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ABSTRACT

Tritrichomonas foetus, an anaerobic protozoan parasite, is

incapable of de novo purine and pyrimidine biosynthesis. Incorpora-
tion of uracil into U!P, UDP and UTP is observed due to a high level
of uracil phosphoribosyltransferase in the cellular cytoplasm of T.
foetus. Uridine and cytidine are also incorporated into the nucleo-
tide pool; but mainly through prior conversion to uracil by uridine
phosphorylase and cytidine deaminase. The parasite contains no
dectectable dihydrofolate reductase or thymidlyate synthetase and
cannot incorporate uracil, uridine or deoxyuridine into DNA. The only
means of obtaining TMP for the parasite is by thymidine phosphotrans-
ferase found in the pelletable cellular fraction of T. foetus.

Adenine, hypoxanthine, and inosine are incorporated readily into
the parasites nucleotide pool via IMP, High hypoxanthine phospho-
ribosyltransferase, adenine deaminase and inosine phosphorylase, but
no adenine phosphoribosyltransferase, inosine kinase or inosine
phosphotransferase support the conclusion that adenine and inosine are
converted to hypoxanthine before incorporation. Guanine and xanthine
are converted to GMP and XMP by phosphoribosyltransferase activities
while adenosine is incorporated by adenosine kinase.

Two enzymes involved with purine salvage in T. foetus,
llypoxanthine-Guanine-Xanthine phosphoribosyltransferase (lIGXPRTase)
and inosine 5'-monophosphate dehydrogenase (IMPDIi), have both been
purified over 500 fold and characterized. HGXPRTase has a molecular
weight of 25,000 daltons, sedimentation coefficient of 3.7 S and

recognizes hypoxanthine > guanine >> xanthine as substrates., Several
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purine analogs including 6-mercaptopurine, 2-amino-6-thiopurine and 8-
thioguanine were found to be good inhibitors of T. foetus HGXPRTase
activity. In vitro growth growth studies indicate that 8-thioguanine
is also a good inhibitor of T. foetus growth.

I}PDH has a molecular weight of 380,000, a subunit molecular
weight of 58,000, pH optimum of 8.1, has no salt requirement and
displays Km values of 18 uM and 445 uM for IMP and NAD+, respectively.
Mycophenolic acid is an uncompetitive inhibitor of I!IPDH for IiiP and
NADY with Ki values of 9 uM and 6 WM, respectively. Mycophenolic acid

is also an in vitro inhibitor of T. foetus growth with an IC.. of

50
30 uM.
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INTRODUCTION

The prevention and treatment of diseases caused by microorganisms
can be traced as far back as 2735 BC. The ancient Chinese physicians
discovered ch'ang shang which was later identified as the antimalarial

plant Dichron febrifugal (1). Present day methods for the control of

disease include: a) improvements in housing, sanitation and hygiene,
b) control of vectors, c) development of vaccines and d) development
of chemotherapeutic agents. While all four methods will be ultimatly
involved in the control of disease, I will only pursue the development
of drugs. Many drugs have been develped for most diseases but there
are also many problems associated with them. There is a need for a
new generation of drugs that are effective against advanced stages of
disease, are less toxic and are effective against "resistant" forms of
the disease. Most of the present day drugs were developed empirical-
ly, with a "hit or miss" type of approach. Many compounds were
selected or synthesized at random for possible screening to determine
if they were of any medicinal value. A more rational approach to drug
design would involve a complete and comprehensive biochemical compar-
ison of the microorganism and host. Then, once a differance between
the two are found, chemotherapeutic agents could be designed to
exploit this differance.

The goal of this research project is to uncover the differances
in purine and pyrimidine metabolism between a parasite and its host.

A parasite, in any parasitic association, is the smaller of the



associating pair of animals while the larger is the host. Parasitism
is defined as the association between two animals such that one lives
and feeds, temporarily or permanently, either in or on the body of the
other. The organism under study is also a protozoan, which is part of
the kingdom Protista. The phylum Protozoa comprises all unicellular
or acellular organisms, some forming colonies, but lacking differen-
tiation of tissues. The basic cellular organization is of the
eukaryotic type with the cell contents delineated into a large number
of membrane bound organelles. Protozoa, or "one celled heterotrophs"
are further divided into groups based upon their mode of locomotion
and include flagellates, amoeba like organisms, ciliates and sporo-
zoans.

The subject of this investigation is the anaerobic protozoan

parasite, Tritrichomonas foetus. This urogenital trichomonad of

cattle has also been refered to in the past as Trichomonas utero-

vaginalis-vitulae (Mazanti), Trichomonas bovis (Riedmuller), Trich-

omonas genitalis (Witte), Trichomonas bovinus (Hies) and Trichomonas

mazzanti (Zetti)(2). " Until recently, there has been a great deal of
confusion in the classification of this organism., Some classified the
parasite in the genus Trichomonas (Donne') while others assigned it to

the genus Tritrichomonas (Kufoid) (3-5). It wasn't until 1663 when

Honigberg (6), in his revision of the order Trichomonadida, assigned

the organism to Tritrichomonas. Since that time the urogenital

trichomonad of cattle has been referred to as Tritrichomonas foetus.
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The complete taxonomic classification of T. foetus is as follows;

kingdom-Protista
phylum-Protozoa

subphylum-Sarcomastigophora

superclass-Mastigophora

class-Zoomastigophorea

order-Trichomonadida

family-Trichomonadidae

subfamily-Tritrichomonadinae

Tritrichomonas foetus and bovine urogenital trichomoniasis is

worldwide in distribution (2). The primary natural host of this tric-
homonad are cattle, but the pig, horse and roe deer can also harbor
this parasite (75. It has been estimated that up to 30% of the cattle
in some areas of south Germany and Switzerland were found to harbor T.
foetus. Bovine urogenital trichomoniasis has been ranked, after
brucellosis and leptospirosis, as the disease most responsible for
abortions in cattle in the United States. The Agricultural Research
Service of the United States Department of Agricultﬁre estimated that
between 1951 and 1960 the beef industry suffered losses exceeding $8
million due to bovine trichomoniasis (7,62). .

Tritrichomonas foetus is transmitted from bulls to cows during

coitus and may be cosidered strictly a venereal infection. The para-
sites are lodged in the prepucial cavity of the bull, but have also

been found in the urethra and deeper parts of the urogenital tract



(63). Once infected, the bull is typically infected for life. Acute
infection is accompanied by inflammation and swelling of the prepuce
with mucopurulent discharge. These symptoms are cleared in about two
weeks and then the bull is typically asymptomatic,

T. foetus trichomoniasis varies in the cow, ranging from a mild
form of infection to extensive pathologic changes. The trichomonads
are most numerous in the vagina 14-18 days post infection (11). There
after, the parasites migrate upward through the cervix and invade the
uterus. Although the primary site of infection is the uterus, the
parasites may remain in the vagina causing low-grade inflammation
accompanied by vaginal catarrh. In the uterus the parasites cause low
grade endometritus, with uterine and cervical catarrh. If conception
occurs in the infected cow, aborton usually follows. There are two
types of abortion, complete and incomplete. Complete abortion is when
the fetus is expelled together with the placental membranes. Cows
recover, and are able to concieve later on in the case of a complete
abortion. In an incomplete abortion, the membranes are retained in
the uterus. If the membranes are not removed, chronic catarrhal and
purulent endometritus develops. Permanent sterility results in the
cow as a consequence of the destruction of uterine mucosa. Spon-
taneous recovery or permanent sterility are dependent upon the extent
of infection and the severity of endometritus.

The pathogenicity of T. foetus infection has been thoroughly
studied (12,64-66). Two hypothesis have been proposed to explain the

effects of the parasitic infection. Iiiogue (65) proposes that the



abnormal changes observed in in vitro cultures were caused by thermo-
stable toxins produced by the parasites. Florent (64), however,
thought that the pathologic alterations were ascribable to exhaustion
of nutrients by the trichomonads. Both investigators used coverglass
cultures of primary chick tissue explants as their model system.
Examination of various isolates of T. foetus revealed the existence of
strains with different inherent pathogenicities. The differances
between the strains range from a highly virulent KV1 strain to less
virulent DK1 and UTl strairs.

Extensive morphologic studies have been done of T. foetus by
Wenrich and Emmerson (3) and also by Rirby (5). The flagellate pos-
sesses an elongated body approximately 9-25 x 3-15 microns in fixed
stained preparations or 15-22.,5 x 4.5-10 microns in living specimens.
The discripancy between stained and living cells is not surprising
since fixations cause significant shrinkage of the trichomonad cell
(8). The parasite has three nearly equal anterior flagella ranging in
length from 11 to 17 microns. A recurrent undulating membrane
typically shorter than the body, has 3-5 waves. The external margin
of the undulating membrane consists of the "accessory filament" and
the attached part of the recurrent flagellum, which continues beyond
the posterior end cf the membrane as a free posterior flagellun. The
posterior flagellum extends beyond the parasite about 16 microns. See
Figure I.1.

A more detailed examination of T. foetus reveals small granules

in suitable stained preparations in the axostylar capitulum. A peri-
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FIGURE I.1. Tritrichomonas foetus (3,5). Key to symbols: a, anterior
flagella; b, kinetosomal complex; c, recurrent flagellum at the margin
of the undulating membrane; d, undulating membrane; e, "accessory
filament;" f, free posterior flagellum; g, costa; h, parabasal body;
i, capitulum of the axostyle; i', ventral extension of the axostylar
capitulum; j, trunk of the axostyle; k, pariaxostylar ring; 1, ter-
minal filamentous extension of the axostyle; m, nucleus; n, nucleolus;

o, undifferentiated cytoplasm.



axostylar "chromatic" ring is also seen in the area of "emergence" of
the trunk. The "chromatic" periaxostrylar ring appears to be composed
of one or two rows of electron dense microbody-like inclusions similar
to the paraxostylar and paracostal granules (9). The parasite poses—
ses an ellipsoidal or ovoid nucleus located slightly posterior at the
anterior end of the cell. In T. foetus the undulating membrane
consists of two parts. The proximal part is a foldlike differentia-
tion of the flagellates body surface and contains the proximal
marginal lamella. The distal part has no obvious physical connection
to the proximal fold but encloses the distal marginal lamella in its
ventral and the microtubules of the recurrent flagellum in its dorsal
area. Glycogen granules are distributed throughout the cytoplasm,
being especially abundant wiﬁhin the axostyle,

Vaginal infections failed to stimulate humoral antibody produc-
tion, but agglutinins were produced in the course of uterine trichomo-
niasis in naturally and experimentally infected cattle. Evidently
antigens are absorbed from the uterus and passed into the systemic
circulation (14,22-24). A possible role of white blood cells in
initiating an antibody response has been suggested. Phagocytosis of
T. foetus by leukocytes and by macrophages in chick liver cell
cultures has been reported (3,11,12). Ito et al (13) proposed that
the lymphocytes and polymorphonuclear leukocytes played a role in the
immunoprotection of the host organism against trichomonal infections.,
bxperimental evidence demonstrated that cells derived from lymph

glands of mice immunized with living trichomonads, when incubated with



these parasites in a suspension, caused destruction of the flagellates
on contact.

Comparison of T. foetus with T. vaginalis, with the aid of agglu-
tination, passive hemagglutination, precipitation, complement fixation
and fluorescent antibody methods, show that these species have common
and unique antigens (10). The discovery of 17 strains of the bovine
urogenital trichomonad was found in Scotland and England alone by the
agglutination method (15). There have also been reports that T.
foetus strains do not change their antigenic attributes during pro-
longed in vitro cultivation (10,17). It is thus not certain how T.
foetus evades the imunological response. Only a few of the various
fractions and extracts of T. foetus were found to be immunologically
active in precipitin reactions and by skin tests. The fra;tions
reactive in the skin tests were the trichloacetic acid precipatate
extracted with acetone/ether and the ethylene glycol extracted (18-
20). Feinberg and YMorgan (21) suggested activity of these extracts
depended on the presence of some nucleoprotein substances. Analysis
of the ethylene glycol fraction revealed " a complex carbohydrate to
which are firmly bound amino-acids, most probably in the form of
complex amino-acid-containing residue" (21). DMuch still remains to be
learned about the immune mechanism operating in bovine urogenital
trichomoniasis. There have been no reports of lasting immunity
acquired by the host.

High levels of endogenous metabolism in T. foetus depends upon

glycogen which is synthesized from suitable exogenecus substrates such



as glucose, galactose, mannose, maltose or sucrose (25,30). Glycogen
stores are similar to mammalian glycogen; a branched ¢-1-4 glucosan,
with a unit chain length of 15 residues (3 x 10° daltons) (31). Under
anaerobic conditons, fructose, lactose, raffinose as well as pyruvate
and lactate may be also utilized by T. foetus (30,32-34,46). In the

presence or absence of exogeneous carbohydrates, Tritrichomonas foetus

produces organic acids (succinate, acetate, lactate and pyruvate), CO2
and H2 (28-30,32,33). All carbohydrate substrates are metabolized by
the bovine trichomonad via the typical glycolytic pathway (30,34).

The pathway is not affected by inhibitors such as iodoacetate and
fluoride (32-34). Activities for the following enzymes have been
demonstrated or inferred; glycogen phosphorylase, phosphoglucomutase,
hexokinase, glucose phosphate isomerase, 6-phosphofructokinase, fruc-
tose diphosphate aldolase, triose phosphate isomerase, glyceraldehyde
phosphate dehydrogenase, phosphoglyceromutase, enolase, pyruvate
kinase and lactate dehydrogenase (30,34).

Glycolysis is evidently the basic mechanism of glycogen utilizat-
ion by T. foetus leading to the formation of phosphoenolpyruvate (PEP)
(41,47). Demonstrated PEP carboxykinase, malate dehydrogenase,
fumarase and fumarate reductase activities provide a facile pathway
for the conversion of PEP to succinate (43). The reaction catalyzed
by fumarate reductase is apparently irreversible and explains the
observed excretion of succinate. There is no succinate dehydrogenase
activity and all the previous enzymes are localized in the cytosol.

See figure I.2.
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The conversion of pyruvate to acetate, H2 and CO2 was observed
using intact T. foetus at pH 4 or cell-free homogenates of this
trichomonad at pH 6 (46). Pyruvate is converted from PEP via a cyto-
plasmic pyruvate kinase or by a malate deydrogenase (42,45).

Decarboxylating pyruvate dehydrogenase (ferredoxin-pyruvate
synthase) assists the oxidation of pyruvate to acetyl CoA, CO2 and
2H+. Compared to the pyruvate dehydrogenase compnlex from heart or
kidney mitochondria, the enzyme from T. foetus was not dependent upon
the participation of thiamine, pyrophosphate or lipoic acid (or the
appropriate dihydrolipoyl enzymes). It did require thiol compounds
for full activity. Methyl viologen, FAD, FMN or riboflavin but not
NAD or NADP could serve as electron acceptors. The decarboxylating
pyruvate dehydrogenase, also referred to as pyruvate:ferredoxin oxido-
reductase, displayed latency suggesting its location in a membrane-
bound particle.

Hydrogenase activity, in cell free extracts of T. foetus, was

analyzed and compared to hydrogenase from C. pasteurianium. The

enzyme from the parasite exhibited no latency, required thiol com-
pounds and was found to utilize the same electron acceptors as
pyruvate:ferredoxin oxidoreductase. There were no activities found
for formate dehydrogenase, formate lyase or phosphotransacetylase in
T. foetus homogenates (42).

The formation of acetyl-CoA from acetate can occur by two
pathways (49). The first pathway is mediated by acetate thiokinase

while the second by acetyl-Coi:succinate transferase and then
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succinate thiokinase. As of yet the in vivo electron acceptor for
pyruvate synthase and hydrogenase has not been identified.

Several enzymes including pyruvate synthase and hydrogenase are
sensitive to oxygen. Since T. foetus is an aerotolerant anaerobe it
is not surprising that it contains both catalase and superoxide
dismutase (9,30,32,34,44). Most of these enzyme activities are in the
cytosol while some superoxide dismutase activity is associated with
the "microbody" like particles.

Isopycnic centrifugation in a sucrose gradient of the large
particle fraction obtained by differential centrifugation, indicate
pyruvate:ferredoxin oxidoreductase, hydrogenosome, acetate thiokinase,
acetyl-CoA transferase and superoxide dismutase correspond to the
paracostal and paraaxostylar granules described by light microscopists
(9,43,50). These bodies lack catalase activity and were therefore not
considered to be peroxisomes (9). Structural and biochemical evidence
show that these bodies are also rot mitochondria (25-27,50-52). 1In
addition, these bodies contain circular DNA and cardiolipin (54,55).
The term "hydrogenosomes" was proposed because these bodies are atle
"to use protons as terminal electron acceptors and produce molecular
hvdrogen". Some properties of the hydrogenosome membrane are: a)
impermeable to NADH, b) the entry of pyruvate or the exit of some
metabolites may be under the influence of succinate, malate or iso-
citrate, ¢) calcium ion enters the hydrogenase by active transport and
d) ADP, but not GDP, is able to traverse the membrane and is dependent

upon a specific translocase not inhibited by atractyloside like that



of mitochondria (40).

Information about energy production in the course of anaerobic
and aerobic carbohydrate metabolism of T. foetus is incomplete. The
parasite is devoid of an active tricarboxylic acid cyle, cytochromes
and mitochondria (29). In the presence of added sugars, oxygen uptake
of T. foetus is stimulated two fold over that observed during the
glycogen-dependent endogenous metabolism (28-30,32-34,37). Aerobic
metabolism is not inhibited by cyanide or azide suggesting that
flavins may perhaps mediate electron transport (29-35,37,43,53). ATP
to ADP levels in endogenous metabolism, in the presence of exogenous
glucose and uhder anaerobic and aerobic conditions, allow the calcula-
tion that for each glucose molecule five and seven ATP molecules are
produced anaerobically and aerobically respectively (37). Oxidative
phosphorylation inhibitors such as oligomycin, amytal and atractyl-
oside (known mitochondria respiration inhibitors) were effective only
at very high concentrations. It is difficult to understand how hydro-
genosomes could function in oxidative phosphorylation by Mitchell's
chemiosmotic theory.

There have been several reports of NADH and NADPH oxidase found
in T. foetus (9,38-40). T. foetus has two or perhaps three NADi
oxidase systems. One of these oxidase systems is in the cytosol,
another in the "microsomal" fraction and the third in the large
granule fraction., The cytosol enzyme accounts for more than 50% of
the total activity, is stimulated by Hg+2, is not stimulated by AP

and displavs latency. The microsomal enzyme is stimulated by ADP and

13
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has been suggested to play a role between NADH oxidase and phosphory-
lation (39). The large granule fraction (hydrogenosomes) contains
NADH oxidase activity with significant latency (38). It is also
uncertain whether the cytosol enzyme is a separate complex or indeed
just released from the microsomes.
Some other biochemical attributes of T. foetus are that it con-
tains several hydrolases (glycosidases) such as a- and B-glucosidases,
a- and B-galactosidases, a- and B-N-acetyl glucoaminidases, a- and £-
fucosidases and c-rhamnosidases (56-59). The biologic significance of
these hydrolases as well as of neuraminidase and hyaluronidase is
still unclear. Several of the hydrolases, the protease and part of
the acid phosphatase activities were found to be associated with the
large granule fraction and exhibit a pH optimum of 6.0-6.5 (9,60,61).

Tritrichomonas foetus has been used for the testing of various

anti-trichomonal drugs. The bovine parasite has ben used in the

search for drugs against Trichomonas vaginalis because they do not

pose a pathogenic hazard to the technicians and produce animal infec-
tions more readily (67,95). ichaels and Strube (65) commented that
despite the existance of qualitative differances in the carbohydrate
metabolism of T. foetus and T. vaginalis, many investigators have
employed the bovine trichomonad in the search for drugs against T.
vaginalis. A vast number of drugs have been tested in vitro and in

vivo against Tritrichomonas foetus. Table I.l illustrates the vast

range of agents used azainst human trichomoniasis (68). The majority

of compounds in Table I.1 were also tested on T. foetus but I have
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made no attempt to separate the two. As Table I.l points out, there
has been an enormous amount of accumulated information on the therapy
of human urogenital trichomoniasis. Steck states: "Although without
any mortality, the infection gives rise to such morbidity that almost
any approach to management is acceptable" (68). The conditions that
existed before the introduction of metronidazole in the early 1960's

" 'Flagyl' is now taken as a matter

is described by Keighley (69) as:
of course and a whole generation has no knowledge of the sufferings of
women with trichomoniasis before its introduction- the indignities and
discomfort of the perpetual local treatment, douches, paintings, in-
sufflations and insertion of pessaries, etc. All these things women
suffered for months and sometimes years on end only to relapse when
the treatment was discontinued".

To date, there are no fully effective therapeutic measures for

Tritrichomonas foetus trichomoniasis in cattle. Even dimetridazole,

considered to be the most effective compound against this parasite
when administered orally, was found to eliminate the parasites from
only nine out of eleven experimentally infected cows (70-72).

As far as bulls are concerned, intravenous administration of
dimetridazole along with topical administration of Daroflavine-Saalbe,
acriflavine or berenil salves, appears to be fully effective
(71,73,74).

The 4(5)-nitroimidazoles represent an important class of anti-
trichomonal agents with metronidazole and dimetridazole the drugs of

choice in the treatment of human and bovine trichomonal infections



TABLE I.1: Summary of agents used against trichomonal infections (68).

INORGANIC COMPOUNDS
Group I elements: Sodium chloride, sodium bicarbonate, copper (II) sulfate, silver
nitrate, argyrol, protargol, ammoniacal silver nitrate, silver lactate and
silver picrate.

Group II elements: Magnesium trisilicate, magnesium sulfate, zinc chloride, zinc
sulfate, zinc oxide, mercury (II) chromate, mercury (II) iodide-iodine complex,
mercury oxycyanide, phenyl mercuric acetate, phenyl mercuric nitrate, mercuro-
chrome, nitromersal and thiomerosal.

Group III elements: Borax, sodium borate, boric acid, aluminum acetate aluminum
potassium sulfate (alum), aluminum zinc sulfate (zinc alum), and aluminum 2-
hydroxy-naphthalene-3,6-disulfate.

Group IV elements: Lead acetate

Group V elements: Acetarsone, carbarsone, phenarsone sulfoxylate, arsphenamine,
sodium arsenate, neoarsphenamine, subgallate and subsalicylate.

Other elements: Chromic acid, radium, pottassium permangante.
ACYCLIC ORGANIC COMPOUNDS
Acetic acid, lactic acid, citric acid, tartaric acid, quartermary ammonium salts,

alkyl sulfonates, bromoacetic acid, thiosemicarbazones of aldehydes and ketones,
dithiocarbamates, bis(thiocarbamoyl)disulfides and alicin.

ISOCYCLIC ORGANIC COMPOUNDS
Terpenoid Types: alpha-pinene, 1-terpinene-4-ol and p-cymene.
Aromatic Types
General Non-Arsenicals: COT, phenol, cresol, hexylresorcinol, picric acid,
chloramphenicol, triazenes, gentian violet, malachite green, suramin, sul-

fanilamide and other sulfonamide drugs.

Aromatic Arsenicals: Arsanamide, neoarsphenamine, carbarsone, acetarsone, gly-
cobiarsol, aldarscne and phenarsone sulfoxylate.

Tetracycline Types: Tetracycline, chlortetracycline and oxytetracycline.

Steroidal Types: Testostercne, progesterone, estrdicl, ceoxycorticostercne and
fusidic acid.

16
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TABLE I.1 (CONT).

Other Isocyclic Types: Colchicine.
HETEROCYCLIC TYPES
Oxygen-Heterocyclic Types

Furan Derivatives: S-nitro-2-furaldehyde, furazolidone, nifuroxime, nitrofuran-
toin and nifuratel.

Other small-ring oxygen Heterocyclic Types: Chelidonic acid, chelidonine,
chelerythrine, aristolchic and usnic acid.

Macrolide antibiotics: Pimaracin, trichomycin, azalomycins, erythromycin, carbomy-
cine, carbomycin, endomycin and hamycin.

Nitrogen-Heterocyclic Types
Single Nitrogen Heterocyclic Compounds
Pyrroles: Mitrcpyrroles, anisomycin,
Pyridines: 5-nitro-2-substituted pyridines.

Quinoline derivatives: 8-quinolinols sulfate, chlorquinalsol, 7-iodo-8-
quinolinols, amonoquinolines, chlorogquine, amodiaquine.

Acridine derivatives: 8-aminoacridine, acriflavine, ethacridine, gquin-
acrine and aminoakrikhin.

Two nitrogen Heterocyclic compouncs
Pyrazole derivatives: 4-nitropyrazole.

Imidazole derivatives: Azomycin, metronidazole, cornidazole, ronidazole,
tinidazole.

Benzimidazoles: 2-nitrobenzimidazole.
Other two nitrogen heterocyclic compounds: 3-amino-6-methyl-4-nitro pyri-

dazine-1-oxides, 2-amino-5- nitropyrimidines pyrimethamine, hexa-
tidine, anthrapyrimidine, piperazine adipate and phenquone.

Other nitrogen heterocyclic types: imoctetrazoline, viomycin and
fervenulin.



TABLE I.1 (CONT).

Heterocylcic types having diverse heteroatoms
Thiazoles: Forminitrazole, aminitrozole, niridazole, derivatives of S-nitro-2-
thiazolyl hydrazine and thiamorpholines.,

Others: Furazolidone, nifuratel, 1,3,4-thiadiazoles and arsthinol.

CARBOHYDRATE TYPES Paromycin and streptomycin.

18
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respectively. The structures of metronidazole and dimetridazole are
shown in Figure I.3. The 5-nitroimidazoles share the following
general properties; 1) they are cytotoxic leading to cell damage and
death, 2) they have radiosensitizing action under anaerobic condition,
3) they are inhibitors of photosynthesis, 4) they cause mutagenic
action in bacteria and fungi and 5) they exhibit high toxicity towards
anaerobic prokaryotes and eukaryotes but very low toxicity to facul-
tative and aerobic organisms. lletronidazole has been used in the
treatment of protozoal diseases (trichomoniasis, giardiasis,
amoebiasis, balantidiasis, bacterial diseases (caused by anaerobes
like Vincents disease and post operative infections) and as a radio-
sensitizer of hypoxic tumours. The excellent chemotherapeutic ratio
and widespread clinical application of metronidazole warrants a review
of the mode of action this drug.

Studies on the antibiotic azomycin, a 2-nitroimidazole, and its
anti-trichomonal properties led to the synthesis of 4(5)-nitroimida-
zoles. Of course, 4(5)-nitroimidazoles like metronidazole proved to
be extremely potent anti-trichomonal agents. Initial observation by
Ings et al (75) indicated that metronidazole inhibited both RIIA and
DNA synthesis. Other workers (76) using [IAC] metronidazole, found
the label associated with the protein and LA fractions, but not RIA.
Cells were found to accumulate metronidazole and that the toxic
effects and accumulation were inhibited by oxygen (77-81). The fate
of metronidazole in mammals on the other hand, was much simpler. In

the urine of mice, and also of human subjects, the nitro-containing
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FIGURE I.3.

Structures of two potent antitrichomonals.
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compounds were found in the following proportions: a) the unchanged
drug, 25-30%; b) 1-(2-hydroxyethyl)-2-hydroxymethyl-5-nitroimidazole,
35-407%; c) glucuronide conjugates of the compounds listed in (a) and
(b), 10-147; d) l-acetic acid-2-methyl-5-nitroimidazole, 15-20% and e)
1-(2-hydroxyethyl)-2-carboxylic acid-5-nitroimidazole (82-84).

At this point investigators assumed that 3 steps needed to occur
for metronidazole to exhibit microbicidal action in anaerobic
organisms; 1) cellular uptake, 2) reductive activation and 3) toxic
effects of reduced product(s). The first step involves the entry of
drug into the cell. lletronidazole exhibits a linear relationship of
intracellular accumulation to the external concentration in T. foetus.
There is no indicaton of saturation kinetics and lacks any competitive
inhibition by biologically active or inactive nitroimidazole deriva-
tives. The mosf likely explainaiton for entry of metronidazole ;s by
diffusion (77). Entry is also facilitated by a "concentration graq-
ient". The rapid conversion of metronidazole keeps the intracellular
concentration of metronidazole low and thus forms a concentration
gradient from the outside to the inside of the cell. The second step,
reductive activation, is thought to occur in susceptable organisms
which have certain low-redox proteins (ie. ferredoxin or flavodoxin).
It is apparently the ability of these organisms to reduce the nitro
group of these compounds which causes the toxicity (77,86). The
formation of a nitro anion radical of metronidazole has been demon-
strated using intact T. foetus cells, anaerobic homogenates of T.

foetus or anaerobic T. foetus hydrogenosomes (87-89). The reduction



-of the nitro group of metronidazole is thought to occur by several
steps as illustrated in Figure 1.4,

The protein responsible for the reduction or the identity of the
reduced "reactive intermediate" are still unknown. The number of
electrons transferred to metronidazole in the course of in vitro
reduction was determined to be four, on the basis of the results of
experiments with ferredoxin, dithionite or cell homogenates (79,86).
This suggests that the reduction product corresponds to a hydroxyl-
amine derivative, yet no one has detected this intermediate. Fragmen-
tation patterns determined by Chrystal et al (90) indicate that the
reduced intermediate is extremely reactive and unstable, fragmenting
in several places. 1!Muller et al (77) have also determined that the
following protein activities were unaffected by metronidazole:
pyruvate:ferrdoxin succinoxidase, hydrogenase, adenylate kinase, NADH
oxidase, acid phosphatase and B-N-acetylglucosaminidase. It is some-
what unfortunate that despite their significant activity, so little is
known about the active inhibitory and cidal products of nitroimida-
zoles,

The need for new antitrichomonal drugs is evidenced by the
emergence of resistant strains to metronidazole (91), the implication
of carcinogenicity and mutagenicity of nitroimicdazoles (92-94) and the
incomplete effectiveness of dimetridazole to treat bovine tritriciho-
moniasis.

The scope of this research project focuses on the purine and

pyrimidine metabolism cf T. foetus. Parasitic protozoa have been
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found to be generally incapable of de novo purine biosynthesis.

Trypanosoma cruzi (89), Leishmania donovani (96), Plasmodium lophurae

(97), Eimeria tenella (98) and Trichomonas vaginalis are a few

exanples of those unable to form their purines de novo. This defiency
in purine biosynthesis and the parasites reliance upon purine salvage
has provided opportunites for the control of these parasites. Allo-
purinol, a purine analogue recognized as hypoxanthine by the parasitic
salvage enzymes, exhibits antitrypanosomal and antileishmanial
activities (101,102). Likewise, the purine nucleoside analogues;
allopurinol riboside (103), formycin B (104) and 4-thiopyrazolo-
pyrimidine riboside (105) have antileishmanial activity because of
their recognition as substrates by the nucleoside phosphotransferase
in leishmania.

On the other hand, most of the parasitic protozoa examined,
Trypanosoma (89), Crithidia (100), Leishmania (102), Entamoeba (110),
Eimeria (108), Toxoplasma (109) and Plasmodium (97), appear to be able
to synthesize the pyrimidine ring de novo. The exceptions however,

may be the anaerobic flagellates, Trichomonas vaginalis (106) and

Giardia lamblia (107). Another anaerobic flagellate, Tritrichomonas

foetus remains to be examined. [Irom the previous discussion we anti-

cipate T. foetus to be incapable of both de novo purine and pyrimidine

biosynthesis. The absence of both pathways and their probable
reliance on exogenous sources for purine and pyrimidine requirments,
should provide us with ample opporturities for chemotherapeutic

attack. It is the aim of this project to identify potential targets



in the purine and pyrimidine metabolism of Tritrichomonas foetus for

our rational approach to antiparasitic drug design.



Chapter 1

PYRIMIDINE METABOLISM IN TRITRICHOMONAS FOETUS

INTRODUCTION

The synthesis and salvage of pyrimidines represent an important
and essential pathway for all organisms. These basic components are
needed in the synthesis of both RNA and DNA. Mammalian sources rely
on both the synthesis and salvage of pyrimidines. De novqQ synthesis
begins with simple precursors, COZ' glutamine and aspartate to form
UMP (See Figure 1.1). UMP is then modified to form the pyrimidine
nucleoside triphosphates required by the cell (UTP, CTP, dTTP, dCTP).
These later reactions are catalyzed by the following enzymes: 1)
kinases establish an equilibrium between MP, UDP and UTP (in general
the monophosphate, diphosphate and triphosphate), 2) CTP synthetase
produces CTP from UTP, 3) Ribonucleotide reductase converts UDP and
CDP to dUDP and dCDP, and 4) Thymidylate synthetase forms TMP from
dUMP. The "dTHP synthesis cycle" has been a focal point in cancer
chemotherapy. See Figure 1.2. Analogs of dihydrofolate , such as
aminopterin and amethopterin (methotrexate), are potent inhibitors of
dihydrofolate reductase and are used in the treatment of acute
leukemia and choriocarcinoma. There are two enzymes primarily respon-
sible for the salvage of pyrimidine bases. Both uridine and thymidine
phosphorylase covert their respective bases into nucleosides. The
salvage of nucleosides, uridine and thvmidine, are facilitated by

uridine and thymidine kinases, respectivelv. A summary of the nomen-



clature involved in mammalian pyrimidine interconversion and salvage
is shown in Figure 1.3.

All parasitic protozoa examined to date, Trypanosoma (89),
Crithidia (100), Leishmania (102), Entamoeba (110), Eimeria (108),
Toxoplasma (109), and Plasmodium (97) appear to be able to synthesize
their pyrimidines de novo. The evidence for this conclusion is
derived mainly from studies of the compositioﬁ of minimal defined
media required to support the growth of these érganisms. Additional
evidence from the incorporation of exogeneorus radioactive bicarbonate
and orotate into the pyrimidine rings and the presence of some of the
enzymes involved in pyrimidine biosynthesis suggest the ability to
form pyrimidines de novo. The exceptions however, maykbe the an-
aerobic flagellates. Hill et al (106) have shown that Trichomonas
vaginalis lacks aspartate transcarbamoylase, dihyroorotase, dihydro-
orotate dehydrogenase and orotate phosphoribosyltransferase in its
crude extract. Wang and Cheng (138) provided further evidence of the
parasites lack of de novo pyrimidine synthesis and revealed a simple

salvage pathway. Similarly, Giardia lamblia was found by Lindmark and

Jarroll (107), to be incapable of incorporating aspartate or orotate
into the cold trichloracetic acid-insoluble (nucleic acid) fraction
and were unable to demonstrate the enzymes of the de novo pyrimidine
synthesis pathway. This evidence indicates that both T. vaginalis and
G. lamblia are unable to synthesize pyrimidines de novo. It also

suggests that another closely related anaerobic flagellate, Tritrich-

omonas foetus, is likely incapable of de novo pyvrimidine synthesis.

27



This chapter examines the pyrimidine synthetic capablity of T. foetus
and also the trichomonads pyrimidine salvage pathways in the organism.
Potential sites for antitrichomonal chemotherapeutic intervention will

also be identified.
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FIGURE 1.1. Pyrimidine de novo biosynthesis in mammals. Enzymes: 1,
Carbamoyl phosphate synthetase; 2, Aspartate transcarbamoylase; 3,

Dihydroorotase; 4, Dihydroorotate dehydrogenase; 5, Orotate phospho-
ribosyltransferase; 6, Orotidylic acid decarboxylase. PRPP, phospho-

ribosylpyrophosphate.
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FIGURE 1.2. Thymidylate Synthase Cycle. Enzymes: 1, Thymidylate
synthase; 2, Dihydrofolate reductase; 3, Serine transhydroxymethylase.

FH,, dihydrofolate; FHA, tetrahydrofolate;.
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Materials and Methods

CULTURES

I. 225525, strain KVl, was cultivated in Diamonds TYM medium pH
7.2 supplemented with 107 heat inactivated horse serum, 17
antibiotic/antimycotic mixture at 37°C (114). Cells in midlogarithmic
phase of growth were used for all the studies. See appendix for more

details.

CHEMICALS

Radiolabels; [2-!“Cluracil (55.2 mCi/mmole), [6-}"Clorotic acid
(61.0 mCi/mmole), [methyl-**CJthymine (54.0 mCi/mmole), [2-!“C]lcyto-
sine (61.0 mCi/mmole), NaH!“CO3 (30.2 mCi/mmole), [U-!“C]L-aspartate
(219 mCi/mmole), [methyl-*H]thymidine (20.0 Ci/mmole), [6-3H]uracil,
[5,6-3H]uridine (49.4 mCi/mmole) and [5-%H]cytidine (50.1 mCi/mole)
were purchased from New England Nuclear, Amersham or ICN. Aquasol 2
was obtained from New England Nuclear also. Enzyme samples were
purchased from Sigma. All other chemicals used were of the highest

purities commercially available.

PRECURSOR INCORPORATION INTO THE NUCLEOTIDE POCL

Midlogarithmic phase of growth cells were collected by centri-
fugation., The cells were washed and resuspended in 30 mM NaHzPOA, 22
m{ NaCl and 20 mM glucose (PSG) at a final cell concentration of 108

cells/ml. Radiolabeled substrate, 3 microcurie, was added to the cell
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suspension and incubated at 37°C. Nucleotides were extracted by the
procedure of Wang and Simashkevich (98). Aliquots were removed at
various times and acidified with perchloric acid to stop the reaction.
After 30 minutes in an ice bath, the precipatate was removed by
centrifugation and the supernatant neutralized with KOH. The sample
was then filtered through PEI-cellulose (32 mg) loaded upon a GF/B

filter equilibrated with 5.0 mM NH,OAc pH 5.0. The filter was washed

4
two times with 10 ml of 5.0 mM NH40AC pH 5.0 buffer and the PEI-
adsorbed radioactivity was determined with a Beckman LS-3133T liquid
scintillation counter. In pulse-chase experiments, the cell suspen-
sion was washed free of radioactivity and resuspended in PSG with

unlabeled substrate. The incubation was then continued with aliquots

being removed and treated like before.

HPLC

Nucleotides were identified by ion-exchange HPLC using Model 110A
pumps and Model 420 controller. Samples were loaded onto an Ultrasil
AX (10 micron) 4.6 x 250 mm column, equilibrated with 7 mM KHZPO4
buffer pH 3.8. The nucleotides were eluted by a programed gradient

from 7 mM KH,PO, pH 3.8 to 250 mM KH,PO

2 74 278

sides and bases were identified by reverse phase chromatography with

500 mM KC1 pH 4.5. Nucleo-

an ODS-Ultrasphere (5 micron) 4.6 x 250 mm column. The column was
equilibrated with 7 m}M KHZPO4 pd 6.0 and samples were eluted by a
gradient from 7 mM KHzPO4 pH 6.0 to 1007 acetonitrile. The effluent
was monitored at 254 nm in a Beckman 160 UV absorbance detector and

radioactivity determined in a Flo-one radioactive flow detector



(Radiomatic, Tampa, Fl.). The outputs of both detectors were recorded
in a Kipp and Zonen BD 41 dual chart recorder and analyzed with a

Hewlett-Packard 3390A integrator.

PRECURSOR INCORPORATION INTO NUCLEIC ACID

The procedure used was a modification of that used by Morse et al
(137). T. foetus cells, after 2 hours incubation with radiolabeled
substrate, were washed with PSG and dissolved in 0.25 M NaOH contain-
ing calf thymus DNA at 0.5 mg/ml and unlabeled precursor at 0.5 mg/ml.
The solution was incubated overnight at 37°C., The DNA and protein
were precipitated with cold 57 trichloroacetic acid, washed and col-
lected on a 0.45 micron Millipore cellulose nitrate filter. Radio-
activity associated with the hot 5% trichloroacetic acid pellets were
considered to be due .to protein. Radioactivites were then measured by
LsC.

Precursor incorporation into RNA was determined by dissolving
cells in a solution containing sodium dodecyl sulfate (SDS) at 10
mg/ml, E. coli ribosomal RNA at 0.5 mg/ml and unlabeled precursor at
0.25 mg/ml. Cold 57 trichloroacetic acid was immediatly added to the
solution and then allowed to sit overnight. The resulting pellet was
washed and treated with 0.3 M KOH for 16 hours at 37°C. The solution
was neutralized with 0.3 M perchloric acid and radioactivity in the

supernatant fraction determined bty LSC.
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ENZYME ASSAYS

Phosphoribosyltransferase- Activities were measured by a modi-
fied procedure of Schmidt et al (136). Phosphoribosyltransferase
activities were determined in 100 mM Tris-HC1 pH 7.8, 7 mM MgClz, 1.0
mM S5-phosphoribosyl-l-pyrophosphate (PRPP), 0.05 mg/ml bovine serum
albumin (BSA) and 0.02 mM radioactive substrate. The reaction mixture
was incubated with enzyme at 37°C for 10 minutes and terminated by the
addition of ice cold 2 mM unlabeled substrate. The resulting solution
was filtered through PEI-cellulose GF/B filter and radioactivity
measured by LSC.

Nucleoside kinase- Nucleoside kinase activities were assayed by
the method of Nelson et al (103) in 100 mM Tris-HC1 pH 7.5, 20 mM ATP,
20 mM MgClz, 80 mM phosphoenolpyruvate, 40 units/ml pyruvate kinase
and 1.5 mM radiolabeled nucleoside substrate. The reaction mixture
was incubated with enzyme for 10 minutes at 37°C and the PEI-adsorb-
able counts determined by LSC.

Nucleoside phosphotransferase- The assay procedure was the same
as for the kinase except for that the buffer was 100 mM NaOAc pH 5.4
with 1.0 mM radiolabeled nucleoside and that p-nitrophenyl phosphate
(10 mM) was used as the phosphate donor.

Other enzymes- Nucleoside phosphorylases were assayed in 50 mM
Tris-HC1 pil 7.5, 1.0 mM radiolabeled nucleoside and 10 mM KH2PO4 pH
7.5 . Deaminase activities were determined in 50 mi{ Tris-HC1l pH 7.5
and 0.2 m{ radiolabeled substrate. PReactions were run at 37°C for

various times up to 60 minutes and terminated by HClOA/KOH treatment.



The products of the reaction were analyzed by reverse phase HPLC.
Thymidylate synthetase was assayed by the method of Santi and Mclenry
(133) using S5-flurodeoxy-[H]uridine monophosphate (18Ci/mmole).
Dihydrofolate reductase reductase was assayed spectrophotometrically

by the procedure of Hillcoat et al (134).

PREPARATION OF T. foetus EXTRACTS

Midlogarithmic phase cells were washed and resuspended in 1

volume of 25 mM Tris-HCl pH 7.2, 20 mM KC1, 6 m 3Cl, and 1 mM DTT.

2
The cell suspension was homogenized with a Brinkman Polytron at 4°C.

The cell homogenate was centrifuged at 10,00Cg for 30 minutes to

remove cell debris and then at 100,000g for 1 hour to separate soluble

and pelletable fractions. Protein concentrations were determined by

method of Bradford (135) using BSA as standard.
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RESULTS

De Novo Pyrimidine Nucleotide Synthesis
Radiolabeled bicarbonate, L-aspartate and orotic acid was not
incorporated into the nucleotide pool after 60 a minute incubation
with T. foetus cells at 37°C, as analyzed by HPLC.
Incorporation of radiolabeled precursors of de novo pyrimidine
biosynthesis into nucleic acids was also examined by incubation of T.
foetus with a radiolabeled precursor over a 2 hour period (Table 1.1).

There was no detectable incorporation of radiolabeled bicarbonate, L-

aspartate or orotic acid into RNA or DNA. L-Aspartate was incorpor-

ated only to a limited extent into T. foetus protein fraction. T,

foetus extracts were found to be devoid of any orotate phosphoribosyl-

transferase (Table 1.2).

Salvage of Pyrimidines and Pyrimidine Nucleotides

The uptake and salvage of exogeneous pyrimidine bases and nucleo-
Sides are shown in Figure 1.4, Uracil is by far the most readily
incorporated by T. foetus into the nucleotide pool. The uptake of
uracil has an initial rate of 1.7 pmole/min-10° cells while that for
uridine apg cytidine were incorporated at 1/10 the rate of uracil.
Cytosine ang thymine are not incorporated at all while the uptake of
thymidine is at a very low rate, about 1/100 that of the uracil rate.
RESults of competition experiments examining the incorperation of a
radi(’labeled substrate in the presence of a 10-fold higher concentra-

ti . .
Ot of wunlabeled substrate is shown in Figure 1.5. The results
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indicate; 1) uracil incorporation is inhibited by uracil and uridine,
2) wuridine incorporation is inhibited by uracil and uridine, 3) cyti-
dine incorporation is inhibited by uracil, uridine and cytidine and 4)
thymidine is only inhibited by thymidine. The uptake of uracil,
uridine, cytidine and thymidine is unaffected by a 10-fold excess of
thymine or cytosine.

The incorporation of radiolabeled thymidine, uracil and uridine
into T. foetus nucleic acids were also examined (Table 1.1). Both
labeled uracil and uridine were found associated only in the RNA

fraction while labeled thymidine was found only with the DNA fraction.

HPLC Analysis of the Nucleotide Pool

T. foetus cells were labeled with pyrimidines and pyrimidine
nucleosides, washed free of label, and then chased by incubation with
unlabeled substrate. The cells were lysed, nucleotides extracted and
analyzed by HPLC (See Figures 1.6-1.9). The figures illustrate: 1)
thymidine is converted to TP, TDP and TT?P; with chasing decreasing
all three levels; 2) uracil and uridine are converted to UMP, UDP-
hexose, Upp and UTP; with a substantial decrease in UMP upon chasing
and 3) cytidine was found with CMP, UMP, UDP-hexose, UDP, CDP, UTP and

TP, then chasing reduces UMP, CHP, CDP, CTP to a large extent,

Enzyme Profiles
After a preliminary spin at 10,000z, the crude extract of T.
m was centrifuged at 100,00Cg to separate pelletable (membrane

a 3 s .
ssoc1ated) enzyne activities from the supernatant (cytosol associat-
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ed) activities. The pyrimidine salvage enzyme profiles are shown in
Table 1.2. There were no detectable dihydrofolate reductase or
thymidylate synthetase activity. The only activity found for
thymidine salvage was a 100,000g sedimentable phosphotransferase. The
thymidine phosphotransferase utilized p-nitrophenyl phosphate, AMP,
GifP, UMP, and CHP equally well as phosphate donors. Sugar phosphates
such as fructose 1,6-diphosphate, were not recognized as substrate
pnosphate donors. Guanosine was shown to be a noncompetitive
inhibitor of thymidine phosphotransferase while uridine and cytidine

had no effect on enzyme activity.

Drug Testing

T. foetus was cultivated in TYi{ in the presence of several known
inhibitors of thymidylate synthetase, (0.1 mM azomycin riboside, 0.1
mf 5-bromovinyldeoxyuridine) and of dihydrofolate reductase (0.5 mM
methotrexate, 0.25 mM pyrimethamine, 0.5 mM trimethoprim). The drugs
were without any effect on the growth of the trichomonad during a 24
hour perijod. 5-Flourouracil, a potent inhibitor of thymidylate syn-
thetase, iphibited T. foetus growth. The incorporation of thymidine
Was not effected by 5-F-uracil but uracil, uridine and cytidine uptake
were inhijbpited. The use of 5-F-[6-®H]uracil (32.8 mCi/mmole) as a
Substrate by T. foetus cells revealed, after nucleotide extraction and
HPLC @nalysis, the emergence of 3 radioactive peaks corresponding to
the nuclegside mono-, di- and triphosphate of 5-F-uracil (See Chapter

3)



TABLE 1.1 Incorporation of radiolabeled substrates into T. foetus

nucleic acids.

Label

Conc., mCi/ Incorporation, pmol per 10° cells

Substrate m\ nmol ~DNA fraction RNA fraction
H!*CO03™ 2.0 58.0 <0.05 (3) <0.05 (3)
[t“C]Aspartate 6.8 14.6 <0.05 (3) <0.05 (3)
[5-1“C]Orotate 2.5  15.1 <0.05 (3) <0.05 (3)
[methyl-3H]-

Thymidine 1.6 61.9 0.64 * 0.11 (6) <0.05 (3)
[6-2H JUracil 2.2 40.6 <0.05 (6) 5.77 + 0.79 (4)
[6-*H]Uridine 3.3  30.1 <0.05 (6) 5.30 £ 1.60 (3)

Incorporation was determined after 2 hr of incubation. Conc.,
concentration. Numbers in parentheses represent numbers of

eéxperiments. Results represent mean or mean * SLi.



TABLE 1.2.

foetus.

Enzzme type

Phosphoribosyl-
transferase

Kinase

Phosphotransferase

Phosphorylase

Deaminase

DihYdl‘Ofolate
reductase

Thymidy1ate
Synthetase

Substrate

Uracil
Cytosine
Thynine
Orotate
Uridine
Cytidine
Thymidine
Uridine
Cytidine
Thymidine
Uridine
Cytidine
Cytosine

Cytidine

Dihydrofolate

41

Pyrimidine salvage enzyme activities in extracts of T.

Activity (nmol/min)/

mg of protein

Supernatant

0.516 + 0.004
<0.001
<0.001
<0.001
<0.001

<0.G01

<0.001
1.94 = 0.02

<0.001

<0.06C1

1.84 £ 0.02

<0.01

<0.0001+*

Pellet

<0.001
<0.001
<0.001
<0.091
<0.001
<C.001
<0.001

254 £ 0.050

0.039 % 0.003

0.144 + 0,022

<0.001
<0.001
<0.001

<0.001

<0.01

<0.0001*

Lach €Nnzyme activity value is derived from three independent assays.

‘.j
3
eSults represent mean or mean

% S

Blnd]J1g value expressed as nmol of 5-fluorodeoxyuridire monophosphate

b - .
ound per mg of protein.
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FIGURE 1.5. Incorporation of radiolabeled uracil (A), uridine (B),

cytidine (C), and thymidine (D) into T. foetus nucleotides in the
presence of a 10-fold excess of unlabeled substrate.D. No unlabeled
substrate; (O, unlabeled uracil;A, unlabeled uridine;\/ , unlab-

eled cytidine; O , unlabeled thymidine.
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DISCUSSION

Tritrichomonas foetus does not incorporate exogeneous

bicarbonate, aspartate or ortate into its nucleotide pool or nucleic
acids. This and the absence of orotidylate phosphoribosyltransferase
(OPRTase) activity in crude extracts indicates that the parasite is
incapable of de novo pyrimidine biosynthesis. This conclusion is also
supported by the requirement of preformed pyrimidines in minimal
defined media (118) and the absence of activities of de novo
Pyrimidine synthesis enzymes (139).

Examination of the trichomonads salvage pathway reveals that
Urxracil and thymidine are used to fulfill the majority of the parasites
PYximidine requirements. The absence of thymidylate synthetase and
dihydrofolate reductase activit‘ies in crude extracts, the inability of
Uracil to incorporate into DNA anc.l of thymidine to incorporate into
RNA, the lack of effect of potent thymidylate synthetase and dihydro-
folate reductase inhibitors on T. foetus growth and the nucleotide
PoOo1 evidence showing the absence of TMP formation from U.[P indicates
That T. foetus is .incapable of forming T![P and is reliant upon

- =
Thymidine salvage. This evidence also indicates that the uptake of
YT acil and thymidine occurs by two discrete and independent pathways.
Thyrnidine phosphotransferase is responsible for the salvage of
Ry midine to form TP while uracil phosphoribosyltransferase (UPRTase)
SOnverts uracil to BP. Thymidine phosphotransferase is a unique and

€Y enzyme providing for the parasites entire thymidine requirement.
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Calculations indicate that the observed specific activity of thymidine
phosphotransferase can more than account for the rate of thymidine
incorporation into the nucleotide pool of T. foetus. The enzyme is
sedimentable and utilizes several nucleoside 5'-monophosphates as well
as p-nitrophenylphosphate as phosphate donor for thymidine. The same
Pelletable material containing thymidine phosphotransferase also con;
tained guanosine phosphotransferase (See Chapter 2). It is not
unlikely that G'P may be the natural phosphate donor for thymidine
Phosphotransferase and that the utilization of a purine nucleotide in
A pyrimidine pathway may serve to balance the formation of pyrimidine
and purine nucleotides.

The salvage of cytidine and uridine occurs most likely by prior
Conversion to uracil via cytidine deaminase and uridine phosphorylase,
Tespectively, and then becomes incorporated in the trichomonads '
Nucleotide pool with the aid of UPRTase. The importance of UPRTase is
©XxXemplified by the requirment of uracil to support the growth of T.
4§S2§;;g§ (118) and the inhibition of in vitro growth by 5-F-uracil (a
Moderate competive inhibitor of T. foetus UPRTase). It is yet unclear
Whether the inhibition of UPRTase by 5-F-uracil or its metabolites
is/are responsible for the observed inhibition of growth. The UPRTase
in 7T, foetus is different than that from mammalian sources in that it
(iC)GEs not exhibit any OPRTase activity (141). The pyrimidine salvage

N e tyork of Tritrichomonas foetus is summarized in Figure 1.10.

The absence of thymidylate synthetase and dihydrofolate reductase

[ tivities and the inability to perform de novo pyrimidine synthesis
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may be not unique to T. foetus but perhaps may be a common deficiency

in anaerobic parasites. Both Trichomonas vaginalis (138) and Giardia

lamblia (140) are insensitive to millimolar concentrations of potent
antifolates or thymidylate synthetase inhibitors such as methotrexate,
pyrimethamine, trimethoprim and 6-azauridine. T. vaginalis, like T.

foetus, exhibits a simple although different network of pyrimidine

salvage. T. vaginalis incorporates uridine, cytidine and thymidine
into its nucleotide pool via uridine, cytidine and thymidine phospho-
transferase, respectively (138). Detailed knowledge on pyrimidine

Salvage in G. lamblia is not yet available, but preliminary findings

Suggest a similar network as in T. vaginalis.

Tritrichomonas foetus is a unique parasite in that it is unable

T o form pyrimidines de novo and lacks thymidylate synthetase and
dihydrof.olate reductase. The deficiencies of parasites in pyrimidine
Metabolism and reliance upon exogeneous pyrimidines has created two
Potential sites for chemotherapeutic attack. It is easy to envision
that inhibition of either uracil phosphoribosyltransferase or

TR ymidine phosphotransferase may lead to inhibition of T. foetus

E royth.
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Tr
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CHAPTER 2

PURINE METABOLISM IN TRITRICHOMONAS FOETUS

INTRODUCTION

There are two general pathways available for the synthesis of
Purine nucleotides; 1) de novo synthesis assembles the purine ring on

ribose-5-phosphate and 2) salvage pathways utilizing preformed purines

Or purine nucleosides for the formation of purine nucleotides. In

mammals, the liver is the major site of de povo purine synthesis
Secreting synthesized purines and purine nucleosides to be salvaged by

Other tissues. The purine ring is assembled on ribose-5-phosphate

from glycine, formate, COZ' glutamine and aspartate (Figure 2.1). The

Salvc‘age of purines in mammals is accomplished by kinases, phospho-

ribC:osylt:ransferases, deaminases and phosphorylases. A complete scheme

for salvage and interconversion of purines is shown in figure 2.2.
All parasitic protozoa examined to date including, Trypanosoma

% (89), Leishmania donovani (96), Plasmodium lophurea (97),

% tenella (98), Trichomonas vaginalis (99) and Giardia lamblia
(144) are incapable of de novo purine nucleotide biosynthesis. The
e"idence for this conclusion has come mainly from studies on the
Qhemical composition of minimal defined media and the failure of

glyQ:i.ne or formate to incorporate into the parasite nucleic acids.

Ab
Se&nce of the ability to synthesize purines de novo implies

de
Pengdence on a salvage pathway. This dependence on the salvage of
Dur 3 . . s
1 nes might be expected to render the parasite more susceptable to
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the cytotoxic action of purine analogues. Allopurinol, a hypoxanthine
analogue recognized by the parasitic salvage enzymes, exhibits anti-
trypanosomal and antileishmanial activities (101,102). Likewise, the
purine nucleoside analogues, allopurinol riboside (103), formycin B
(104) and 4-thiopyrazolopyrimidine riboside (105) have anti-leish-
manial activity because of their recognition as substrates by the
nucleoside phosphotransferase in leishmania.

Recent evidence on the pyrimidine metabolism of T. foetus (142)
indicated the absence of dihydrofolate reductase. Lack of this enzyme
and the previous history of other protozoa examined, suggest that this
Parasite is also deficient in de novo purine nucleotide biosynthesis.,
In this chapter we propose to examine the purine nucleotide biosynthe-

Sis and purine salvage in Tritrichomonas foetus and identify potential

Targets for chemotherapeutic attack.
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MATERTALS AND METHODS

CULTURES

T. foetus, strain KVl, was cultivated in Diamonds TYM medium pH
7.2 supplemented with 107 heat inactivated horse serum and 17
antibiotic/antimycotic mixture at 37°C (114). See Chapter 1 for

details.

CHEMICALS

[8-1"C]Hypoxanthine (51.1 mCi/mmol), [8-!“CJ]adenine (49.1
mCi/mmol), [Slé]xanthine (41.0 mCi/mmol), [8-!“C]guanine (556.7
mCi/mmol), [8-!“Clinosine (112.0 mCi/mmol), [2,8-3H]adenosine (49.4
mCi/mmol), [8-%H]guancsine (45.7 mCi/mmol), [!“Clformate (2.43
mCi/mmol), ['*C]lbicarbonate (58.0 mCi/mmol) and [2-!“Clglycine were
purchased from New England Nuclear, Amersham or ICN. All other

chemicals were of the purest grade available.

PRECURSOR INCORPORATION INTO THE NUCLEOTIDE POCL

Midlogarithmic phase of growth cells were washed and resuspended
in PSG. Radiolabeled substrate, 3 microcurie, was added to the cell
suspension and incubated at 37°C. Nucleotides were extracted and the

PEfI-adsorbable radioactivity determined. See Chapter 1 for details.

I'PLC

Nucleotides were identified by ion-exchange IPLC using an
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Ultrasil-AX (10 micron) 4.6 x 250 mm column. Nucleosides and bases
were identified by reverse phase chromatography with an ODS-
Ultrasphere (5 micron) 4.6 x 250 mm column. See Chapter 1 for

details.

ENZYME ASSAYS

Phosphoribosyltransferase activities were measured by a modified
procedure of Schmidt et al (136). Nucleoside kinase activities were
assayed by method of Nelson et al (103). Nucleoside phosphotrans-
ferase activities were measured simarily to the nucleoside kinase
procedure. Nucleoside phosphorylase activities and deaminase
activities were assayed as described in Chapter 1. See Chapter 1 for

details.

PREPARATION OF T. foetus EXTRACT

Midlogarithmic phase cells were washed and homogenized at 4°C,
The cell homogenate was centrifuged at 10,000g and then 100,000g.
Protein concentrations were determined by method of Bradford (135)

using BSA as standard.



RESULTS

DE NOVO PURINE NUCLEOTIDE SYNTHESIS

Mid log phase T. foetus cells (10° cells/ml) were incubated with

2 .0 mM of [**C)formate (2.43 mCi/mmol), [}“C]bicarbonate (58.0
mCi/mmol) 01; [2-!%Clglycine (37.69 mCi/mmol) in phosphate-buffered-
saline-glucose (PBSG) at 37°C for up to two hours. The nucleotide
pools were extracted and PEI-cellulose adsorbable radioactivity was
determined. There was no detectable radioactivity incorporated into

the parasite purine nucleotide pool.

SALVAGE OF PURINE AND PURIMNE NUCLEOSIDES

JI. foetus cells vere washed, resuspended in PESG arnd incubated
with radiolabeled purines and purine nucleosides. All purines and
Purine nucleosides examined were found to be incorporated into the
nucleotide pool (Figure 2.3). Hypoxanthine, adenine and inosine were
most readily incorpecrated with adenine reaching 60 pmol/10°® cells
after 1 hour. Guanine, xanthine and guanosine were incorporated to a
much lower extent while adenosine was incorporated at an intermediate
level.

Competition of the radiolabeled substrates with a 10-fold excess
Of unlabeled substrates revealed that adenine is the most potent
inhibitor of uptake for all purine bases. Adenine and hypoxanthine
Wwere found to profouncly effect the incorporation of adenine, hypoxan-
Tthine, guanine and xanthine. Guanine and xanthine had little effect

©n adenine incorporation but did have moderate inhibiton on the incor-
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poration of hypoxanthine, xanthine and guanine (Figure 2.4). Competi
tion of radiolabeled nucleosides with their correspénding bases were
also examined (Figure 2.5 and 2.6). The results indicated that 1)
hypoxanthine and inosine compete equally well in inosine incorpora-
tion, 2) guanine is less effective an inhibitor as guanosine in
guanosine incorporation and 3) adenine is less effective an inhibitor
as adenosine in adenosine incorporation. The data suggest that
inosine and hypoxanthine share a similar pathway of incorporation
while guanosine and adenosine may have alternate routes of entering

the nucleotide pool.

HPLC ANALYSIS OI' THZ NUCLEOTIDE POCL

HPLC analysis of the nucleotide pool of T. foetus incubated with
radiolabeled hypoxanthine, adenine and inosine show very similar
incorporation profiles. The labels were found predominately in I{P
with some also in XIP, AMP, ADP, ATP, G!iP, GCP and GTP. Upon chasing
with cold substrate, the radioactivity in IMP decreased dramatically
with a concommnitant increase in ATP and GTP (Figures 2.7,2.3,2.12).
Guanine and guanosine are mostly incorporated into I!{?, P, G1P, GDP
and GTP. Upon chasing, the labels decrease in I!P? and X P but appear
in ADP and ATP. This evidence suggests a strong Gi{P reductase respon-
sible for the rapid conversion of G!P to IMP (Figure 2.9). Xanthine
is mainly converted to Xi:P with some label seen in I!IP, G!iP, GDP and
GTP. After chasing, radiocactivity decreases in YP, IMP, GP, CDP and
GTP but also appears in ATP (Figure 2.1C). Adenosine is prirarily

incorporated into NAD, &P, IIP, XP, AD? and AT? after a 30 minute
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pulse. Upon chasing, the label in IMP dissappears and we see a

decrease in radioactivity of NAD, AMP, XIP, ADP and ATP (Figure 2.11).

ENZYME PROFILES

The various salvage enzyme activities found in T. foetus crude
extracts are summarized in Table 2.1. High hypoxanthine, guanine and
xanthiné phosphoribosyl transferase activity would account for the
rapid uptake of these bases. The lack of adenine phosphoribosyl
transferase and the presence of adenine deaminase could explain the
incorporation of adenine by prior conversion to hypoxanthine. T.
foetus lacks both inosine kinase and phosphotransferase and the con-
version is dependent upon the presence of inorganic phosphate.
Inosine uptake seems to occur only by way of an inosine phosphorylase.
There is also high adenosine and guanosine phosphorylase present which
converts the nucleosides to their respective bases in the presence of
inorganic phosphate., The presence of guanine deaminase could explain
why we see the early labeling of X{P by both guanine and guanosine.
The salvage of adenosine occurs by an adenosine kinase forming AMP and
guanosine by a phosphotransferase forming GYP directly. Guanosine
nhophotransferase was the only enzyme found to be sedimentable
(100,0C0g). The enzyme utilizes p-nitrophenylphosphate as well as

P, CIP, TiP and AP as the phosphate donor.
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TABLE 2.1. Purine salvage enzyme activities in Tritrichomonas foetus

Enzxme

Phosphoribosyl-
transferase

" Kinase

Phosphotransferse

Phosphorylase

Deaminase

Substrate

Hypoxanthine
Guanine
Adenine

Xanthine

Inosine
Guanosine

Adenosine

Inosine
Guanosine

Adenosine

Inosine
~ 0
Guanosine

Adenosine

Adenine
Guanine
Adenosine

Guanosine

Activity* (nmol/min/mg protein)

Supernatant

0.915 = 0.003
1.137 = 0.050
<0.001

0.825 % 0.005

<0.001
<0.001

0.921 * 0.1C0

<0.001
0.233 £ 0.015

<0.001

44,0 £ 5.0
21.8 £ 2.0

16.0 £ 1.5

0.66 £ 0.07

—
I~
(o)}
+

0.C6

29.0

H

2.0

<C.G01

Pellet

<0.001
<0.001
<0.001

<0.001

<0.001
<0.C01

<0.001

<0.001
0.567 % 0.030

<0.001

<0.001
<0.001

<0.0C1

<0.001
<0.001
<0.001

<0.C01

#*Bach activity value is derived from three independent assays.
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FIGURE 2.3. Incorporation of radiolabeled purines (A) and purine
nucleosides (B) into T. foetus nucleotides. Each substrate was
present at 20 11 in the incubation mixture; [8-'"Clhypoxanthine,
(53.0 mCi/mmol); [8-'“Clguanine (56.7 mCi/mmol); [8-1“Cladenine
(49.1 mCi/mmol); [8-!“C]xanthine (15.5 mCi/mmol); [8-'“Clinosine
(22.5 mCi/mmol); [8-3t]guanosine (45.7 mCi/mmol); [2,8-3H]adenosine

(49,4 mCi/mmol).



FIGURE 2.4. Incorporation of radiolabeled purines: (A) hypoxanthine;
(B) guanine; (C) adenine; (D) xanthine into T. foetus nucleotides in
the presence of another unlabeled base at ten fold higher concentra-

tion. Levels of radiolabeled purines are as described in Figure 2.3.
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FIGugE 2.5. Incorporation of radiolabeled; (A) inosine and (B) guano-

Sine into T. foetus nucleotides in the presence of another unlabeled

Substrate at ten fold higher concentration. Levels of radioactive

Substrates are as described in Figure 2.3.
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FIGURE 2.6. Incorporation of radiolabeled adenosine into T. foetus
Nucleotides in the presence of another unlabeled substrate at ten fold
higher concentration. Levels of radioactive substrates are as

described in Figure 2.3.

67



‘I'I'I'I‘I'T'I‘I'l'l'l'l'l'['l'l‘l'l'l'l‘l'l'l'l'lrI'l'I'l'l'lrr'Ffl‘r

11} 3000
0.20 8-C Hypoxanthine 3
30’ puise —1000
0.15 3 500
g i E
3 A 3
~ \ 3
g 0.10 :: —100
" 3
g a :l 3 3 -
H L < 3
g 0.05 v Ny ¥ ' & S 4 3%
< . (] i " \ " o i
B S ;.§§ woB g N
! W ;"u‘ ' 4 ASAY ) Se~—3
0 e/ > AN ory . T 3 q‘o
14 <3000
0.20L 8-C Hypoxanthine 3
30’ puise, 30’ chase —1000
0.15 3
=500
13 3
< 3
- 3
& 3
w 0.0 —100
Y 3
3 2 3
] -
2 0.05 o : N8 350
< $ 3 3% 3
v B3 g
o \ ! '\ \ L —
° B =7 ' - )}\__LL N --.a bw b o
70

0 10 20 30 40 50 60
’ RETENTION TIME (min)

FIGURE 2.7. HPLC analysis of T. foetus nucleotides pulse-labeled by

20 M [8-!“C]hypoxanthine (53.0 mCi/mmol) for 30 minutes, then chased
by unlabeled hypoxanthine of the same concentration for 30 minutes.

— A254; -—=--y Cpm.

cpm

cpm

68



FIGURE 2.8.

L l'l"'l'lﬂ'l‘l'l'l'l'l'l'l'l‘l'l'l'I'I’I'TTT'I'I'['I'l'l'l'l'l’l'l

b
0.20F 8c Adenine 3
0.15F 3
EE 3 3
& 3 AT 3
w O0.10F h 1 § -3
P E don g 3
- o nooon - e -
g C. ‘ 1 " N -
o b " '| Il g ' ‘-:
2 0 2 e I:. 'y "‘ " < 1\
2 0. 5: ; 3 ::' =|‘ oy ,,\‘ 'l \\E
C p | b § 'I'\: “ /\ll u
C " E
:-.\\ '\ l\ l‘,' ‘\ ‘_,-\i

0 :

0.20 E—. .'—‘C Adenine _:
— 30 pulse, 30’ chase —
2 3
0.15F 3
s F 3 .G
< =y » < p
& - " A E
0.‘0— ' \ -
g % i 8 8
— \ -
g o :" " 5 :“ ,"\ 3
9 oosE g 5 o AR
0.05F ' ) " v
2 - ’ § '|“ : -:
- v ' 3
o8 ol 3

-y

=
°0 10 20 30 40 50 60 70

RETENTION TIME (min)

HPLC analysis of T. foetus nucleotides pulse-labeled by

20 M [8-!*C)adenine (49.1 mCi/mmol) for 30 minutes, then chased by

unlabeled adenine of the same concentration for 30 minutes.

A

254°

, CpPm.

1000

100

500

100

50

cpm

cpm

69



vll[v|I|'—|l|vll||[tll|l|l|l|r|l[[|l|r‘t[l|'[']l]'['|"'[l’]'l']"']'|
14
0.20 8 -C Guanine
60’ pulse 3

STame

0.15 E 3
13 " ) §
€ Hwoon ]
2 I 3 .
~ 1 \
w 0.10 K :: " 'l“\
§ :' " | \ ' ‘.
ro
HI . e 4N
3 g I R B < 0
g oos i i R P
: ' h ' R
(N} L1} \ \ N \
H‘ | (T ' \
0 \ ,\‘ \ <}
....... --AI.-_JJ.L.A -4- =™ s - 1
0.20 8 Z'c Guanine ;
60’ pulse, 60’ chase -
-
—
0.15 -
E 3
c - 3
3 < 3
w 0.10 Y =
2 < 3
s 3
=3 § s 3
3 o
2 0.05 5 ;0 ',“ ~ d:
0\ I AR Y \
) 0 \ ’\\ f\ 3
/\ '. A\ NN
ﬂu---_- 221 LlllllLTnfl.nrl'fﬂTl{I|f|l|ll||l »
0 10 20 30 40 50 60 70

RETENTION TIME (min)

FIGURE 2.9. HPLC analysis of T. foetus nucleotides pulse-labeled by
20 M [8-!*Clguanine (56.7 mCi/mmol) for 60 minutes, then chased by
Unlabeled guanine of the same concentration for 60 minutes.

\, Azsa; == Cpmo

500

500

100

50

cpm

70



-"llllr]'r!"llIl]"!_[FTTIIII‘IIITT]T‘[T]II'[][([llr"]'T]"rrrr‘[rrV‘IrTr-sooo
0.20 8¢ Xanthine s
- 60’ pulse —1000
0.15F
13 e
[ < -
< o
4] =
w 0.0
(v} -
g E
8 2
2 0.05F P $
2 A A
- ..
é—cAAsﬁk\ 2 o -
o BT R T T HT TR RAR R T Fbablo
0.20 :_ ‘!-.C-XGI“MM E
— 60’'pulse, 30' chase _: 1000
F 3
0.15F 3
E a3 - 500
c = -
< - 3
wn - -
o~ 5 =
g 0.10 —100
Z 3 -
@ - -
e ; 5 T3
2 C <
2 0.05: 5 i" g < ESO
o S -
= 3% A &=
r ]\ /] :
hex, . S, ML, L D N e B e Plal Y4 \ -
0 ala bl dledaty lllllllljllll‘lllllllllllll-rl-‘llll)lllllllllllllllll-‘o
0 10 20 30 40 50 60 70

RETENTION TIME (min)

FIGURE 2.10. HPLC analysis of T, foetus nucleotides pulse-labeled by
20 uM [8-!“C]xanthine (15.5 mCi/mmol) for 60 minutes, then chased by
unlabeled xanthine of the same concentration for 30 minutes.

_, AZSA;---" cpm.

cpm



0.20 28 31 Adenosine 3 ::
30"“'“ ) -
h
4]
: B
0.15 ! " ]
3 n £
E = Iy " “ <
[ 2 , '| [}} '\ ’\
- - " h i A RN
g Ao i
i N R N N P
z g ! h H v \
g A 1: :l :, ' " : \5
Vo on Y AN
8 oos AR R
g0 AN I :
J I !

Pl R M M MMM UMMM UL MR AR A R R R B0 M RO RA GO RS A A L B B

0
0.20F 2.8 *H Adenosine
30’ pulse, 30’ chase
0.15
€
c
<
n
™~
% 0.10 3
2 :
@ 0.05 0
( r
Y)

FIGURE 2.11.

> ADP

UDP-hex
uoe

30 40
RETENTION TIME (min)

50

ILARIRARARISARARA LR AR RA RA A RA R RARE AR R AR R RA AR R AR AR R LR RE R B

L

Lhtatattatstabatat ot etatabatot batsbs AviAnnRnnnnnEnnEnnRnnn

3000

500

100

100

HPLC analysis of I. foetus nucleotides pulse-labeled by

20 uM [2,8-3H]adenosine (88.3 mCi/mmol) for 30 minutes, then chased by

unlabeled adenosine of the same concentration for 30 minutes.

_— AZSA;—--_’ cpm,

cpm

cpm

72



0.20

ABSORBANCE 254 nm

ABSORBANCE 254 nm

FIGURE 2.12.

0.15

0.10

0.05

0.20

0.15

0.10

0.05

IBACA AR MM LA R R LA AR M AR B2 B )

v
4

7

"I'llv['lll]‘]']!l1]l|l[l[llllr[I'llllllllllr]rll|1rv[l|l[r[![r[l'lll[

ol'c Inosine

Lotadatabadobabatelstsl

) oTP

slalalatalalslaly

LIAARASARARI AR RARA AR RARR R R BN A AR RE A B

30’ pulse
"
)
'l
i
\
\
\
T A ™ 1T
T'l'lll"llllllllrlll"
1
8-C Inosine

30’ pulse, 30’ chase

RETENTION TIME (min)

3000

1000

500

100

3000
1000

100

S0

HPLC analysis of T. foetus nucleotides pulse-labeled by

20 uM [8-'"Clinosine (22.5 mCi/mmol) for 30 minutes, then chased by

unlabeled inosine ‘'of the same concentration for 30 minutes.

—_— A254; =" Cpm'

cpm

cpm

73



DISCUSSION

All parasitic protozoa examined to date are unable to make their
own purines, and T. foetus is no exception. The lack of dihydrofolate
reductase (142) and the inability to incorporate precursors of purine
nucleotide into the nucleotide pool indicates that T. foetus is
incapable of purine de novo biosynthesis. The complete salvage
pathway is summarized in Figure 2.13.

As is illustrated, the hypoxanthine-guanine-xanthine phosphoribo-
syl transferase activities play a key role in the salvage of purines.
It is yet unknown whether this is indeed one, two or three separate
enzymes., There are instances of all cases occuring among other proto-
zoans (98,143)., It was surprising to find no adenine phosphoribosyl
transferase and difficult to explain the large uptake of adenine at
first. The uptake of adenine apparently proceeded by way of
hypoxanthine with the help of adenine deaminase. But adenine uptake
was faster than hypoxanthine incorporation. This can be explained if
we imagined that uptake is a two step process. Step 1 requires the
transport of the substrate into the cell and step 2 is the actual
conversion to nucleotide. If access across the membrane was the rate
limiting step and adenine transport was quicker for adenine than
hypoxanthine transport, we would expect to see a faster rate for
adenine incorporation, even though it requires two catalytic steps to
become incorporated. Adenosine uptake seems to have two pathways to
become incorporated. One way is via adenosine kinase and the other

way eventually involves hypoxanthine phosphoribtosyl transferase.
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Adenosine kinase is probably the main pathway, as the HPLC nucleotide
pool chromatograms for adenosine uptake is so different from hypoxan-
thine uptake (Figures 2.7, 2.11).

Adenine, hypoxanthine and inosine are the most readily incor-
porated of the purines (Figure 2.3) and all proceed via the sane
phosphoribosyl transferase. The hypoxanthine-guanine-xanthine phos-
phoribosyl transferase plays a key role in supplfing the parasites
purine requirments. An inhibitor designed to exploit this enzyme
could perhaps inhibit T. foetus growth as well.

Another interesting enzyme was the guanosine phosphotransferase.
As was reported earlier, thymidine phosphotransferase was also found
associated with this same pelletable material (142). The thymidine
phosphotransferase represented the sole method for T. foetus to obtain
a TP supply. This enzyme was also shown to be inhibited by guano-
sine. This guanosine phosphotransferase / thyridine phosphotrans-
ferase could be another potential site for chemotherapeutic design.

Comparison of the purine metabolism of T. foetus to two other

anaerobic protozoan parasites, Trichomonas vasinalis and Giardia

lamblia, reveals quite a differance. Both T. vaginalis and G. lamblia
are incapable of de novo purine biosynthsis but have simpler purine
salvage networks than T. foetus. G. lamblia relies on adenosine and
guanosine hydrolase to form adenine and guanine, repectively, which is
then incorporated into the nucleotide pool by adenine and guanine

phosphoribosyl transferases (144). T. veginalis, on the other hand,

lacks purine phosphoribosyl transferase activity (138). Instead, the
p phosp 3



parasite relies on kinases and nucleoside phosphorylase activity for
its purine needs. So, even though these anerobic parasites may share
some similarities, they are quite different in their purine metabol-
ism.

T. foetus is unable to synthesize its own purines de novo and
must rely upon the salvage of exogeneous purines. Two enzymes, hypo-
ianthine-guanine-xanthine phosphoribosyl transferase and guanosine
phosphotransferase have been identified as potential targets for
chemotherapeutic drug design. Further work is required to exanmine

these enzymes more closely.
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CHAPTER 3

EFFECTS OF INHIBITORS ON THE PURINE AND PYRIMIDINE
METABOLISM IN TRITRICHOMONAS FOETUS

INTRODUCTION

Our investigation has indicated that Tritrichomonas foetus is

incapable of de novo purine (157) and pyrimidine biosynthesis (142).
Survival of the parasite depends upon its ability to salvage
exogeneous purines and pyrimidines. The main source of purines for T.
foetus is provided by the salvage and conversion of hypoxanthine to
IMP while the main channel for pyrimidine nucleotides involves the
incorporation of uracil into UMP. The uptake of hypoxanthine and
uracil is accomplished by hypoxanthine phosphoribosyltransferase and
uracil phosphoribosyltransferase, respectively. Figure 3.1 summarizes

the salvage scheme for hypoxanthine. T. foetus has also evolved a

very specific and independent pathway for thymidine salvage because of
its lack of dihydrofolate reductase and thymidylate synthetase. As a
result of this evidence, a semi-defined minimal medium capable of
supporting the growth of the parasite has been formulated and contains
hypoxanthine, uracil and thymidine as the sole precursors of purine
and pyrimidine nucleotides (118). This minimal media has also been
used in our present investigation to analyze the relationship between
drug effects on the growth of T. foetus and purine and pyrimidine

supply in the media.

8
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In this chapter we have examined the effects of two known inhibi-
tors of adenylosuccinate synthetase; alanosine (146) and hadacidin
(153), and specific inhibitors of IMP dehydrogenase; mycopheﬂolic acid
(MPA) (155) and virazole (158). Mycophenolic acid was tested and

found to be partially effective against Leishmania tropica amasigotes

by inhibiting guanosine nucleotide synthesis (159). Other purine
analogues such as formycin B (FoB) and 8-azaguanine (8-AG) have also
been tested on T. foetus. Formycin B has been shown to be an effect-
ive antileishmanial agent (104), being converted by Leishmania spp.

(149, 151) and Trypanosoma cruzi (150) to formycin A- 5'-triphosphate

(See Figure 3.13). A more in depth understanding of the purine and
pyrimidine metabolism in Tritrichomonas foetus can be achieved by
studying the effects of inhibitors on; 1) the in vitro growth of T.

foetus, 2) substrate incorporation into the nucleotide pool of T

foetus and 3) changes in nucleotide concentrations within the nucleo-

tide pool.
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MATERIALS AND METHODS

CULTURES

TI. foetus, KV1 strain, was cultivated in Diamonds TYM medium pH
7.2, supplemented with 107 heat inactiviated horse serum (114).
Cultures after 24 hours growth, 107 cells/ml, were transferred to
fresh media in a 1:10 ratio. In vitro drug testing was done by adding
the drug to the fresh media prior to innoculation with T. foetus. The
cultures were then incubated at 37°C in a Forma anaerobic incubator
Model 1024 under N2 for 24 hours., Cell numbers were determined at the
end of the incubation period using a Coulter counter Model ZF. In
some instances, a more defined medium was chosen for in vitro drug
testing. A semi-defined HUT medium containing; hypoxanthine, uracil
and thymidine as the only source of exogeneous purines and pyrimidines
was used (118). The procedures for innoculation, incubation and cell

counting were preformed as previously described for TYM.

CHEMICALS

Radiolabeled purine bases, pyrimidine bases, purine nucleosides
and pyrimidine nucleosides were purchased from Amersham (Arlington
Heights, IL.) New England Nuclear (Boston, MA.) and ICN (Irvine, CA.).
[®H]-5-F-Uracil (32.8 mCi/mmol) and [3H]-5-F-deoxyuridine (43.3
mCi/mmol) were provided to us by Dr. C. A. Hunt of the School of
Pharmacy, UCSF. [3H]-Formycin-B (400 mCi/mmol) was a gift from Dr. P,
Rainey (151). Formycin B, 8-azaguanine, 5-F-uracil, 5-F-deoxyuridine,

2-aminothiadiazole, 6-mercaptopurine, thioallopurinol and metron-



idazole were obtained from the Sigma Chemical Co., (St. Louis, Mo.).
Alanosine, hadacidin, and mycophenolic acid were a generous gift from
Dr. W. Sadee of the School of Pharmacy, UCSF. All other chemicals

used in the study were of the highest purity commericially available.

PRECURSOR INCORPORATION INTO THE NUCLEOTIDE POOL

Mid-log phase T. foetus were washed and resuspended in phosphate-
buffered (pH 7.2)-saline glucose (PBSG) to a final cell density of
10® cells/ml. Parasites were incubated with radioactive substrates at
37°C and the intracellular nucleotide pool was extracted by the per
chloric acid-KOH procedure (142). The extract was analyzed by ion
exchange HPLC as previously described (142). Quantitative measure
ments of the incorporation of radiolabeled substrates into the nucleo-
tide pool were determined by passing the extract through a glass
fiber, PEI-cellulose loaded filter and then counting the adsorbed

radioactivity in a Beckman LS-3133T liquid scintillation spectrometer

(142).
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RESULTS

Uracil Phosphoribosyltransferase (UPRTase) Inhibitors

Two pyrimidine analogues, 5-flourouracil and 5-flourodeoxyuridine
(Figure 3.2) were examined as possible inhibitors of the growth of
Tritrichomonas foetus. 5-Flourouracil was found to have moderate
inhibitory effect with a 507 inhibitory concentration (ICSO) of 25 uM
while 5-flourodeoxyuridine was without effect on the in vitro growth

of T. foetus in TYM over a 24 hour period. In the presence of 0.1 mM

5-F-uracil, the incorporation of 2.0 mM uracil, uridine and cytidine
were inhibited 447, 327 and 207 respectively. The drug, up to 0.5 mM,
had no effect on thymidine incorporation into TMP, TDP or TTP. HPLC
analysis of uracil, uridine and cytidine incorporation experiments
showed that in the presence of 5-F-uracil, incorporated label in the
nucleotide pool by each of the three substates was reduced. 5-F-
Uracil was shown to be a competitive inhibitor of UPRTase with an IC50
of 70 uM against 20 uM uracil. When 5-F-[6-3H]uracil (32.8 mCi/mmol)
was used to label cells and the products analyzed by HPLC, radioactive
peaks corresponding to 5-F-uridine mono-, di- and triphosphates were
detected, suggesting that the compound may eventually be incorporated
into T. foetus RNA (Figure 3.3). On the other hand, 5-F-[6-?H]deoxy-
uridine (43.3 mCi/mmol) was not incorporated into the parasites

nucleotide pool to a detectable extent.

Hyvpoxanthine phosphoribosyvltransferasse (liPRTase) Inhibitors

Three potential inhibitors of T. foetus hypoxanthine phospho-

83



ribosyltransferase (HPRTase), 8-azaguanine (8-AG) (145), 6-mercapto-
purine and thioallopurinol (Figure 3.4), were weak inhibitors of T.
foetus growth in TYM. 8-Azaguanine, the most potent growth inhibitor
of the three, limited the parasites in HUT medium with an estimated
IC50 of 30 uM (Figure 3.12). 6-Mercaptopurine was the most effective
inhibitor of purine uptake, decreasing the uptake of exogeneous
guanine, hypoxanthine, and adenine by 747, 60% and 407 respectively.
8-AG and thioallopurinol were not as effective inhibitors of purine
uptake (Table 3.1). HPLC analysis of the nucleotide pool labeled with
[8-1“C]hypoxanthine in the presence of 1 mM of inhibitor revealed a
similar pattern for all three inhibitors. There was an overall
decrease of labeled nucleotides, with the mono- and diphosphates
depleted the most and the triphosphates accounting for the majority of
the remaining label. The inhibitory effects of 8-AG on T. foetus
growth in HUT and its effects on hypoxanthine incorporation into the
parasite's nucleotide pool both support the hypothesis that 8-AG is a
substrate of HPRTase (147). Additional evidence from incubation
experiments of T. foetus with 1 mM 8-AG and HPLC analysis of the
nucleotide pool revealed the emergence of three new peaks with
retention times corresponding to the mono-, di- and triphosphates of
8-azaguanine (Figure 3.5) (147). Therefore, it is likely that the
mode of anti-T. foetus action of 8-AG is that of incorporation into

the parasites nucleic acids.
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Adenylosuccinate Synthetase Inhibitors

Inhibitors of adenylosuccinate synthetase, L-alanosine, hadacidin

and formycin B (FoB) (Figure 3.6) were tested on T. foetus. T. foetus

growth in TYM was uneffected by 1 mM of L-alanosine or hadacidin while
formycin B reduced the in vitro growth dramatically, after a 24 hour
period (Figure 3.12). The uptake of labeled hypoxanthine, adenine and
adenosine were inhibited about 407 by 1 mM FoB. Hadacidin (1 mM) was
inhibitory to hypoxanthine and adenine uptake but stimulated adenosine
uptake. The uptake of all three substrates, hypoxanthine, adenine and
adenosine were stimulated by 100 uM alanosine (Table 3.2). In the
presence of 1 mM hadacidin or formycin B, the nucleotide pool
indicated a decrease in the adenine mono-, di- and triphosphates in
HPLC analysis(Figure 3.7 C, D). The inhibitory strength of FoB
appeared to be stronger than that'of hadacidin. T. foetus was
incubated with 3 pM [3H]formycin B for 2 hours and the nucleotide pool
eitracted and analyzed. The results showed the appearance of only a
single radiolabeled peak whose retention time corresponded to that of
formycin B-5'-monophosphate (Figure 3.8) (151). If this monophosphate
of formycin B is the active agent responsible for the growth
inhibition observed in T. foetus, then it could possibly act by
inhibition of adenylosuccinate synthetase as suggested by; the hypo-
xanthine incorporation experiments (Table 3.2), the HPLC analysis of
incorporation experiments (Figure 3.7 C, D), and the postulation made
by Carson and Chang (104). A test of this hypothesis involved the

cultivation of T. foetus in HUT medium with added adenosine. The

85



added adenosine would be expected to reverse the inhibiton of FoB
because adenosine can be converted directly to AMP by adenosine
kinase. The data in Figure 3.10 however, indicated that adenosine had
no rescueing effect for the parasite treated with 100 uM FoB, which
could mean that either adenosine alone can not fulfill the require-

ments of T. foetus for purines or that FoB-5'-monophosphate may have

other activities leading to inhibited growth of T. foetus.

IMP Dehydrogenase Inhibitors
Mycophenolic acid (MPA) and virazole (Figure 3.9) were examined
as possible inhibitors of T. foetus growth. Virazole (1 mM) had no

effect on T, foetus growth while mycophenolic acid was a moderate

inhibitor éf:I. foetus growth with an estimated IC50 of 50 uM in TYM.
The incorporation of [8-!“Cladenine was unaffected by 1 mM virazole
and subsequent HPLC analysis of the nucleotide pool showed no change
in the distribution of labeled nucleotides. Ilycophenolic acid had a
stimulatory effect on the uptake of adenine, hypoxanthine and guanine
but inhibited xanthine uptake by 257. HPLC analysis of the nucleotide
pool labeled with [8-!“C]hypoxanthine in the presence of 100 u¥ MPA
revealed the absence of labeled XP, GMP, GDP and GTP (Figure 3.7 B).
Which is consistent with the knowledge that MPA is a specific
inhibitor of IMP dehydrogenase (155) in bacterial and mammalian cells.
Additional evidence for the site of action of MPA could be provided by

examining the effect of the drug in HUT medium, where the only purine

source is hypoxanthine. With the addition of guanine or zuanosine to
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the medium, the parasite should be able to bypass the block and
provide GMP by the actions of guanine phosphoribosyltransferase and
guanine phophotransferase (157). Experimental evidence indicated that
both guanine and guanosine are indeed capable of reversing the

inhibitory effect of MPA on T. foetus growth (Figure 3.10), thus

further proved that MPA is an inhibitor of T. foetus IMP

dehydrogenase.

Other inhibitors of purine metabolism

2-Aminothiadiazole and metrohidazole (Figure 3.11) were examined
for their possible inhibition of purine metabolism in the bovine
trichomonad. 2-Aminothiadiazole (1 mM) was without effect on the
growth of T. foetus in TYM over a 24 hour period. Metronidazole on
the other hand, one of the most effective agents against trichomon-
iasis, inhibited the growth of the trichomonad in TYM with an IC50 of
6 uM. 2-Aminothiadiazole had no effect on adenine uptake while the
uptake of adenine, hypxanthine and adenosine were all 1007 inhibited
by 100 uM metronidazole. The rapidity in which the drug acts can also
be visually seen. Upon the addition of metronidazole to a cell sus-
pension, the cells immediately (within 1 minute) become orange in
color. This orange color is also extractable in our nucleotide
extraction procedure. Metronidazole seems to be a potent non-specific
inhibitor of purine metabolism but its exact mode of action still

remains to be elucidated.
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FIGURE 3.5. Incorporation of 8-azaguanine into the nucleotide pool of
T. foetus. A) no drug control and B) with 1 mM 8-azaguanine for a 2

hour incubation at 37°C.
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FIGURE 3.,7. HPLC profiles of nucleotides in T. foetus:pulse-labeled

with 20uM [8-!“C]hypoxanthine (51.1 mCi/mmole) for 45 minutes in the
presence of A) no drug control, B) 100 uM mycophenolic acid, C) 1 mM

hadacidin and D) 1 mM formycin B,
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FIGURE 3.8. Incorporation of formycin B into the nucleotide pool of
T. foetus. T. foetus was incubated with 3 pM [3H]forymcin B

(450 mCi/mmole) for 2 hours.
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DISCUSSION

Iritrichomonas foetus is reliant upon the salvage of exogeneous
purines and pyrimidines for its survival (142,157). It is capable of
being grown in a semi-defined minimal medium with uracil, thymidine
and hypoxanthine as its only purine and pyrimidine source (118). The
salvage of uracil was found to be competively inhibited by 5-F-uracil
but this is probably not the drugs primary mode of action. Instead,
the uptake and conversion of 5-F-uracil to the mono-, di and triphos-
phates (Figure 3.3) and its eventual incorporation into the parasites
RNA is most likely its mechanism of action. On the other hand, T.
foetus does not incorporate 5-F-deoxyuridine into the nucleotide pool
which implies that the enzymes involved with nucleoside salvage and
interconversion may be more substrate specific than UPRTase.

Since I. foetus can survive on hypoxanthine alone as the purine

source (118), the hypoxanthine phosphoribosyltransferase, IMP dehydro-
genase and adenylosuccinate synthetase in the parasite have important
roles in purine salvage (See Figure 3.1). This is exemplified by the
recognition of 8-AG as substrate by HPRTase, the uptake and conversion
of 8-AG to the mono-, di- and triphosphate (Figure 3.5), its postu-
lated incorporation into nucleic acids and the observed growth
inhibition. This is also supported by a similar mode of action of 8-
AG reported in bacterial and mammalian systems (147). The partial
inhibition of HPRTase by 8-AG is probably not the primary mode of

action because further increases in hypoxanthine levels in UUT medium
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failed to reverse the inhibited growth (data not shown).
Several inhibitors of adenylosuccinate synthetase were tested
including hadacidin (153), alanosine (146) and formycin B. Hadacidin,

up to 1 mM concentration, shows no inhibition of T. foetus growth, and

only weak activity in reducing the incorporation of hypoxanthine into
AMP (Figure 3.7 D). This lack of activity in hadacidin is quite in
contrast to its activity on Escherichia coli adenylosuccinate synthe-
tase where it has a Ki value of 4.2 wM( 153). The other inhibitor of
adenylosuccinate synthetase, alanosine, was also without effect on T.
foetus growth or on hypoxanthine incorporation into nucleotides. This
lack of activity is probably because alanosine itself is a poor
inhibitor of adenylosuccinate synthetase (Ki = 57.23 mM) and needs to
be converted to L-alanosyl-5-amino-4-imidazole carboxylic acid ribo-
nucleotide before becoming a potent inhibitor (Ki = 0.23 uM) (156)
(See Figure 3.14). The enzyme catalyzing this conversion, S-amino-4-
imidazole-N-succinocarboxamide ribonucleotide synthetase, is part of
the de novo purine synthetic pathway which is absent in T. foetus
(157). Formycin B-5'-monophosphate is another inhibitor of adenylo-
succinate synthetase although its mode of action is not clear.
Formycin B exhibits an ICso value of 20 uM for growth inhibition in
HUT medium, with 147 uM hypoxanthine (Figure 3.12). This is in
contrast to the ICSO of 1 mM of Formycin B needed for inhibiting 20 p!
hypoxanthine incorporation (Figure 3.7 D and Table 3.2). The primary
mode of action of formcyin B is thus not by blocking the purine

salvage in T. foetus. The conversion of FoB to FoB-5'-monophosphate



(Figure 3.8) and the inhibition of hypoxanthine conversion to AMP, ADP
and ATP (Figure3.7D), are suggestive that one of the actions of FoB in
T. foetus is inhibition of adenylosuccinate synthetase by its 5'-
monophosphate. This was the postulated mechanism of action for FoB in
Leishmania as suggested by Carson and Cheng (104). But this may not
be the sole mechanism of inhibition in T. foetus because we were
unable to reverse the inhibited growth in HUT by adenosine (Figure

3.10). An alternative mechanism of action of FoB was postulated by

work done on Leishmania (104, 149) and Trypanosoma cruzi (150). In

those cases, the conversion of FoB to formycin A-5'-triphosphate
(FoATP) are observed and the eventual incorporation of FoATP into
nucleic acids was postulated (See Figure 3.13). This could not,
however occur in T. foetus because there was no FoATP formed from FoB
(Figure 3.8).

The mode of action of mycophenolic acid was much simpler to
determine. The inhibition of T. foetus growth by MPA in HUT medium
was reversible by the addition of either guanine or guanosine (Figure
3.10). This and its inhibition of hypoxanthine incorporation into
P, GP, GDP and GTP (Figure 3.7 B) support the conclusion that PA
inhibits T. foetus growth by inhibiting its IifP dehydrogenase. The
inhibition of IiP dehydrogenase by !PA has also been observed in
mammalian cells (148,154) and other parasites (159). Virazole, a
potent inhibitor of I!IP dehydrogenase in mammalian cells, with an IC50
of 50 uM (154), was found to have no effect on the growth of T.

foetus. The ribonucleotides of 6-mercaptopurine (160-162) and
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8-azaguanine (163) found inhibiting IMP dehydrogenase in intact animal
and bacterial cells, were also found to be not specific inhibitors of
IMP dehyrogenase in . foetus. The ineffectiveness of these agents
against IMP dehydrogenase in the parasite may be because; 1) insuf-
ficient uptake of the drug, 2) lack of conversion to their correspond-
ing ribonucleotides, or 3) lack of recognition as substrate by the
enzyme. |

The antitrichomonal agent, metronidazole, was found (as expected)
to be a potent inhibitor of T. foetus growth with an IC50 of 6 uM.
Metronidazole also completely inhibited the incorporation of hypo-
xanthine, adenine and adenosine. The non-specific nature of its
inhibition is not so surprising since the mode of action of
metronidazole has been suggested to proceed via a very reactive
reactive reduced intermediate (See Dissertation Introduction). This
intermediate could concievably react with any and all neighboring
proteins., The inactivation of purine metabolism by metronidazole
seems to be an additional cause for inhibition of T. foetus growth.
The exact mode of action for metronidazole and its reactive inter-
mediate is still unknown.

Several inhibitors and their modes of action have been examined
on the purine and pyrimidine metabolism of T. foetus. The importance
of uracil phosphoribosyltransferase, hypoxanthine phosphoribosyltrans-
ferase, adenylosuccinate synthetase and I[P dehydrogenase have been
demonstrated with the use of authentic inhibitors and have corrobor-

ated the pathway elucidated from previous work (142,157). These four
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enzymes are indeed potential sites for chemotherapeutic drug design.
Inhibition of any one of these enzymes will inhibit the growth of T.
foetus in HUT medium. Further work will be required to examine these

potential sites more closely.
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FIGURE 3,13, Proposed metabolism of formycin B in Trypanosoma cruzi

epimastigotes (150).
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CHAPTER 4

INOSINE 5'-MONOPHOSPHATE DEHYDROGENASE
FROM TRITRICHOMONAS FOETUS

NTRODUCTION

Tritrichomonas foetus is a protozoan anaerobic parasite infecting

the urogenital tract of cattle. The parasite has been reported to be
incapable of de novo purine synthesis and dependent upon the salvage
of hypoxanthine to fulfill its purine requirements (157). The
parasite's reliance upon exogeneous sources for its purine needs would
likely make it’more susceptable to inhibitors of purine salvage. One
such inhibitor of purine metabolism, mycophenolic acid, is an inhibi-
tor of two enzymes which are essential for the synthesis of guanine
nucleotides, inosinate dehydrogenase and guanylate synthetase, in
mammalian cells (165). Recent work by Wang et al (165), have revealed
that mycophenolic acid inhibits the growth of T. foetus in vitro and
also inhibits the conversion of hypoxanthine and adenine to guanine
nucleotides. This and additional work showing the reversal of growth
inhibition by guanine or guanosine suggested that the IMP dehydrogen-
ase of T. foetus was susceptable to mycophenolic acid inhibition and
that the enzyme inhibition will lead to cessation of growth.
Inosine-5'-monophosphate occupies a key position in T. foetus

purine metabolism, being the common precursor for the de novo biosyn-

thesis of adenine and guanine nucleotides. IMP dehydrogenase
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(IMP:NAD+ oxidoreductase, E.C. 1.2.1.14) catalyzes the oxidation of
IMP to xanthosine-5'-monophosphate (XMP) with the concommitant
reduction of NAD' (167-169). It has been shown in extracts of
bacteria (168, 170, 171), higher plants (172,173) and animals (161,
169, 173). The enzyme represents the first reaction unique to the
biosynthesis of guanine nucleotides and is a potential site for
metabolic control of guanine nucleotide and nucleic acid biosynthesis.
The activity of IMP dehydrogenase is subject to repression in
bacterial cells (174) and to negative feedback control by GMP (175).
Early kinetic studies and end product inhibition studies with the

Aerobacter aerogenes IMP dehydrogenase enzyme had indicated that IMP

is bound to the enzyme first followed by the coenzyme NAD+, and that
XMP was the last product to be released from the active site (162,
176,177). Subsequent investigations into steady state kinetics and
isotope exchange at equilibrium in the presence of several different
concentrations of K' ions have shown that the mechanism is random with
respect to the addition of IMP and Kt to the enzyme but that NaD*
reacts only with the enzyme—K+ and enzyme-K+—IMP complexes (178).

This binding sequence differs markedly with most other NAD+-dependent
dehydrogenases, such as lactate dehydrogenase (L—lactate:NAD+ oxido-
reductase, E.C. 1.1.1.27). The latter is a typical bisubstrate enzyme
with compulsory order of addition of substrates; the coenzyme is the
leading substrate to generate the enzyme-NAD+ binary complex which
then accepts the specific substrate, lactate, to form the ternary

enzyme-NAD+-lactate complex,
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The purpose of this study is to purify and examine the IMP
dehydrogenase found in T. foetus. A close examination of its physical
and kinetic characteristics are performed so that a comparison of the
enzyme between the mammalian and this protozoan source may be made.

The potential of IMP dehydrogenase as a site for chemotherapeutic

intervention may then be evaluated.



MATERTALS AND METHODS

CHEMICALS

[8-1*C]Hypoxanthine (50.0 mCi/mmol), [8-!“Clguanine (51.0
mCi/mmol) and [8-!"C]xanthine (41.0 mCi/mmol) were purchased from New
England Nuclear. DEAE-Sepaharose was obtained from Pharmacia Fine
Chemicals. Gel filtration standards, Bio-Gel A 0.5m, Ultrapure PAGE
chemicals and PAGE standards were purchased from BIO-RAD.
Mycophenolic acid was a generous gift from Prof. liolfgang Sadee. All
other chemicals used were of the highest purities commercially

available,

CULTURES

T. foetus strain KVI, was cultivated in Diamonds TYM (100) medium
pd 7.2 supplemented with 107 heat inactivated horse serum and 17
antibiotic/antimycotic mix at 37°C. Stationary cultures having a cell
density of about 2 x 107 cells/ml were used to inoculate fresh media
at a 1:10 ratio (10%Z). Midlogarithmic phase of growth, with a cell
density of 107/ml, was achieved by using a 4% inoculum and harvesting
cells after 16 hours of incubation. Cell number was determined in a

Coulter ZF counter.

ENZYME ASSAYS
Assay of IMP Dehydrogenase. IMP dehydrogenase was assayed by
a modified procedure of Brox and Hampton (177). Enzyme activity was

measured by following the increase in absorbance at 290 nm due to the
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conversion of IMP to XMP (e = 3,910 w1l ep! at 290 nm). Each cuvette
(1.0 cm light path) contained 50 mM Tris-HC1 pH 8.1, 100 mM KC1, 1 mM
DTT, 1.6 mM NAD and the enzyme. The mixture was warmed for 5 minutes
at 37°C and the reaction initiated by addition of IMP (0.5 mM final).
The resulting change in absorbance at 290 nm was recorded against a
blank which lacked IMP, in a Beckman Model DU-7 spectrophotometer.
The unit of enzyme activity was defined as that which effected an
increase in absorbance of 1.0 in 1 minute. In kinetic experiments,
inhibitors were added to the assay system before the addition of
enzyme. Protein was determined by the method of Lowry (179) using
bovine serum albumin as standard.

Assay of Adenylosuccinate Synthetase. Adenylosuccinate
synthetase was measured by the procedure of Fischer, Muirhead and
Bishop (180). The reaction mixture contained 50 mM HEPES pH 7.0, 0.2
m{ IMP, 0.5 mM GTP, 4 mi Mg(OAc)2 and enzyme. The mixture incubated
at 37°C for 5 minutes and the reaction started by the addition of L-
aspartate (4 mM final). The change in absorbance at 280 nm was
recorded against a blank without the L-aspartate.

Assay of GMP Synthetase. GMP synthetase activity was measured
by the method of Sakamoto (181). The reaction mixture consisted of

0.17 M Tris-HCl1 pH 8.5, 4 mM ATP, 16 mM MgCl,, 24 mM XMP and 333 mM

2’
(NH4)2804. After warming to 37°C, an enzyme sample was added to start
the reaction. The change in absorbance a2t 290 nm was recorded against

a blank which contained no XMP.

Assay of Phosphatase. Acid Phosphatase activity was assayed for
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by following the appearance of p-nitrophenol at 405 nm. The reaction
mixture contained 6 mM p-nitrophenyl phosphate, 50 mM NaOAc pH 4.8 and
enzyme. The reaction was monitored by following the change in
absorbance at 405 nm at 37°C for 30 minutes. When a nucleotide was
used as substrate instead of p-nitrophenyl phosphate the reaction
products were analyzed by HPLC.

Assay of Phosphoribosyltransferase. Phosphoribosyltransferase
activity was assayed by the modified procedure of Schmidt et al (136).
The assay mixture consisted of 100 mM Tris-HC1l pH 7.8, 8 mM MgClz,
1 mM PRPP, 50 ug/ml BSA and 20 uM radiolabeled purine or pyrimidine
base. The reaction was initiated by the addition of enzyme, incubated
for 10 minutes at 37°C, and terminated by the addition of a 10-fold
excess of cold 5 mM NH40AC pH 5.0. The mixture was filtered through a
PEI-cellulose covered GF/B filter and the adsorbed counts determined
using a Beckman Model 3133T liquid scintillation counter.

Assay of NADH oxidase. NADH oxidase activity was determined
in 50 mM Tris-HC1 pH 8.1, 100 m¥ KC1, 1 mM DIT and 0.4 mM NADH at
37°C. The reaction was initiated by adding enzyme and recording the

decrease in absorbance at 340 nm.

HPLC ANALYSIS OF NUCLEOTIDES

Concentration and identification of nucleotides by HPLC, formed
in the various assays, were performed as described previously (142).
Briefly, nucleotides were separated by anion exchange on an Ultrasil
AX (10 micron) 4.6 x 250 mm column using gradient elution from 7 mM
KH

PO4 pH 3.8 to 250 m¥ XH PO4 plus 500 aM KC1 pH 4.5. The flow rate

2 2
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was 1 ml/min and the effluent was monitored at 254 nm in a Beckman

Model 160 UV detector.

POLYACRYLAMIDE GEL ELECTROPHORESIS

Native polyacrylamide electrophoresis was performed with a
Hoeffer apparatus employing the method of Chramback et al (182). Step
5 protein was suspended with 107 glycerol and layered onto polyacryl-

amide tube gels (6% T, 5% C The samples were then electro-

BIS)'
phoresed at 4°C for 16 hours at 5 mA/gel. The gels were removed and
stained for protein (183). Duplicate gels were also stained for IMP
dehydrogenase activity by a modified dehydrogenase procedure (184).
The activity stain mixture contained 100 mM IMP, 4 mM NAD, 0.5 mM

MgCl,, 10 mM KC1, 0.375 mM nitro-blue tetrazolium, 0.1 mM phenazine

20
methosulfate (Pi1S) and 200 mM Tris-HC1 pH 7.2. Gels were first soaked
in 200 mM Tris-HCl1l pd 7.2 for 15 minutes a;d then incubated with the
activity stain for 6 hours at 37°C. Gels stained without IMP served
as controls. Bands of enzyme activity were excised from the gel,
homogenized and prepared for SDS-PAGE. SDS-PAGE was done according to
the method of Laemmli (185) using 10% T, 57 CBIS polyacrylamide slabs.

Slabs were run at 15 mA/slab for 16 hours at 8° C. The gels were then

stained for protein using Coomassie Blue R-250.

NATIVE MOLECULAR WEIGHT DETERMINATION
Gel filtration of the crude extract was performed using Bio-Gel A
0.5m (1.5 x 100 Cm) and 25 mM KH2P04 pH 7.2 and 1 m¥ DTT as buffer.

The column was first calibrated with Bio-Rad standard protein
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mixtures. Samples were allowed to sit at 4°C with or without 1 M
NaCl before loading onto the column. Gel filtration was done in the

absence and presence of 1 M NaCl for comparisons.

szo'wDETERMINATION
The sedimentation behavior of purified IMP dehydrogenase (20 ug
of step 5 protein) was determined on a 12 ml 10-30% (w/w) isokinetic
sucrose gradient containing 25 mM Tris pH 7.2, 20 mM KC1, 6 mM MgCl2
and 1 mM DTT. The gradient was formed by the procedure of McCarty et
al (189) and centrifuged at 4° C with a SV 41 rotor in a Backman L8-}
centrifuge at 148,000 x g for 48 hours. After centrifugation, a hole
was punched in the bottom of the centrifuge tube and fractions were

collected and analyzed. Sedimentation coefficient (s ) values were

20,w
determined by comparison to standards. The standards used for these
measurements were yeast alcohol dehydrogenase (7.6 S), bovine serum
albumin (4.5 S) and cytochrome C (1.7 S). The position of cytochrome
C was determined by following the absorbance at 410 nm, that of bovine

serum by following the absorbance at 280 nm, and that of yeast alcohol

dehydrogenase by enzymatic assay (190).



RESULTS

PURIFICATION OF IMP DEHYDROGENASE

Step 1. Homogenization- T. foetus, in midlogarithmic phase of

growth, were collected by centrifugation. The cells were washed three
times and resuspended in an equal volume of buffer A (50 mM Tris-HC1
pH 7.2 and 1 mM DIT). This and all subsequent steps were performed at
4°C. Protease inhibitors; 1 mM 1,10 phenanthroline, 1 mM benzamidine
and 0,05 mM PMSF, were added to the cell suspension and then sonicated
with a HEAT systems sonicator Model W-375, at 207 output, using three
30 second bursts. The routine addition of these protease inhibitors
had no observed effect on IMP dehydrogenase activity per se but
proteéted the enzyme from protease degradation. The homogenate was
centrifuged at 78,0C0g for 135 minutes in a Beckman Model L-8M Ultra-
centrifuge. Subcellular fractionation studies showed that >957 of the
total IMP dehydrogenase activity in T. foetus crude homogenate was in

the 100,000g supernatant fraction.

Step 2. Ammonium Sulfate Fractionation- To the supernatant in

step 1, saturated (NHA)ZSOA pH 7.2 was added to 457 saturation and
stirred for 1 hour. After centrifugation at 10,000 x g for 20
minutes, more (NH4)2804 was added to the supernatant to reach 757
saturation. After 1 hour the precipitate was collected by centrifuga-
tion like before and resuspended in a minimum volume of buffer A.

Ammonium sulfate fractionation precipated 80-907 of the total activity
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from the previous step. -

Step 3. Gel Filtration- Step 2 protein was applied to a Bio-Gel A
0.5m column (2.6 x 48 cm) previously equilibrated with buffer B (25 m!
KH2P04 pH 7.2, 1 mM DTT). The column was eluted with the starting
buffer and fractions containing IMP dehydrogenase activity were
pooled. The enzyme eluted near the void volume on a Bio-Gel A 0.5m
column (Figure 4.1). Calibration of the column with proteins of known

molecular weights (Figure 4.2, 4.3) allowed an estimation of the

native molecular weight of IMP dehydrogenase as 380,000.

Step 4. Ion Exchange- The pooled fractions from step 3 were loaded
onto a DEAE-Sepharose column (1.8 x 67 cm) equlibrated with buffer B.
The column was washed with 200 ml of buffer B + 50 mM KCl1 and the
enzyme eluted by a 200 ml linear gradient of buffer B + 75 mi XCl to
buffer B + 225 mi{ KC1l. TFractions containing IMP dehydrogenase
activity were pooled and dialysed/concentrated against buffer A using
a Micro-ProDicon. The salt gradient was monitored using a YSI Model
32 Conductance meter with X = 1.0/cm for the cell., The IMP dehydro-
genase was coeluted with a yellow colored protein exhibiting high NADH

oxidase activity from the DEAE-Sepharose column (Figure 4.4).

Step 5. Cibacron Blue-Sepharose- Optimum conditions for enzyme
binding to Cibacron blue (Step 5) was found to be within a pH range of
7.2-7.7 with a 50 mM Tris-HC1l and 1 m¥ DIT buffer. The dialyzed
enzyme from step 4 was loaded onto a Cibacron Blue column (1.0 x 4.0

cm) previously equilibrated with buffer A. The column was washed with



60 ml of buffer A + 150 mM KC1l. The enzyme was eluted from the column
with buffer A + 120 mM KC1 + 30 mM IMP (Figure 4.5). Fractions with
activity were pooled and concentrated/dialyzed against buffer A. The
enzyme could also be eluted with 20 mM NAD in the same buffer but the
specific activity was much lower. Washing the Cibacron blue column
with 150 mM KCl removed the NADH oxidase activity from the
preparation. The results of the purification procedure are summarized
in Table 4.1. The overall yield, with the outlined purification
procedure was about 427 with a 500 fold purification. Step 5 protein
is free of contaminating enzyme activities such as; AMP synthetase,
GMP synthetase, NADH oxidase, Hypoxanthine-Guanine-Xanthine phospho-
ribosyltransferases, Adenylosuccinate synthetase and acid phosphatase.
The enzyme preparation obtained after Step 5 was stable fof up to 6

weeks at -80°C in the indicated buffer.

PHYSICAL PROPERTIES AND SUBUNIT MOLECULAR WEIGHT

When the purified enzyme (Step 5) was denatured with sodium
dodecyl sulfate, dithiothreotol and B-mercaptoethanol (SDS-PAGE) and
electrophoresed on 107 polyacrlyamide gels, one major and several
minor Coomassie blue stained bands were observed (Figure 4.7 lane 4).
Step 5 protein was also electrophoresed on native tube gels of 7.57
polyacrylamide, and stained for I!P dehydrogenase activity (Figure
4.6). The single activity band which corresponds to the major protein
band was excised, minced and loaded onto SDS-PAGE. After Coomassie

blue staining, this excised protein showed up as closely associated
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double bands (Figure 4.7 lane 2). By comparison of the migration of
these bands to proteins of known subunit molecular weight, the subunit
molecular weight of IMP dehyrogenase appears to be about 58,000.

Gel filtration of the Step 2 preparation with Bio-Gel A 0.5m
yielded one or two peaks of activity depending upon the procedure
employed. When the pelleted enzyme obtained after ammonium sulfate
fractionation were resuspended in buffer and immediately applied to
the gel filtration column, two activity peaks with estimated molecular
weights of 380,000 and 270,000 would be eluted. Vhile, if the
resuspended pellet was allowed to incubate at 4°C for a short duration
only one peak of activity, of molecular weight 380,000, would be
eluted. Further examination of this phenomenon entailed eluting the
gel filtration column with and without 1 M NaCl added to the buffer.
Bio-Gel A 0.5m (191) and Ve/Vo ratios of standard proteins used in
calibrating the column (Vitamin B12' Myoglobin, Ovalbumin, IgG and
Thyroglobulin) were unaffected by the added salt. Vhen IiP dehydro-
genase is run on Bio-Gel A 0.5m using 25 mil KHzPO4 pH 7.2 and 1 mil
DTT, only one peak of activity is eluted with a native molecular
weight of 380,000, 1In the presence of 1lil NaCl, a single peak of IMP
dehydrogenase activity is eluted with a corresponding molecular weight
of 270,000 (Figure 4.8). IilP dehydrogenase appears as two peaks of
activity (Figure 4.12) following isckinetic sucrose centrifugation
with sedimentation coefficients of 8.8 and 11.4 S. The smaller form

is similar to the I'P dehydrogenase found in Aerobacter aerogenes, 9.1

S (177).

122



123

PROPERTIES OF THL ENZYiiIC REACTION
The effect of pH on the enzyme activity within the range of 4.0-
9.0 was tested. Citrate/phosphate/borate (100 mM) were used for the

pH range 3-9, 50 mf NaOAc pH 4-5.7, 50 mM NaH,PO, pH 5.7-8.0 and 50 mM

2
Tris-HC1 pH 7.2-9.0. IMP dehydrogenase was found active in both Tris
and phosphate buffers and exhibited a pH optimum of 8.0 (Figure 4.9).
The effect of various inorganic salts was examined using 50 mif Tris-
HC1 pH 8.1, 1 mM DTT, 2 m!{ NAD and 0.5 mM IMP. The results show Ii{P
dehydrogenase inhibited by Mg++, Na+, and NH4+, and slightly activated
by Kt (Figure 4,10), MHigh concentrations of yapt ( >3 mM) is also
inhibitory to IMP dehydrogenase activity (Figure 4.11). Incubation of
the enzyme at pH 8.1 with 2.3 mM XMP and 0.2 mM NADH did not result in
a decrease in the absorbance at 340 nm. Such a decrease would be due

to the net conversion of NADH and XMP to NAD' and IMP, respectively.

The reaction is apparently irreversible.

INITIAL VELOCITY KINETICS

The activity of IMP dehydrogerase was measured by the change in
absorbance at 290 nm; under the conditions used the reaction velocity
was constant for abcut 20 minutes and was a linear function of the
amount of enzyme used in the assay. The initial velocity of the
enzymatically catalyzed reaction was determined at several concentra-
tions of NADY and IMP in 50 mv Tris-iiCl pH 8.1, 1 mi DTIT and 100 mi|

KCl. The reciprocal of the initial velocity was graphed as a function



of the reciprocal of the concentration of IiP or NAD at several fixed
concentrations of one of the other reaction components (Figure 4.20,
4.,21) The lines in Figures 4.20 and 4.21 intersect in the upper left
hand quadrants. The extrapolated Vmax were essentially the same, 14.3
and 18.1 uWM/min. The K values for IMP and NADY were 18 uM and

445 UM, respectively.

PRODUCT INHIBITION PATTERKS

Inhibition of I!P dehydrogenase by X!iP was competitive with
respect to IMP (Ki = 27 uM) (Figure 4.22) and noncompetitive with
respect to NAD+ (Ki = 640 uM) (Figure 4.23). GMP, not a product of
this reaction but the product of the reaction catalyzed by Gi[P synthe-
tase, is a dead end inhibitor of IMP dehydrogenase and we
examined its effect on IMP dehydrogenase of T. foetus. It was a
competitive inhibitor with IiP (Ki = 95 uM) (Figure 4.24) but had no
effect on NAD+; 5 m¥ GIP did not affect the reaction with respect to
NAD' at a fixed I!!P concentration of 2 mM. When the effects of G:P
were examined at subsaturating I:IP or wapt levels, we found a similar
competitive inhibition pattern for GMP with respect to IiiP (Figure
4.25) but GIP was a noncompetitive inhibitor with respect to napt
(Figure 4.206).

The other product of the reaction, NADH, also inhibited IMP
dehydrogenase activity, [inetically the inhibition by NADH was
noncompetitive with respect to I!MP and ¥ADY with Ki's of 320 ui and

210 M respectively (Figure 4.27, 4.,28).
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INAIBITION OF IMP DEHYDROGENASE

Mycophenolic acid was a potent uncompetitve inhibitor of IMP
dehydrogenase with respect to both NADY and IMP with Ki's of 6 UM and
9.uM, respectively (Figure 4.29, 4.,30). The inhibition was not
reversible by the addition of either more IP or NAD' to the inhibited

enzyme. Ii[P dehydrogenase was unaffected by up to 1 mi! of virazole.
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FIGURE 4.1. Gel filtration of IMP dehydrogenase on Bio-Gel A-0.5m.

The column (2.6 x 65 cm) was equilibrated with 25 mM KH,PO,, 1 mM DTT

274
pH 7.2 and loaded with 10 ml of step 2 protein. The column was then

eluted with starting buffer at a flow rate of 10 ml/hr.
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