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Summary

Of the major metabolic pathways in parasitic protozoa, the purine pathway is one of
the most unique in that each genus of parasite is auxotrophic for purines and has evolved
a distinctive series of purine salvage enzymes that enable them to scavenge host purines.
Preliminary studies have indicated that the enzyme hypoxanthine-guanine
phosphoribosyltransferase (HGPRT) is particularly crucial to the purine salvage process in
these organisms. This thesis entailed a thorough examination of HGPRT both at the
molecular and biochemical level in members of the Trypanosomatidae family.

In order to examine the HGPRT enzyme in detail, the 7. brucei hgprt was cloned
from a ¢<DNA and genomic library using a 174 bp fragment of the Agprt that was amplified
from genomic 7. brucei DNA in the polymerase chain reaction (PCR). Nucleotide sequence
analysis revealed a 630 bp open reading frame coding for a 210 amino acid protein with a
M, = 23.4 kd. Southern blot analysis suggests that the Agprt is found in at least two copies
but that the organization of the Agprt is not in a tandem repeat. Northern blot analysis
revealed two different transcripts, one at 1.4 and one at 1.9 kb. Both transcripts were found
in the trypomastigote and procyclic form of the organism suggesting that no differential
regulation of the Agprt occurs in the different life stages of the parasite. Analysis of the
mature message suggests that the heterogeneity in transcript size is found in the 3' end of
the message. To confirm that the hgprt from 7. brucei had been isolated and to develop a

system for purification of large quantities of recombinant enzyme, the hgprt gene was
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engineered using PCR and cloned into the prokaryotic expression vector pBAce. Using this
expression vector and an E. coli strain deficient in Aprt activity, = 100 mg of protein for each
liter of cells was obtained. Utilizing a GTP-agarose affinity column, 7. brucei recombinant
HGPRT was purified to homogeneity. The purified enzyme showed expected
phosphoribosylation activity with both hypoxanthine and guanine as substrates. In addition,
the 7. brucei HGPRT enzyme was able to utilize the pyrazolopyrimidine, allopurinol.
However the purified enzyme was not able to phosphoribosylate adenine or xanthine,
confirming that there are separate phosphoribosyltransferase for these bases. Lineweaver-
Burk analysis was used to calculate Km and k, values for the recombinant enzyme for its
substrates. K values of 4.8, 2.3 and 243 uM and k_,, values of 53, 32, and 4.4 umol/min/mg
protein were found for guanine, hypoxanthine and allopurinol respectively. Several metabolic
effectors of HGPRT were also examined for their ability to modulate the ability of HGPRT
to phosphoribosylate its substrates. In order of descending effectiveness, GTP, IMP, GMP,
ATP, and AMP at a concentration of ImM were all found to inhibit the HGPRT enzyme.
pH optimization analysis revealed that reaction conditions at pH 8.5 showed the greatest
amount of phosphoribosylation activity although the HGPRT enzyme was active over a wide
pH range. In addition, the quaternary structure of the active enzyme was examined.
Experiments involving gel filtration columns and non-denaturing polyacrylamide gels suggest
that the active T. brucei enzyme is in a dimer configuration.

The T. cruzi hgprt was also isolated using a 174 bp fragment that was amplified
employing PCR. An open reading frame was identified of 663 nucleotides encoding a 221

amino acid protein with a M, = 26 kd. When aligned, the T. brucei and T. cruzi HGPRT
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showed a 50 % identity at the amino acid level. Southern blot analysis revealed that the T.
cruzi hgprt appears to be a single copy gene while northern blot analysis revealed a single
transcript at 1.9 kb. The T. cruzi hgprt was engineered using PCR and cloned into the
expression vector, pBAce. High levels of expression were observed and 7. cruzi recombinant
HGPRT enzyme was purified to homogeneity over a GTP-agarose affinity column. The 7.
cruzi HGPRT demonstrated high levels of enzyme activity with both hypoxanthine and with
guanine. Allopurinol also was phosphoribosylated by the recombinant enzyme whﬂe adenine
and xanthine were not found to be substrates. K _ values of 9.9, 6.4, and 714 uM and KCat
values of 55, 97, and 0.8 umol/min/mg protein were calculated for the recombinant protein
using Lineweaver-Burk analysis for guanine, hypoxanthine and allopurinol respectively. As
with the 7. brucei HGPRT, GTP, IMP, and GMP were all found to inhibit the HGPRT
enzyme. In contrast however, neither AMP or ATP appeared to effect the activity of the T.
cruzi HGPRT enzyme. Optimization of Enzyme activity appeared to be highest at pH 8.0
although the enzyme appeared to be very active over a large pH range. Gel filtration
experiments with the 7. cruzi HGPRT enzyme suggest that the active enzyme is also in a
dimmer configuration as is the 7. brucei enzyme.

To further our analysis of the HGPRT enzyme from the Trypanosomatidae family,
the Leishmania donovani hgprt was isolated. In order to clone the hgprt from L. donovani,
it was necessary to isolate native HGPRT protein from the promastigote form of L.
donovani. Small quantities of HGPRT enzyme was isolated using a modification of the
purification scheme used for isolating the recombinant Trypanosoma HGPRT. Sequencing

of the L. donovani HGPRT enzyme proved successful and a 36 b.p. oligonucleotide primer
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to the reverse compliment of the sequence was synthesized. Using the primer to the protein
sequence as the 3' primer and the splice-leader sequence as the 5' primer, PCR experiments
using mRNA from L. donovani were performed. A band of ~ 156 b.p. was isolated and used
to screen a L. donovani cosmid library. Nucleotide analysis of the positive clones revealed
an open reading frame of 632 nucleotides encoding a M, = 23.6 kd protein. The L. donovani
gene showed a 50% identity to the 7. cruzi gene while showing only a 34% identity to the
T. brucei gene. Southern blot analysis revealed that the hgprt gene was found as a single
copy. Northern blot analysis disclosed a single transcript of 1.9 Kb. Once again, PCR was
used to engineer the L. donovani hgprt to allow for subcloning into the expression system
pBAce. Expression of HGPRT enzyme has been obtained with this construct with
hypoxanthine, guanine and allopurinol being phosphoribosylated by the recombinant enzyme.
Neither adenine or xanthine proved to be substrates for the recombinant enzyme.

Comparison of the HGPRTs from members of the Trypanosomatidae family with
those of other eukaryotic and prokaryotic PRTs revealed that the trypanosomatids exhibited
a greater degree of identity to the V. harveyi HPRT (32-36%) then to the other eukaryotic
HGPRTSs (18-25%). This suggests that the HGPRT from the trypanosomatids are the most

divergent of the group.



Introduction

A. Parasitic Diseases

With over 4.5 billion people affected by parasitic organisms worldwide, the toll
taken in terms of economic and human suffering is staggering. Despite the enormity of the
problem, very little is known about the organisms themselves and the treatments prescribed
today are not only inadequate but are frequently toxic to the human host. The analysis of
unique metabolic pathways in these organisms should enable the design of chemotherapeutic
regimens that are selective for the parasite and are nontoxic to the human host. My current
project entails both a molecular and biochemical exploration of a unique metabolic pathway
in members of the Trypanosomatidae family of parasitic protozoa.

A contemplation of the vast variety of parasites is astounding. Defined as any
organism that spends part or all its life in contact with one or more hosts from which it
derives a benefit at the expense of the host, parasites are found throughout every category
of life. When the term is used to include viruses and bacteria that are parasitic, there are
far more parasitic organisms then nonparasitic organisms (1). In a phenomenon known as
hyperparasitism, parasites themselves are host to a variety of organisms that are parasitic
in nature. The parasitic life strategy is so successful that parasites have developed for
practically every tissue and organ in the body.

In the categorization of scientific endeavors, parasitology has come to be known as

the study of parasitic protozoa and helminths. This still includes the largest and most diverse



0

group of organisms on earth with over 10,000 different species of parasitic protozoa alone
being identified to date. Figure 1 shows the major classifications of parasitic organisms. Most
of the burden that parasites inflict can be found in the tropical zones of the earth although
parasites are found on every continent and every ocean. Unfortunately, the majority of the
more serious parasites are found in the developing countries of the world and so the
enormous impact of these diseases are not well known in the developed countries. For
example, of the 60 million deaths each year from all causes, 30 million are children under
the age of 5 years. Of these 30 million children over 15 million die due to a combination
of intestinal parasites and malnutrition (2). Certainly this high incidence of death amongst
children is one of the main reasons for the lack of success of population control in
developing countries which plays an every spiraling cycle of environmental degradation and
human suffering. Today, malaria still receives the dubious distinction of being the single
greatest agent of death of mankind. It is estimated that more people have died from malaria
then any other single cause including war. One extrapolation of data on the prevalence of
infection and subsequent death due to malaria suggests that over 27 billion people have died
due to this organism (3). This figure is over 5 times the total population of the planet.
Parasites do not always cause obvious hardships. Many parasites such as Trypanosoma
which can infect cattle, make large areas of Africa incapable of sustaining livestock. Other
parasites such as the causative agent of African river blindness, Onchocerca, do not kill their
host but debilitate them and make them an unproductive part of society. Other helminths
also do not immediately kill their host but create conditions that can bring about

malnutrition and, in times of stress on the host, threaten the survival of the host. In addition,
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chronic forms of many of the diseases such as visceral leishmaniasis and malaria cause
enormous economic hardships on developing countries. It is estimated for example that over
2 billion dollars are lost annually due to chronic malaria (2). More recently with the advent
of the AIDS virus, many parasites that were relatively inconsequential to the survival of the
host are now proving to be fatal (4,5).

Finally, the sheer poverty, overpopulation and poor sanitary conditions of the
majority of people affected by these parasites cannot be understated. In addition, the
constant political unrest of these regions and the forced resettlement of the people affected
have all had negative impacts on the efforts of world health officials to try and control these
diseases. In particular, the lack of commitment on the part of developed nations to eliminate
hunger throughout the world assure that without the aid of medical science these diseases
will only continue to increase in their affect on the entire human race.

The division of parasitology and bacteriology which occurred earlier in this century
has proven to have had a negative impact on the field of parasitology. Indeed until the
1980s, most universities ignored training in parasitology all together. A survey of 141
universities in the United States in 1978 revealed that only 4.7% of the graduate classes in
parasitology were devoted to immunology while only 3.6% were devoted to the biochemistry
of parasites. In» the same study, no classes were found that emphasized the molecular biology
of these organisms. Another study completed in 1977 revealed that the global support for
research into parasitic diseases affecting over 2.2 billion people including malaria,
schistosomiasis, filariasis, amebiasis and ascariasis was a paltry $10 million dollars (6).-

During this same year the total expenditure in the United States alone for research into
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cancer, which affects ~10 million people, was $815 million dollars. It is shocking to think
that organisms that are so prevalent and cause such an incredible amount of harm have
been virtually ignored until recent times.

Beginning in the 1980s, new attention has been focused on the study of parasitic
organisms. New partnerships between government, universities and industry show promise
for the future. In addition, programs such as the Tropical Disease Research Program (TDR)
of the World Health Organization is bringing a truly global effort into the control and
eradication of parasites. Private foundations such as the John D. and Catherine T.
MacArthur foundation have also increased there support for not only basic reaseach but for
education as well. An excellent example of these new partnerships is seen in the Biology of
Parasitism course that is offered at the Marine Biological Laboratory (MBL) in Woods Hole
Massachusetts which has been training young researchers in a variety of topics in
parasitology. The course is a collabbration of efforts ranging from the excellent faculty from
both industry and academia with funding being provided from private sources such as the
Burroughs-Wellcome Fund and industry such as New England Biolabs. These types of
collaborative effort hold the key to successful endeavors which will ultimately relieve the

burden of parasitic infection on the world population.



Figure 1. Classification of the major parasitic organisms
a. Major parasitic protozoa

b. Major parasitic helminths
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B. Kinetoplastida

Members of the order Kinetoplastida have been called both primitive and highly
specialized (7). Figure 2 shows the taxonomic classification of the order and its suborders.
The Kinetoplastida contains flagellates that can be either "free living" or parasitic. The
organisms can have one or two flagellum which are composed of a central axoneme
surrounded by an outer sheath that is a continuation of the cell membrane (1). The
axoneme arise from a centriole called a basal body or kinetosome. The flagellar pocket is
found at the base of the flagellum surrounding the kinetosome. In addition, a network of
pellicular microtubules are found beneath the cell membranes of these organisms and are
thought to be involved in adding strength and support. The Kinetoplastida contain a single
mitochondria which often extends the entire length of the body. The mitochondria is tube
like in appearance and contains the kinetoplast in close proximity to the flagellar basal
bodies. The kinetoplast, for which the order derives it's name, is a organized network of
linked DNA that is in the form of maxicircles and minicircles. There are approximately
10,000 minicircles and between 20 and 50 maxicircles in intact kinetoplast DNA (kDNA)
(8). It has been known for a long time that the maxicircles encode the genes required for
mitochondrial proteins but the function of the minicircles was a perplexing question until
recently. It is now known that the maxicirc}es do not always contain all the information
necessary for a functional protein and that the minicircles contain the information to
correctly edit (RNA editing) transcripts of the maxicircles to form the mature message (9).

In fact it has been observed that RNA editing can even be responsible for creating correct
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AUG initiation codons for some messages (10). Another fascinating feature of the order
Kinetoplastida is that many, if not all, transcription events occur by first producing a
polycistronic pre-MRNA precursor which is then cleaved and trans-spliced with a 39
nucleotide sequence that is common to all mature mRNAs. No evidence of cis-splicing has
been observed in this order of organisms.

The order Kinetoplastida contains two suborders; the free living Bodonina and the
exclusively parasitic Trypanosomatina. This discussion will focus on the later of the two. The
suborder Trypanosomatina contains a single family; the Trypanosomatidae. Trypanosomatidae
can be either monoxenous or heteroxenous. The organisms undergo dramatic morphological
and metabolic changes particularly during the transformation that occurs when the organism
changes hosts (invertebrate to vertebrate and vise versa). Before 1980, morphological
characteristics were described in terms of the genus in which the form was observed leading
to much confusion (7). For example, if you were describing what today is termed the
amastigote form of Trypanosoma cruzi, you would have referred to it as the leishmania form
of the organism. In 1980 Hoare and Wallace described a system based on the morphology
of the organism instead of relating to the genus name (7). Figure 3 illustrates the current
nomenclature with the root of the classification relating to the flagellum. The suffix of the
nomenclature, mastigote, literally means "whip like" while the prefix refers to the position
of the flagellum. This nomenclature has been important in simplifying classification and

identification of these organisms both in the laboratory and in the field.



Figure 2.

Classification of the order Kinefoplastida
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Figure 3.

Morphological classification of the family Trypanosomatidae
a. Promastigote, b. Opisthomastigote, c. Epimastigote, d. Trypomastigote,

e. Choanomastigote, f. Amastigote, g. Paramastigote, h. Sphaeromastigote
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C. Trypanosoma

The genus Trypanosoma includes both human and animal parasites. Except for T.
equiperdum, all are heteroxenous and are transmitted by blood-feeding invertebrates. The
genus is divided into two broad classes based on its development in the invertebrate vector.
The Salivaria species, which include those that cause African sleeping sickness, develop in
the front portion of the digestive tract. The stercoraria species develop in the hind gut of
the vector and include 7. cruzi which is the causative agent of Chagas' disease. The

important Trypanosoma species are listed in figure 4.

1. African Trypanosomiasis

The three most medically and economically relevant Trypanosoma that are found in
Africa include T.b. rhodesiense and T.b. gambiense, which cause African sleeping sickness in
humans, and T.b. brucei which infects native and introduced species of animals. The
parasites are morphologically indistinguishable but have different hosts and vectors. They
also show dramatic dissimilarity in their pathogenesis and physiological characteristics (11).
African Trypanosoma are found between latitude 15 degrees north and 25 degrees south

(figure 5). Their range coincides with that of their vector, the tsetse fly (Glossina spp.).



Figure 4.

Members of the genus Trypanosoma
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Figure 5. Distribution of African trypanosomiasis
R - T'b. rhodesiense

G - T.b. gambiense
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a. Animal African Trypanoscmiasis

The organism 7.b. brucei along with T. vivax and T. congolense are the causative agent
of nagana in native ruminants found in Africa. The organisms are also capable of infecting
many introduced species such as sheep, goats, oxen, horses, dogs and mules. They do not
appear to be infective toward humans but the economic impact on the population of Africa
cannot be overstated. It is estimated that 4.5 million square miles (approximatély the size
of the United States) is incapable of supporting more then 1/5 of the lands calculated
carrying capacity for cattle (7). The increase in livestock could be used to feed the ever
growing population of the region although the ecological wisdom of increasing cattle
production is a matter of dispute (12). Nonetheless, a wise increase in the number of cattle,
sheep and goats would help alleviate the malnutrition that is seen in this section of Africa.

The pathology of animal trypanosomiasis varies depending on the species infected.
Native wildlife rarely succumb to the parasite and usually great stress is necessary for the
parasite burden to become a problem. Indeed, many native species act as "reservoirs” for
Trypanosoma and do not appear to be affected at all by the parasite (7,13). The situation
is very different for the introduced species and for the native ruminants. The primary
characteristic of trypanosomiasis in animals is anaemia and malaise with an enlargement of
the spleen and lymph nodes. In susceptible hosts, organ damage can occur with the heart
being particularly affected. Immunosuppression has been observed and the reproduction
system is also compromised with infertility often the outcome (14). Controversy still

surrounds the exact cause for the pathology in affected animals, however it is obvious that
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with the wide variety of symptoms and the complex interaction between the vector, reservoir
species and host, that the scourge of animal trypanosomiasis will continue to have a negative

impact on the population of Africa.

b. Human African Trypanosomiases

With the possible exception of malaria, African sleeping sickness has influenced the
settlement pattern of more people across the continent of Africa then any other disease.
Although few people are infected by the parasite today (= 10-20,000), over 50 million people
are at risk of exposure to the parasite thus creating the possibility for a reoccurrence of
devastating epidemics such as those that occurred earlier in this century (15,16). This
concern has caused the World Health Organization and African health officials to give great
priority to the eradication of this disease. Unfortunately, African sleeping sickness has
proven to be a difficult disease to stamp out.

The two species which are responsible for creating a disease state in man are T'b.
gambiense and the more virulent 7.b. rhodesians. The range in which these organism are
found overlap each other with T.b. rhodesiense being more confined in it's range. There is
some evidence that the two organisms do not so much represent different species as they
represént the two extremes of the disease in humans (7,17,18).

The symptoms that are associated with African sleeping sickness include malaise, pain
in various joints and what can be a dramatic loss of weight. In the initial phase of the
disease an intermittent fever is usually present and a identifiable wound, called a chancre,

is seen at the site of the bite by the vector. Symptoms that suggest involvement of the
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central nervous system include irrational behavior with epileptic like attacks which can be
followed by coma and death. Once the disease progresses to the point of nervous system
involvement, treatment is extremely difficult. Autopsies have revealed that infection can
damage the heart and enlarged spleens have also been noted. It is obvious that the immune

system is compromised which can lead to secondary infections that are often fatal.

c. Life Cycle

Since the life cycle of the various Trypanosoma of Africa are very similar in most
respects, this discussion will entail both those species that cause trypanosomiasis in animals
and humans. As has been mentioned Trypanosoma are both heteroxenous and pleomorphic.
In the invertebrate vector, the tsetse fly, the first distinct morphological form that is seen
after a blood meal is the Trypomastigote procyclic (Figure 6) form of the parasite which is
found in the midgut of the fly where they multiply. The slender procyclics then migrate to
the salivary gland where they develop into the epimastigote form of the parasite. Once again
the organism reproduces and matures to become the infective metacyclic Trypomastigote.
This form is characterized by being short and stumpy and by the absence of an obvious
external flagellum. This form appears to be the only life stage in the vector that is capable
of infécting vertebrates. The metacyclic Trypomastigotes are injected into the vertebrate host
during the blood meal by the vector where they transform into what is described as the
slender form of the Trypomastigote. The sleﬂder trypomastigote is found in the bloodstream
and quickly transforms into the intermediate form of the parasite. It is this form that

undergoes reproduction by intensive binary fission in the blood and lymph. The final
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bloodstream form, which is termed stumpy, is the form that is infective for the invertebrate
vector and when taken up during a blood meal once again become the procyclic
trypomastigote form of the organism.

Several important biochemical changes occur between the different life stages of the
parasite. One of the most interesting differences that has been observed between the
parasite in the invertebrate vector and the parasite in the mammalian host, involves the
different means of metabolizing glucose. The slender and intermediate form of the
trypomastigotes in the mammalian host do not appear to have a functioning TCA cycle nor
are they cyanide sensitive suggesting that they are not undergoing oxidative phosphorylation.
This is very different from the parasite in the invertebrate vector where a very active TCA
cycle is found and the organisms are sensitive to cyanide (19,20). Another fascinating stage
specific feature of the Trypanosoma involves the unique coat of variant-specific surface
glycoproteins or VSGs. VSGs are found on the cell surface of the parasite in the vertebrate
host but not in the vector (21). It is thought that the VSGs help the parasite evade the hosts
immune system and the understanding of the molecular and biochemical events involved in

transcription and expression of these genes continues to be a riveting story.



Figure 6.

Life cycle of the African Trypanosoma
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d. Control and Treatment

The importance of the ability of Trypanosoma species to infect the wildlife population
of Africa has received much attention in studies of the disease (13). As mentioned above,
Trypanosoma are capable of using wildlife as a reservoir in which transmission from wildlife
stock to domesticated animals and to man is a difficult cycle to break. Early attempts to
control the disease focused on simply shooting the infected (and non infected) wild animals
to try and interrupt the cycle. This practice was fortunately ended (at least officially) when
it was realized the tremendous economic importance of a healthy wildlife population (22).
Other dubious but successful programs involved the control of the vector by mass spraying
with the chlorinated hydrocarbon insecticide, DDT (23). More recent aerial spraying control
programs using endosulfan and pyrethrum proved successful in the short term but were
expensive and impossible to continue for indefinite periods of time (23). Additional
environmentally unsound control programs included the destruction of the vectors habitat
by removing vegetation and by draining infected wetlands. These practices continue to
varying degrees today (16,22,23). More encouraging is the recent emphasis on community
based, low cost control programs involving tsetse traps and targets in areas endemic for
Africa\n sleeping sickness. In particular, mono-screen traps impregnated with chemical
attractants have proven very successful in areas of Uganda and in northwestern Guinea-
Bissau (24,25). Success has also been observed in programs to control animal
trypanosomiasis through traps in Zimbabwe (26). In addition, research is underway looking

at genetically resistant or trypanotolerant livestock such as the N'dama breed of cattle found



23

in west Africa (26).

Treatment of human African trypanosomiasis is most effective when started early
before central nervous system (CNS) involvement since the most effective and least toxic
drugs do not pass the blood brain barrier (27). Currently the two most effective drugs are
suramin for the early stages of the disease, and melarsoprol (Mel B) for advance cases.

The pioneering work of Ehrlich and Voegtlin in the early part of this century gave
us the first effective drugs for African trypanosomiasis (28). Ehrlich's work on arsenical
compounds produced the first useful drug, atoxyl, in 1907. Atoxyl is a pentavalent antimonial
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