of
mammals (33). It may well be, however, that leishmanias differ, at

least in part, in their survival mechanisms and that there are

several surface acid phosphatases with individual roles.

Understanding the function of these activities would be aided by

elucidation of their natural substrates. As shown in this and other

studies, several sugar phosphates can be hydrolysed. Their

hydrolysis would supply a usable energy source to the parasite,
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although not all of them are likely to be available in both or either
of the sandfly gut or macrophages. The recent report that
phosphoprotein and inositol phosphatase are also hydrolysed adds
support to the suggestion that at least one acid phosphatase is

involved in modulating the parasite's environment (35).
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Abstract

1.

A range of trypanosomatids (amastigotes and cultured

——— e S

cultured promastigotes of L. m. amazonensis, L.
donovani and L. tarentolae, culture forms of Crithidia

fasciculta, Herpetomonas muscarum muscarum and H. m.

ingenoplastis and procyclic trypomastigotes of

Irypanosoma brucei brucei) have been surveyed for the

presence of purine- and pyrimidine~ metabolising
enzymes.,

Several common features were observed, including the
presence of nucleosidases, catabolic phosphorylases,
phosphoribosyltransferases, kinases and cytidine
deaminase and the apparent absence of AMP deaminase,
anabolic purine phosphorylase and cytosine deaminase.

Significant differences between species were
discovered, notably in adenine and adenosine
metabolism.

Nucleoside phosphotransferase active on inosine was

detected in insect trypanosomatids but not in L. m.

mexicana.
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INTRODUCTION
There have been numerous studies on purine and pyrimidine

metabolism in the Trypanosomatidae (see Hammond and Gutteridge,

1984), These have revealed many interesting and unusual features of
this area of trypanosomatid metabolism, including a variety of
enzymes (notably purine nucleoside phosphotransferase, EC 3.7.1.77;
purine nucleosidase, EC 3.2.2.1; adenine deaminase, EC 3.5.4.2;
xanthine phosphoribosyltransferase, EC 2.4,2.22; adenylosuccinate
synthetase, EC 6.3.4.4; dihydroorotate oxidase, EC 1.3.3.1; orotate
phosphoribosyltransferase, EC 2.4.2.10; and orotidylate
decarboxylase, EC 4.1.1.23) that either do not have a mammalian
equivalent or are very different from it and so provide the basis for
the rational design of chemotherapeutic agents (Krenitsky et al.
1980; Marr and Berens, 1983; Wang, 1984). Although a great deal of
information has been gathered already, there are still many
deficiencies in our knowledge. Some aspects, for instance the
enzymes involved in the interconversions of purine nucleotides, have
been little investigated and even much of the data on the more
studied areas are not comparable as they were obtained in a variety
of laboratories using very different procedures {(see Hammond and
Gutteridge, 1984). The present study was undertaken with the aim of
filling some of these gaps in our knowledge. Eight species, from
four genera, of trypanosomatid have been surveyed for the presence of
purine~ and pyrimidine-metabolising enzymes SO as to give an overview

of the areas of similarity and differences. An additional aim was to

determine whether any of the insect flagellates provided a good

source of material for studying key enzymes {e.g. purine nucleoside

phosphotransferase) that are present at only very low levels in the

important mammalian parasites.
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MATERIALS AND METHODS

Isolation, cultivation and fractionation of parasites

Amastigotes of L. m. mexicana (M379) were isolated from

cutaneous lesions in female CBA mice (Zoology Department, Glasgow

University, Glasgow G12 8QQ) as described by Hart et al, (1981),

Promastigotes of L. m. mexicana (M379), L. m. amazonensis (LV 78) and

—t— Aottt

L. donovani (LV9) were grown at 26°C in HOMEM medium (Berens et al.
1976) with 10% heat inactivated foetal calf serum as described
previously (North and Coombs, 1981). The procycliec trypomastigote

form of Trypanosoma brucei brucei (Stock EATRO 1125) was grown in the

same medium as leishmanial promastigotes. Leishmania tarentolae,

Crithidia fasciculata (Anopheles strain ATCC 11745), Herpetomonas

muscarum muscarum (ATCC 30260) and H. m. ingenoplastis (ATCC 30269)

were cultured as described previously (Hassan and Coombs, 1385aj).
Parasites were harvested by centrifugation at 3,000 X g at 4%¢c for 10
min and washed twice in 50 mM Tris-HCl buffer, pH 7.4, containing 3.1
mM dithiothreitol., Parasites were lysed in the above buffer by
sonication involving two 15 sec periods, separated by a 30 sec
cooling period, using a MSE Soniprep 150 fitted with an exponential
microprobe at 4 amplitude microns. Homogenates were fractionated by
centrifugation at 105,000 X g at 4°c for 1 h and the resultant
supernatant was used as source of the enzyme in all cases except
orotate phosphoribosyltransferase, for which crude homogenate was
used. With amastigotes, the proteinase inhibitor leupeptin was added

at 100 yg/ml to the parasite suspension before sonication.

Enzyme Assays

All enzyme activities except purine phosphoribosyltransferases

and purine nucleoside phosphotransferase were assayed

spectrophotometrically using iem light path cuvettes and a Perkin-
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‘Elmer Lambda 5 uv/vis Spectrophotometer. The sample chamber was
maintained at 26°C. Unless otherwise specified, assay mixtures were
of a total volume of 1 ml and were preincubated at 26°C with the
reaction being started by the addition of enzyme. One unit of enzyme
activity is defined as the amount of enzyme that catalyzes the
conversion of 1 nmol of substrate to product per minute at 26°C.
All activities given are means (+ SD) freom at least 3 experiments.
Protein concentrations were estimated by the method of Lowry et al.

(1951) with bovine serum albumin as standard.

a. Purine-metabolising enzymes. Adenine deaminase (EC 3.5.1.2),

adenosine deaminase (EC 3.5.4.4), guanine deaminase (EC 3.5.4.3), AMP
deaminase (EC 3.5.4.4), catabolic nucleosidass and phosphorylase (EC
3.2.2.1 and EC 2.4.2.1), anabolic phosphorylase (EC 2.4.2.1),
nucleoside kinase (EC 2.7.1.20), adenylosuccinate lyase (EC 2,4.2.2),
GMP reductase (EC 1.6.6.8), adenylosuccinate syrthetase (EC 6.2.4.4)
and GMP synthetase (EC €.2.5.2) were all assayed as described
previously (Hassan and Coombs, 1985b). Adenine
phosphoribosyltransferase (PRTase) (EC 2.1,2.7); guanire-
hypoxanthine PRTase (EC 2.4.2.8) and xanthine PRTase (EC 2.4.,2.22)
were assayed radicchemically as described by Hassan and Coombs
(1985a). Purine nucleoside phosphotransferase (EC 2.7.1.77) was also

assayed radiochemically as described by Hassan and Coombs (1986).

b. Pyrimidine-metabolising enzymes. Tre composition of the assay

mixtures and the extinction coefficients used to calculate the enzyme
activities are summarised in Table 1.

Materials

Chemicals were obtained from the sources listed previously

(Hassan and Cocrbs, 1985a, 1985b).
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Table 1. Spectrophotometric assay conditions of pyrimidine-metabolising enzymes

Final Other conatituents

Enzyms EC Substrate oo.z.uﬂwzo: of reaction mixture® Product M Yon=1)P
Cytidine deaminase 3.5.4.5 Cytidine 0.5 Uridine 286 (-2,5)
2'-deoxycytidine 0.5 2'~deoxyuridine 266 (-2.8)
Cytosine deaminase 3.5.4.1 Cytosine 0.5 Uractil 286 («1,1)
Nucleosidase 3.2.2.8 (r/74)¢ Uridine 0.4 Uracil 282 (-1,6)
_...osn..u..«r! (catabolte)d M.gwm.w Thymi dine 0.4 Thyrine 290 (~1.0)
Ortidine 0.1 Orotate 265 (=5.4)
Phosphorylase (anabolic) 2.48.2.3 Uractl 0.4 1 oM R-1-P Uridine 282 (1.6)
Thywine 0.4 } oM R-1-P Thywi di ne 290 (1.0)
Orotate 0.1 ! oM R-1-P Orotidine 265 (S.4)

Phosphori bosyltransferase 2.4.2.10 Orotate 0.1 5 oM Mgy, oMe 295 (-3.95)

1 wM PRPP, wa o

Tris-HCl, i 7.8

*The buffer used (except were otherwise indicated) was mo mM Tris-HCI], pH 7.2.
ve<m<n_o=m9 monitored (extinction coefficient).

‘r d = ribo/deoxyribo.

‘In phosphorylase assays, 20 mM KH,PO, was added.
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RESULTS
The activities of purine-metabolising enzymes detected in the
soluble fractions of the trypanosomatids investigated are given in
Tables 2, 3 and 4. Adenine deaminase was present with high levels of

activity in all species except for T. b. brucei, whilst adenosine

— ———

deaminase was detected only in the two subspecies of L. mexicana and
in T. b. brucei. Guanine deaminase was present in all species except

H. m. ingenoplastis. The guanine deaminase activity declined sharply

—

after approximately 5 min incubation in all cases. AMP deaminase was
not detected in any of the organisms.

The purine ribonucleosides inosine, guanosine and xanthosine
were cleaved to their respective bases (hypoxanthine, guanine and
xanthine) by extracts of all species, whereas adenosine was cleaved
only by I. b. brucei. To test the possibility that phosphorylase
could play a part in the cleavage of nucleosides, the effect of the
addition of phosphate (20 mM) on nucleoside hydrolysis was studied.
It was found that all species exhibited phosphorylase activity
towards inosine and guanosine whereas the activity towards xanthosine

was not detected in TI. b. brucei and H. m. ingenoplastis. The

phosphate-dependent conversion of adenosine to adenine (adenosine
phosphorylase) was detected only in extracts of L. donovani and T. b.
brucei whereas only I. b. brucei converted purine bases to their
corresponding ribonucleosides (anabolic phosphorylase) (Table 2).
Purine phosphoribosyltransferase (PRTase) activities toward
adenine, guanine, hypoxanthine and xanthine were detected in all the

species, albeit at a rather low level in some cases (Table 3).

Trypanosoma b. brucei had the lowest adenine PRTase, guanine PRTase

and xanthine PRTase activities of all the organisms. Guanine PRTase

was generaily the most active PRTase, and the ratio of guanine
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Table 2. Activities of purine catabolic enzymes in trypanosomatids

Leishmania

Leishmania

Bnzyme Substrate . Leishmania Leishuania Crithidia Herpetomonas Herpetomonas Trypanoscma
o, mexicana® m, amazonensis donovani tarentolae fasciculata m. muscarum  m. ingenoplastis b. brucei
Deami nase Adenine 156 + 8 63 + 17 105 + 9 55+ 8 68 + 8 69 + 7 U4 + 8 nd < 0.7
Adenosine 1541 E <t nd <1 nd < 0.8 < nd < 0.8 T+2
Guani ne 60 +5 W46 041 98 ¢+ 13 59+ 1 130 5 9 nd <1 Wyt
NP nd <2 nd < 0,8 d <1 nd < 0,8 nd < 0.6 nd < 0,8 nd < 0.6 d <1
Nucleosidase  Inosine M2 29 b2+8 205 + 10 55 +8 49 + 6 108 + 10 104 + 6 T4 e T
Adenosine <2 <2 d <3 d <2 nd <1 nd < 2 <2 0+6
Guanosine 101 + 21 47 2 17 59 ¢ 12 3Bs+8 33+6 32+ 9 12+6 32+2
Xanthosine R4 n+6 156 + 9 He8 9+ 21 8+ 8 79 s 24 6«2
Phosphorylase Incsine 97 + U5 53+ 8 M43 30 + 10 We2 78419 99 + 12 8+3
Adenosine d <5 nd <2 10 +2 d <2 nd <1 d <2 <2 8+2
guanocsine TN 19+4 21 ¢ 2 8s+2 26 + 10 26+ 7 8¢5 0+ 4
Xanthosine Feu 2:+5 23+ 6 26 & W4 4 + 4 152 d<2 nd <1
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The activities given are in nmol/min/mg protein and are the means + SD from at least of three experiments. nd, not detectable
with limit of detection given.
*Data from Hassan and Coombs, 1985b.



Table 3. Activities of purine anabolic enzymes in trypanosomatids

Leishmania Leishmania Leishmania Lelshmania Crithidia Herpetomonas :o..vonon.o:.wlu.. guomw
Enzyme Substrate o mexicana® B. amzonensis donovani  tarentolas fascfculata m. muscarus  m. ingenoplastis b, brucel

Phosphorylase  Adenine <3 nd <2 nd <2 nd <2 < nd <2 nd <1 3+1
Guanine <y d <1 < nd < nd < 0,8 d <1 nd < 0.8 3+
Hypoxanthine nd <13 nd <1 nd <2 nd <1 nd < 0.9 nd <1 nd < 0.9 nd <1
Xanthine <y d <1 d <2 d <1 o < 0.9 d < nd < 0.8 d <2
PRTuse Adenine 322 25 +3 38 +4 197 21 +5 242 10 + 1 2.0 + 0.3
Guani ne 76+ 6 40+ 5 e 7 9 21 + 6 943 12¢2 0.8 +0.2
Hypaxanthine 41 + 6 20 ¢ 0sl 9 2+ 0.8 + 0.2 0.4 + 0.1 S+
Yanthine 545 843 6+ 1 1945 5e2 641 Mseb 0.03 ¢ 0.01
“Kinase Adencsine u7 N\m 10+3 ERER 18 +3 5T + 15 17+5 23+ 6 1.0 + 0.2
Inosine % sk 1041 (| 7 s2 U6 + 18 16 + 4 1947 1.0 + 0.2
Guancsine 2T+ 6 8s+2 31 167 8 +20 W6 13+5 1.0 £ 0.2
Xanthosine A +5 T¢3 2+ 13+4 B9 17+3 nNsed nd < 0.7
Phospho- Inosine nd < 0.06 D W 0.3+0.1 07401 0.2340.1 0.4 + 0.1 D

transferase

The activities given are in nmol/min/mg protein and are the means + SD from three experiments. nd, not detectable with
limit of detection given.

ND, not determined.
*Data from Hassan and Coombs, 1985b.
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PRTase to hypoxanthine PRTase ranged from 1.8:1 with Elgh_gexicang

to 30:1 with H. m. ingenoplastis. Hypoxanthine PRTase was 100 fold

lower in activity in H. m. ingenoplastis than in L. m. mexicana.

The purine nucleoside kinase activities were rather similar for
all substrates with each species. The level of activity, however,

ranged from >50 nmol min~ (mg prot:ein)'1 with C. fasciculata to

T Sy ——

approximately 1 nmol nin~! (mg pr*ot:ein)"1 for T. b. brucei; with
the latter organism, xanthosine kinase was not detectable. Purine
nucleoside phosphotransferase towards inosine using p-
nitrophenylphosphate as phosphate donor was present, but only at a

low level, in extracts of (. fasciculata, L. tarentolae and

Herpetomonas spp., whereas no activity was detected with L. m.

mexicana.

Enzymes (adenylosuccinate lyase, adenylosuccinate synthetase,
GMP synthetase and GMP reductase) which catalyse purine nucleotide
interconversions were all detected in all species studied, although
at relatively low activity in most cases (Table 14).

The activities detected of enzymes potentially involved in
pyrimidine salvage are given in Table 5. Cytidine deaminase was
detected in all species, whereas deoxycytidine deaminase was present

only in L. m. mexicana cultured promastigotes and C. fasciculata.

———

Cytosine deaminase was not detected in any organism. Uridine
nucleosidase was present at relatively high level of activity in all
trypanosomatids, whilst deoxyuridine nucleosidase was not found in L.
mexicana subspecies and L. tarentolae. In contrast, nucleosidase
acting on thymidine was detected only in L. m. mexicana cultured
promastigotes and C. fasciculata, whereas orotidine nucleosidase was
absent from all species. Catabolic phosphorylase activities were

widespread, with activities towards deoxyuridine (L. donovani and T.

b. brucei) and orotidine (T. b. brucei) being the only ones that were
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Table 4. Activities of purine nucleotide interconversion enzymes in trypanosomatids

Adenylosuccinate Adenylosuccinate GMP GMP
lyase synthetase synthetase reductase
Leishmania m. wexicana® 19 41 2.0 + 0.4 641 2.0 + 0.7
Leishmania m. amazonensis 122 e . 3.0 + 0.5 2.0 + 0.5
Leishmania donovani 1N+l 5.0 + 0.5 30 8+
Leishmania tarentolae 921 10 +4 3+ 3+1
Crithidia fasciculata 6+2 S 23+ 3 0.9 + 0.4
Herpetomonas m. muscarum VP 12+ 4 B2 1.0 + 0.7
Herpetomonas m. ingenoplastis 6+2 13+6 6+2 1.0 £+ 9.5
The activities given are in nmol/min/mg protein and are the means + SD from three experiments.

*Data from Hassan and Coombs, 1985b.
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Table S. Activities of pyrimidine metabolising enzymes in trypanosomatids

Leistrmnia Leisimanda Leishmaia Lelsmanda  Leishmnia  Oithdia Herpetanonas

b vedoarm  m, pexicara o, mmzoensls  fonovaml | tarertolae  fascloulata motnsoaras v, {hgeroplastis b, brucel

Erzywe Substrate (amstigte) (pramstigote) R
Deaninase Cytidine S+1 267 6+2 n+6 Bl 1544 Ut a7 be2
2'-deoxycytidine d <1 Web nd < 0,5 nd < nd <2 _.uwm nd <t nd < 0,7 nd <2
Cytosine ™<h < nd <) < <2 <y <t nd < 0,7 <2
Nolesiase  Uridine 942 247 2.5 Cw2e2  Wew  wiew 25410 108 3 10 742
2'-decxyuridine m<3 m<b < he2 < 652+ 28 198 Web e
Tryaddine m<s 1321 < <2 <2 39416 d <2 < <
Qrotidine < <3 d €< 0.2 <0.3 nd<0.3 d < 0,3 - nd <02 d < 0,3 nt 0,5
Prospharylass  Urddine 241 13e2 1525 Wl 2639 120 ¢+ M 67 + 18 Glel Nes
(catabolic)
2'-deoyuridine 2+ < 9 82s+5 nd <1 2145 176 & 27 9%+ 2029 w2
) Tywidine 141 B+ 3+ B+l 7+ 92+ 12 624+8 Bar6 231
Orotidine 1405 be2 6+2 S+2 9s+2 T Tal T+b nd < 0.5
Phosphorylase  Uracil Ug2 be2 6+3 < e 1243 B2 1326 C 6a2
(armbolic)
Thyatne <2 <2 <3 <2 ¢ 2 B2 Wes 68 61
Orotate d < 0.2 d < 0.2 d < 0,2 nd<0.2 <02 d €< 0,2 o < 0.4 nd € 0,1 nd <04
PRI Orotate 342 67+ W T4 4 15 We23 UM B0 15 33419 W6 2%

The activities given are in nmol/min/mg protein and are the means + SD from three experiments, nd, not detectable with the limit
of detection given.
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not detectable. Notably high nucleosidase and phosphorylase
activities towards uridine, deoxyuridine and thymidine were found in
C. fasciculata with the herpetomonads also possessing relatively high
levels of most of these activities. A1l trypanosomatids investigated
except L. donovani and L. tarentolae were able to convert uracil to
uridine in the presence of ribose-1-phosphate, suggesting tkat their
uridine phosphorylase activities are reversible. Thymine was also
converted to thymidine by T. b. brucei, C. fasciculata and

— —— . e e e T s W Yo

Herpetomonas spp. Comparatively high orotate PRTase activity was

detected in homogenates of most of the organisms, although only low

activity was detected in L. m. mexicana amastigotes and I. b. brucei.

DISCUSSION

The results ocobtained in this study can only be used as 1
guideline to the levels of enzyme activity present in the
trypanosomatids as it was not confirmed that all assays were carried
out under optimal conditions of, for instance, pH. ¥Nevertheless,
this is the first general survey of the purine- and pyrimidine-
metabolising enzymes in this range of trypanosomatids and various
conclusions can be made. The study has revealed that there are
significant differences between species with respect to adenine and
adenosine metabolism. These are summarised schematically in Fig. 1.
The distinct differences between species in the content of adenine
deaminase, adenosine deaminase and adenosine phosphorylase could form
the basis of a means of species identification. The finding of
adenosine deaminase in T. b. brucei is in agreement with the results
of Davies et al. (1983) but not with Ogbunude and Ikediobi (1983).
On the other hand, although the apparent lack of adenosine deaminase
in L. donovani is in agreement with previous observaticns (Looler et

al., 1983), Davies et al. (1983) reported that L. m. amazonensis also
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Fig. 1. Purine metabolism in trypanosomatids. (—) path-
ways present; (--») pathways not detectable. Key to
enzymes: 1, adenine deaminase; 2, adenine phos-
phoribosyltransferase; 3, adenosine deaminase; 4, adenosine
kinase; 5, adenosine phosphorylase; 6, inosine nucleosidase;
7. inosine kinase; 8, hypoxanthine phosphoribosyl-
transferase. Abbreviations: A, adenine; Ar, adenosine;
AMP, adenosine 5'-monophosphate; Hx, hypoxanthine;
Hxr, inosine; IMP, inosine 5'-monophosphate.
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lacked the enzyme but contained adenine deaminase. 1In our study,
however, we found that L. m. amazonensis possessed both activities,
similarly to L. m. mexicana. It is possible that these differences
in enzyme activity in the same subspecies could be due to the use of
different strains, growth conditions or analytical methodology. We
have reported previously that the stage-specific adenosine metabolism
found in [, donovani, with cultured promastigotes containing adenine
deaminase and amastigotes adenosine deaminase (Konigk and Putfarken,
1980; Looker et al., 1983), apparently does not exist in L. m.
mexicana (Hassan and Coombs, 1985b). The present results suggest
that in this respect L. m. amazonensis may be similar to L. m.
mexicana, although we must await the results of a study of amastigote
enzymes for confirmation of this. The presence of highly active
adenine deaminase in C. fasciculata is consistent with previous
observations (Kidder et al., 1977; Kidder and Nolan, 1979) and it is
interesting that the enzyme also occurs in the two herpetomonads.

The data obtained in the present study suggest that all
trypanosomatids possess nucleosidases active towards inosine,

guanosiné and xanthosine. Such activities have been observed

previously in extracts of L. donovani (Koszalka and Krenitsky, 1979),

L. tropica (Konigk, 1978), C. fasciculata (Dewey and Kidder, 1973),
I. gambiense (Schmidt et al., 1975) and I. cruzi (Miller et al.,
1984). Catabolic phosphorylase towards inosine, guanosine and
xanthosine also are a common feature, although rather surprisingly

they have been reported previously for only one flagellate,

Irichomonas vaginalis (Miller and Linstead, 1983). The existence of

adenosine phosphorylase in extracts of T. b, brucei and L. donovani

e
relate well with the results of Davies et al. (1983) for T. brucei,

Krenitsky et al. (1980) for L. donovani and Konigk (1978) for L.

—— P
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tropica. 1In the absence of anabolic phosphorylase (except T. b,
brucei), the only pathways for the conversion of purine bases to
nucleotides were expected to be phosphoribosyltransferases. The
confirmation of the presence of PRTase activities towards all four
purine bases in all trypanosomatids tested shows that it is these
enzymes that enable the protozoa to salvage purine bases and to
channel them as nucleotide components into metabolic processes. The
specific activities of the PRTases reported in this study are quite

similar to the levels reported by Looker et al. (1983) for L.

donovani ard the previous work with C. fasciculata (Kidder et al.,

s s . s ety ——
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The levels of nucleoside kinase activities detected in the
trypancsomatids suggests that the nucleosides produced during
nucleotide degradaticn can be used to regenerate nucleotides whiech
can then be further phosphorylated. It is also pcssible that the
nucleoside kinases could enable nuclecside analcgues to enter the
pathway of purine nuclectide synthesis as has been demonstrated for
tubercidin with the purified adencsine ¥xinase of Entamoebz
histolytica (Lobelle-Rich and Reeves, 1982) and with ethyltrhio- and
cinnamylthio-pyrazolo(Eﬁhd) pyrimidine ribonucleosides in Eimeria

tenella and E. brunetti (Miller et al., 1982). Adenosine kinase

. e e e e —— ——

activity for L. donovani found in this study was eight fold higher
than that reported previusly for the same species (Looker et al.,
1983). With p-nitrophenylphosphate as the phosphate dcnor,
phosphorylation of inosine could be detected only in the insecot:
trypanosomatids. Purine nucleoside phosphotransferzse is known to he

present in leishmanias, but whereas allopurinol riboside and formyvein

: z 3 - s 3A0Y
B are gooc substrates, nucleosides are not (Xrenitsky et al., 1220},
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‘they could be good model enzymes to study.

Enzyme measurements using supernatant fractions from
trypanosomatids have shown that all the species studied have enzymes
for the conversion of GMP and IMP to AMP, Of these enzymes,
adenylosuccinate lyase, adenylosuccinate synthetase (Spector et al,
1979) and GMP reductase (Spector and Jones, 1982) have been purified
. from L. donovani promastigotes and suggested aé targets for
chemotherapeutic attack of this human pathogen. If the enzymes are
similar in all trypanoéomatids, a drug acting on one of them should
have a broad spectrum of activity.

The data presented in this study show clearly that all the
species contain an enzyme which can deaminate cytidine to uridine,
The levels of activity reported here are similar to those reported
for C. fasciculata and I. cruzi (Kidder, 1984) but is lower than

T e v e e S e s s

those reported for T. aginalis (Wang and Cheng, 1984) and Giardia

lamblia (Aldritt et al., 1985). Nevertheless, cytidine deaminase
seems likely to be a primary means of supplying uridine in these
organisms. Our results demonstrate that the uridine utilisation is
likely to involve conversion tc uracil via uridine nucleosidase with
the uracil being converted to UMP by uracil PRTase. The latter
enzyme has been detected in members of the kinetoplastida (Hammond
and Gutteridge, 1982). No attempts were made in the present work to
study pyrimidine nucleosidzs kinases, but uridine kinase has been
undetectable in all kinetoplastida studied previously (Hammond and
Gutteridge, 1982). Thymidine kinase was isolated from T. b.
rhodesiense (Chello and Jaffe, 1972) whereas L. donovani was found to
contain thymidine phosphotransferase instead (Krenitsky et al.,
1980). Witn the exception of L. m., mexicana promastigotes and c.

fasciculata,-the conversion of thymidine to thymine required
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inorganic phosphate indicating that the enzyme involved was a
phosphorylase rather than nucleosidase, as was demonstrated
previously for a number of trypanosomatids (Al Chalabi and

Gutteridge, 1977) and Tritrichomonas foetus (Jarrel et al., 1983).

The level of activity found for orotate PRTase are in agreement with
the previous reports for L. m. mexicana (Gero and Coombs, 1980),

I.
brucei (Hammond and Gutteridge, 1982) and C. ggsciéulatg (Hill et

e e

al., 1981). It is particularly intriguing that the promastigotes of
L. m. mexicana contained 20 times more activity than amastigotes.
This study has revealed the common features of purine and
pyrimidine metabolism in trypanosomatids, as well as where there is
species variation. It therefore opens the way for more detailed
investigations of key trypanosomatid enzymes to help in the
elucidation of the special adaptations of individual species and

stages and to establish whiceh enzymes provide good targets for

chemotherapeutic attack.

ACKNOWLEDGEMENT

H.F. Hassan thanks the University of Salahaddin, Iraqg, for

financial support.

255



REFERENCES

Al Chalabi K. and Gutteridge W.E. (1977) Catabolism of
deoxythymidylate in some trypanosomatids. Parasit. 74, 299-312.
Aldritt S.M., Tien P. and Wang C.C. (1985) Pyrimidine salvage in

Giardia lamblia. J. Exp. Med. 161, 437-4.45,

Berens R.L., Brun R. and Krassner S.A. (1976) A simple monophasic
medium for axenic culture of hemoflagellates. J. Parasit. 62, 360-
365.

Chello P.L. and Jaffe J.J. (1972) Comparative properties of

trypanosomal and mammalian thymidine kinase. Comp. Biochem. Physiol.

43B, 543-562.
Davies M.J., Ross A.M. and Gutteridge W.E. (1983) The enzymes of

purine salvage in Trypanosoma cruzi, Irypanosoma brucei and

S — s o Yt

-_—
—
1
n
—
~3

Leishmania mexicana. Parasit. 87, 2

Dewey V.C. and Kidder G.W. (1973) Partial purification and

properties of a nucleoside hydrolase from Crithidia. Arch. Biochem.

Biophys. 157, 380-387.

Gero A.M. and Coombs G.H. (1980) Orotate phosphoribosyltransferase
and orotidine S5-phosphate decarboxylase in two parasitiec

kinetoplastid flagellates FEBS letters, 118, 130-132.

Hammond D.J. and Gutteridge W.E. (1982) UMP synthesis in the

kinetoplastida. Biochem. Biophys. Acta 718, 1-10.

Hammond D.J. and Gutteridge W.E. (1984) Purine and pyrimidine

metabolism in the Trypanosomatidae. Mol. Biochem. Parasit. 13, 243-

261,

Hart D.T., Vickerman K., and Coombs G.H. (1981) A quick, simple

method for purifying Leishmania mexicana amastigotes in large

numbers. Parasit. 82, 345-355.

256



Hassan H.F. and Coombs G.H. (198¢ca) Purine

phosphoribosyltransferases of Leishmania mexicana mexicana and other

flagellate protozoa. Comp. Biochem. Physiol., 82B,773-779.

Hassan H.F. and Coombs G.H. (1985b) Leishmania mexicana: Purine

metabolizing enzymes of amastigotes and promastigotes, Exp.
Parasitol. 59, 139-150.
Hassan H.F. and Ccombs G.H. {(1936) Purine metabolizing enzymes in

Entamoeba histolytica. Molec. Biochem. Parasitol, 19, 19-2%.

Fill B., Kilsby J., Rogerson G.W., McIntosh R.T. and Ginger C.D.
(1981). The enzymes of pyrimidine biosynthesis in a range of

parasitic protozoa and helminths. Mecl. Biochem, Parasit. 2, 123-1324,

Jarrol E.L., Lindmark D.G. and Paolella P. (1983) Pyrimidine

metabolism in Tritrichomonas foetus. J. Parasit. 69, 846-849,

Kidder G.W. (1984) Characteristics of cytidine aminohydrolase

activity in Trypanosoma cruzi and Crithidia fasciculata. J.

e - — v — —— —— e e

Protozool. 31, 298-300C.

S

Kidder G.W., Dewey V.C. and ¥olan L.L. (1977) Adenine deaminase of a

eukaryotic animal cell, Crithidia fasciculata. Arech. Bicchem,

Biophys. 183, 7-12,

Kidder G.W. and Nolan L.L. (197%) Adenine aminohydrolase:
Occurrence and possible significance in trypanosomid flagellates.