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ABSTRACT

There are only a handful of drugs available today for treating African trypano-
somiasis, most of which were discovered more than forty years ago. These
drugs are plagued by various problems, ranging from oral inabsorption, acute
toxicities, short durations of action, and low efficacies to the emergence
of trypanosomal resistance. Mechanisms of antitrypanosomal action of these
drugs are mostly unknown, except for eflomithine, which is a suicide inhibitor
of omithine decarboxylase. On the other hand, the African trypanosomes are
among the most extensively studied parasitic protozoa to date. Many of their
intriguing biological features have been well documented and can be viewed
as attractive targets for antitrypanosomal chemotherapy. These features include
the glycosomal functions and protein import, the trans-splicing of mRNAs,
the machineries for controlled protein degradations, the polyamine metabo-
lism, the trypanothione metabolism, the purine salvage enzymes, and the
glycolipid anchor for the surface glycoproteins.

INTRODUCTION

African trypanosomiasis, transmitted by the tsetse flies of the genus Glossina
in Africa, causes sleeping sickness in humans and nagana in cattle. It also
93
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affects a variety of other domestic livestock and game animals. The African
trypanosomes are flagellated parasitic protozoa belonging to the order kineto-
plastidae and the family trypanosomatidae (1). One of the major species,
Trypanosoma brucei, is further divided into three virtually biochemically iden-
tical subspecies: T. brucei brucei primarily infects cattle, goats, and sheep;
Trypanosoma brucei gambiense is distributed in West and Central Africa and
causes Western African sleeping sickness; and Trypanosoma brucei rho-
desiense in Eastern and Southern Africa is the cause of Eastern African sleep-
ing sickness. Two other major species, Trypanosomacongolense and Trypano-
soma vivax, infect cattle, sheep, and goats. These two species, together with
T. brucei brucei, constitute a main obstacle to the cattle industry in Africa (2).
On the human side, an estimated 50 million people living in some 200 foci in
Africatoday are in danger of acquiring the sleeping sickness (3). About 25,000
new cases of sleeping sickness are reported annually, which is considered an
underestimate of the real situation because of the difficulties in diagnosis and
inaccessibility of affected areas. The early stage of sleeping sickness is char-
acterized by fever, headache, and joint pains, followed by neurological symp-
toms, endocrinal disorders, coma, and eventually death.

The trypanosomes enter their mammalian host via a bloodmeal by the infected
tsetse fly. They are transformed from the metacyclic forms in the tsetse salivary
gland to bloodstream forms in the mammalian blood, where they begin to
multiply by asexual binary fission once every six to eighthours (4). Glycolysis
is the sole source of energy (5), which eventually leads to hypoglycemia of the
infected mammalian host. Some of the trypanosomes invade the central nervous
system at the advanced stage of infection, presumably attracted by the glucose-
enriched environment in the brain, and cause lesions in the brain and sleeping
sickness. Thetrypanosomes will then change their shapes from the long, slender,
actively dividing to the intermediate and finally to the short, stumpy, dormant
state (162). Upon entering the midgut of a tsetse fly, the trypanosomes undergo
a unique process of differentiation, which, within a matter of 48 hours, will
complete the process of mitochondrial biogenesis to acquire a fully functional
tricarboxylic acid (TCA) cycle, an electron-transport chain, and oxidative
phosphorylation (6). The trypanosomes begin to rely more on mitochondrial
metabolism for energy and have their morphology altered to a somewhat more
extended, less flexible shape—the procyclic (insect) form. From there, they are
furthertransformed into the epimastigote form, migrating into the salivary gland
of theinfected tsetse fly, and differentiated once more into the dormant metacyc-
lic form, thus completing the life cycle (7).

While existing in the metacyclic form, each trypanosome is coated with a
uniform population of one glycoprotein species on the outer surface of its
plasma membrane. The glycoprotein, known as the variant surface glycopro-
tein (VSG), remains on the membrane surfaces while the trypanosomes are
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transformed into the actively dividing bloodstream forms in the mammalian
host (8). But soon afterwards, the bloodstream trypanosomes begin a series of
successive expressions of immunologically distinct VSGs on the membrane
accompanied by successive waves of parasitemia. This phenomenon, known
as antigenic variation, is attributed to the spontaneous switch of VSGs at a
rate of 10 to 1075 per cell division (9) through random transpositions of
distinctive VSG genes to a specific VSG gene expression site (8). The end
result from these antigenic variations is a highly effective evasion of host
immune responses by the parasites. Thus, little protective immunity can be
developed by the infected host. Chemotherapy appears to be the only realistic
means to control the disease. Unfortunately, due to its confinement within the
continent of Africa, the problem has been largely neglected by the pharma-
ceutical research institutions in the West. Only about a handful of antitrypan-
osomal drugs have been discovered, developed, and made available for disease
treatment during this century. These drugs are, however, inadequate in con-
trolling the disease (see below). The principal method of controlling African
trypanosomiasis today is still by avoiding the tsetse-infested areas and by
setting up tsetse fly traps.

EXISTING ANTITRYPANOSOMAL DRUGS AND THEIR
MECHANISMS OF ACTION

There are currently four drugs available for treating African trypanosomiasis
in humans: suramin, pentamidine, melarsoprol, and eflornithine (3). Treatment
of the disease in cattle, sheep, and goat is currently dependent upon three other
compounds: homidium, diminazene, and isometamidium (10) (see Figure 1).
Some of these drugs are also applied to treating other types of trypanosomiasis
such as the infections of Trypanosoma evansi in camels and the Trypanosoma
equiperdum infection in horses (10). A bis-quarternary compound quinapyra-
mine (11) and an organoarsenite melarsenoxide cysteamine (Mel Cy) (12) were
recently introduced for treatment of T. evansi infections. However, since T.
evansi and T. equiperdum are transmitted sexually without going through tsetse
fly, infections by these two organisms are not confined in Africa; thus they
are beyond the scope of this review.

With the exception of eflomithine, which was introduced for treatment of
West African sleeping sickness in 1990 (3), all of the antitrypanosomal drugs
presented in Figure 1 were discovered more than forty years ago. Judging from
their chemical structures, many of these compounds are either highly nega-
tively charged (suramin) or highly positively charged (the phenanthridiniums)
under physiological conditions. Thus drug absorption tends to be a problem.
They must be administered by intravenous or intramuscular injections (3). In
spite of the many studies accumulated in the past decades, the mechanisms of
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Figure 1 Drugs currently available for the treatment of African trypanosomiasis. (A) Drugs for
African sleeping sickness in humans. (B) Drugs for African trypanosomiasis in cattle, sheep, and
goat.

their antitrypanosomal actions are not well understood, except for those of
eflomithine. We know that eflornithine acts on trypanosome by inhibiting its
ornithine decarboxylase (13), because of the fact that the compound was
originally designed and synthesized as a potential suicide inhibitor of omithine
decarboxylase (14).
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Introduced in 1922, suramin is a sulfonated naphthylamine polyanionic mol-
ecule carrying six negative charges at physiological pH and having a molecular
weight of 1429. It is usually administered to patients in five intravenous
injections at a dosage of 20 mg/kg body weight once every 5 to 7 days (3). It
is generally considered the drug of choice for treating the early stages of human
African trypanosomiasis, especially the T. brucei rhodesiense infections. In
view of its chemical structure, there is little wonder why suramin is ineffective
against the late stages of the disease; it should not be able to cross the blood
brain barrier! In fact, suramin is not expected to pass through a regular lipid-
bilayer membrane structure. Two close analogues of suramin, Trypan Blue
(molecular weight 961) and Trypan Red (molecular weight 1003) are both
smaller than suramin. Their names were derived from the fact that both com-
pounds were used as effective antitrypanosomal drugs in the early twentieth
century. Both compounds are now routinely used as biological stains for
indicating viability of cells, because they cannot pass through intact biological
membranes. Thus, in order for suramin, Trypan Blue, and Trypan Red to
demonstrate antitrypanosomal activity, they must first enter the trypanosome
cells. The ability of the trypanosomes to take up these drugs may provide the
basis for the therapeutic value of suramin as an antitrypanosomal agent without
being toxic to the mammalian host.

Suramin has been found to bind to albumin (15) and light-density lipoprotein
(LDL) in serum (16). Fairlamb & Bowman (17) have shown that in the
presence of serum proteins, suramin is taken up by trypanosomes at a rate that
is 18-fold higher than could be explained by fluid endocytosis alone. Thus
suramin most likely binds to a variety of serum proteins that enter the trypano-
somes primarily by receptor-mediated endocytosis of some of the serum pro-
teins. Since mammalian cells are also capable of performing receptor-mediated
endocytosis of serum proteins, the preferential toxicity on trypanosomes ex-
hibited by suramin must mean that either trypanosomes possess more vigorous
endocytotic activities on serum proteins in general, or certain suramin-serum
protein complexes are preferentially taken up by trypanosomes. Fairlamb &
Bowman (18) found that in the suramin-treated infected rats where the plasma
suramin reaches a level of 100 |tM, the suramin taken up by T. brucei amounts
to about 0.5 nmol/mg protein. Assuming a cellular protein concentration of
about 200 mg/ml in T. brucei (19), the intracellular suramin concentration is
calculated to be about 100 uM, which is equivalent to the exogenous concen-
tration.

Suramin is an inhibitor of many different dehydrogenases and kinases from
mammalian, bacterial, and fungal sources (15). This multiaction comes as no
surprise because suramin is a member of the sulfonated aromatic compounds
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known to bind to the active sites of dehydrogenases and kinases (20). Some
of the derivatives, such as Cibacron Blue, have been routinely employed in
affinity column chromatographies for purifying dehydrogenases and kinases.
In T. brucei suramin has been found to inhibit dihydrofolate reductase (21)
and thymidine kinase (22). In addition, it is also a potent inhibitor of all the
glycolytic enzymes in T. brucei: hexokinase (HK), phosphoglucoisomerase
(PGI), phosphofructokinase (PFK), triosephosphate isomerase (TIM), aldolase
(ALDO), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), phospho-
glycerate kinase (PGK), glycerol-3-phosphate dehydrogenase (GPDH), and
glycerol kinase (GK) (23). Most remarkably, the ICsg values of suramin on all
of these glycolytic enzymes are in the range of 10 to 100 uM, which are much
lower than those on the same enzymes from mammalian sources. One possible
reason for this discrepancy is the unusually high isoelectric point (pI) values
for most of the glycolytic enzymes from T. brucei, which range from 9 to 10
(24). The basic properties of these enzyme proteins bring additional positive
charges to their surfaces, which should facilitate binding by the highly nega-
tively charged suramin and thus potentiate the inhibitory effects. This seem-
ingly perfect theory on the mechanism of antitrypanosomal action of suramin
is spoiled, however, by the fact that all the glycolytic enzymes mentioned
above are confined within single membrane-bound microbody organelles,
termed the glycosomes by Opperdoes & Borst (25) (see below). The glycosome
has a diameter of 0.2-0.3 pm, consists primarily of the nine glycolytic enzymes
at high concentrations, and is enclosed by a typical phospholipid-bilayer mem-
brane structure (26). The glycosome will not likely be able to take up suramin
by passive diffusion or endocytosis. Thus the nine glycolytic enzymes are
protected from suramin via compartmentalization. This situation has been
reflected by the observation that suramin does not kill the trypanosomes
instantly; instead, it has a slow inhibitory action on the parasites over a matter
of days (18). If any of the glycolytic enzymes become inhibited by suramin,
a quick lysis of trypanosomes should occur within a matter of minutes, because
glycolysis provides the only source of energy for the cells (27). Suramin does
not affect trypanosomes by directly inhibiting the function of any of the
glycolytic enzymes inside the glycosomes. The genes encoding these enzymes
are located in the nucleus, and the enzymes are synthesized on free polysomes
in cytoplasm and imported into the glycosomes posttranslationally without any
proteolytic modification within 3 to § min (28). It is entirely possible that
suramin may bind to the glycolyticenzymes in the cytoplasm within the interim
few minutes and interfere with the import of these enzymes into the glyco-
somes. The glycolytic enzymes have an average half-life of about 48 h inside
the glycosome (29). Thus, inhibition of glycosomal protein import may lead
to a gradual decrease of enzyme concentrationsin the glycosome and a slowing
down of energy metabolism in suramin-treated trypanosomes, which was ex-
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actly what was observed in some of the previous studies (17, 18). Although
this hypothetical mechanism of suramin action has yet to be proven experi-
mentally, trypanosomal resistance to suramin has not been a serious problem
after 70 years of treating trypanosomiasis with it. This fact indirectly supports
the theory that suramin acts on multiple targets in trypanosomes. Even the
inhibition of T. brucei cytoplasmic dihydrofolate reductase and thymidine
kinase by surmain may contribute to the antitrypanosomal action of suramin.

Pentamidine

Pentamidine, an aromatic diamidine introduced in 1937, is effective against
the early stage of T. brucei gambiense infection (3). It is given at a dose of 4
mg/kg body weight by 7 to 10 intramuscular injections daily or on alternative
days. The drug has also been used for treating antimony-resistant leishmaniasis
(30) and Pneumocystis carinii pneumonia (31). Its mechanism of antitrypano-
somal action is unknown, but Kapusnik & Mills (32) have reported a wide
range of pentamidine bindings to nucleic acids. Edwards et al (33) recently
cocrystallized pentamidine with a dodecanucleotide d(CGCGAATTCGCG),,
and they determined the structure of the complex to a resolution of 2.1 A. The
drug was bound in the 5'-AATT minor grove region of the duplex, with
amidinium groups H-bonded to adenine N3 atoms in an interstand manner.
The pentamidine molecule adopts an extended conformation, and the immedi-
ate binding site spans four base pairs. Pentamidine has long been known to
bind preferentially to the minor grooves of the kinetoplast DNA (the mito-
chondrial DNA, see below) in T. brucei (34). It disrupts the kinetoplast DNA
(35) and generates dyskinetoplastic cells that retain mitochondrial membranes
but lack detectable kinetoplast DNA (36). Recent investigations by Shapiro &
Englund (37) on T. equiperdum demonstrated that pentamidine (5 pM) pro-
motes cleavage of 5% of the kinetoplast minicircle DNA to generate linearized
DNA in a manner similar to that of a topoisomerase II inhibitor. But, unlike
the typical topoisomerase II inhibitor etoposide, which denatures both nuclear
and kinetoplast DNA-topoisomerase II cleavable complexes, pentamidine ex-
erts no effect on the trypanosomal nuclear DNA. This specific denaturation of
kinetoplast DNA-topoisomerase II cleavable complex by pentamidine is in-
teresting, but it may not account for the antitrypanosomal action of pentamid-
ine, because generation of dyskinetoplastic trypanosomes in infected mam-
malian host is not expected to cure the disease. There must be another aspect
of the pentamidine action not yet discovered.

Berger et al also made an interesting observation on pentamidine (38). By
exposing T. brucei brucei to pentamidine at a therapeutic dose of 4 mg/kg in
the infected rats for 4 h, they found a 13-fold increase in lysine content and a
2.5-fold increase in arginine in the trypanosomes. The biological meaning of
this drug effect remains unclear. Pentamidine was also found to inhibit the in
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vitro splicing of a group I intron in the transcripts of ribosomal RNA genes
from the opportunistic fungal pathogen P. carinii (39). The groupI self-splicing
intron, first observed in the Tetrahymena ribozyme, has been found in the
mitochondria of many fungi (40) but has not yet been identified in metazoa,
including humans (41). Whether the group I intron self-splicing also exists in
the trypanosomes is unclear, but we do know that kinetoplastidae perform a
unique, although somewhat similar, activity in the mitochondria, termed RNA
editing (42). It involves addition and deletion of uridine residues within coding
regions of the transcripts from maxicircle cryptogenes. The process is mediated
by small transcripts from kinetoplast minicircle and maxicircle DNA network
known as guide RNAs (gRNAs) (43). gRNAs contain the edited sequence
information and provide the source of uridine residues for edited mRNA. The
5’-portions of specific gRNAs have complementary sequences to specific
regions of the preedited mRNA that enable the formation of anchored duplexes
to initiate the editing process at the 3’-end of the preedited region and continue
in a 5’-direction (44). There are two proposed models for the mechanisms of
RNA editing: the enzyme cascade (43) and the transesterification (45). The
latter mechanism predicts a ligation between gRNA and pre-mRNA by an
attack of the 3’-hydroxyl end of gRNA at the phosphorus atom of a standard
phosphoester linkage that is identical to that for the group I and group Il intron
self-splicing reactions (46). Thus pentamidine may actually inhibit RNA ed-
iting in trypanosomes; this possibility should be tested experimentally.

Because RNA editing occurs only in the mitochondria of trypanosomes, it
is unlikely that the potential inhibition by pentamidine could block growth of
the organism in mammalian blood. There is, however, another unique RNA-
slicing activity in trypanosomes; pre-mRNAs in the nucleus are all trans-
spliced to acquire a common 39-nucleotide sequence at the 5'-ends during
maturation (47). There is apparently no cis-splicing of mRNAs in trypano-
somes. The process of trans-splicing is mediated by small nuclear ribonu-
cleoprotein particles (snRNPs) different from those for cis-splicings in mam-
malian cells. Both Ul and US snRNPs are missing from the trypanosomal
snRNPs (48). Ul is most likely replaced by the 39-nucleotide spliced-leader
RNA, whose 3’-hydroxyl group forms a phosphodiester linkage with the 5’-
phosphate of the mRNA toward the end of the splicing process. Whether
pentamidine or any of the antitrypanosomal diamidines have an inhibitory
effect on mRNA trans-splicing is unknown. If they do, that action alone can
be lethal to the trypanosomes and may account for the mechanism of their
antitrypanosomal activities. Experimental tests on this possibility are long
overdue (see below).

Pentamidine-resistant T. brucei brucei can be readily isolated in the labo-
ratory (38). Damper & Patton (49) observed some years ago that pentamidine
is transported into the bloodstream forms of T. brucei brucei via a carrier-me-
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diated process. The drug-resistant strains of T. brucei brucei collected from
the field were shown to have a diminished ability to import pentamidine, which
is believed to be the primary cause of pentamidine resistance. Neither the drug
efflux nor the drug metabolism appeared to play a major role in pentamidine
resistance.

Melarsoprol

Melarsoprol, otherwise known as the melarsen oxide [p-(4,6-diamino-S-tria-
zinyl-2-yl) aminophenylarsenoxide]-2,3-dimercaptopropanol adduct, is a tri-
valent organic arsenical made available to Africa in 1949 (3). Until 1990 it
was the only drug capable of treating late stage T. brucei gambiense and T.
brucei rhodesiense infections. It is administered by intravenous injection at a
dose of 3.6 mg/kg body weight in 3 to 4 series of 4 injections separated by at
least one week. A major problem with melarsoprol is its toxic side effects. It
causes reactive encephalopathy in 5-10% of the patients treated, with a fatal
outcome in 1-5%. Another problem is in the development of resistance to
melarsoprol in both T. brucei gambiense and T. brucei rhodesiense.

Melarsoprol’s mechanism of antitrypanosomal action is not well understood.
Melarsen oxide was believed to act by blocking glycolysis in trypanosomes
through inhibition of the pyruvate kinase (50). The drug-treated cells rapidly
lose their motility, and cell lysis follows within minutes. However, later studies
indicated that the lytic effect of melarsen oxide is not the primary result of
inhibiting pyruvate kinase (51), because melarsen oxide inhibited trypanoso-
mal PFK (K| < 1 uM) and fructose-2,6-bisphosphatase (K; = 2 uM) much more
potently than the pyruvate kinase (K; > 100 uM). At the concentration of 1
1M, the drug completely inhibited the formation of fructose-2,6-bisphosphate.
At higher concentrations of 3 to 10 puM, it caused cell lysis resembling that
induced by the steroid detergent digitonin. However, it can be argued that since
(a) the most powerful action of melarsen oxide is its inhibition of trypanosomal
PFK, which should result in cessation of glycolysis and subsequent cell lysis
(27), and (b) the depletion of fructose-2,6-bisphosphate following the inhibi-
tion of PFK is known to lead to inactivation of pyruvate kinase (52), melarsen
oxide probably still acts on trypanosomes by blocking the glycolysis. The
mechanism of action of the drug is by inhibiting trypanosomal pyruvate kinase,
albeit indirectly. If this conclusion turns out to be correct, the procyclic try-
panosomes, which do not depend on the function of pyruvate kinase for
survival, should be much more resistant to the lytic action of melarsen oxide.
There is a need to carry out such a test.

A study by Fairlamb et al (53) demonstrated that melarsen oxide or melar-
soprol can form a stable adduct with a unique trypanosomatid metabolite,
trypanothione [N'!,N8-bis(glutathionyl) spermidine], which is believed to be a
major cofactor involved in the thiol-disulfide redox balance in trypanosomes
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(54). The melarsen-trypanothione adduct (Mel T) has a modest stability con-
stant of 1.05 x 107 M~! and inhibits glutathione reductase and the T. brucei
brucei trypanothione reductase, a key enzyme in regulating the thiol-disulfide
state of trypanothione; K; values are 9.6 and 17.2 pM, respectively (55). These
observations have led to recent discussions on a possible mechanism of action
of melarsoprol that inhibits trypanosomal trypanothione reductase (see below).
But, in view of the 18-fold-higher K; value required for this action than that
for inhibition of PFK, this new theory presently appears less attractive. Fur-
thermore, Fairlamb et al (53) indicated in their study that when bloodstream
T. brucei brucei cells were incubated in 10 M melarsen oxide, the intracellular
concentrations of reduced trypanothione, reduced glutathione, and Mel T were
estimated to be 0.43 mM, 0.16 mM, and 17 uM, respectively, prior to cell
lysis. When the cells were incubated with 50 or 75 pM melarsoprol for 30
min, only 0.7% and 2.6% of the intracellular reduced trypanothione were
converted to Mel T, respectively. Such a slight decrease in intracellular reduced
trypanothione and reduced glutathione probably could not have led to lysis of
trypanosomes. In fact, Farilamb et al observed that when 50% of the melarsen
oxide—treated trypanosomes became swollen and nonmobile, the bulk of the
intracellular reduced trypanothione remained intact (53). The cell lysis was
more likely caused by the blocked glycolysis.

Melarsen oxide is most efficient in forming adducts with a variety of dithiols
(56). In addition to forming melarsoprol with 2,3-dimercaptopropanol and Mel
T with trypanothione, it also binds to the coenzyme dihydrolipoate and some
proteins in which cysteine residues come close together. The drug may be a
nonspecific inhibitor of many different enzymes, which may explain the many
toxic side effects of melarsoprol and the necessity of using melarsen adducts
as applicable antitrypanosomal agents instead of melarsen oxide itself.

In view of problems in the resistance to melarsoprol among T. brucei, Carter
& Fairlamb (57) recently conducted an interesting in vitro study and found
that the trypanolytic effect of melarsen oxide can be abrogated by adenine,
adenosine, and dipyridamole, an inhibitor of nucleoside transport in mamma-
lian cells. Apparently, all the compounds compete for uptake by an unusual
transporter, P2, in T. brucei brucei. Another transporter, P1, transports only
adenosine and inosine. A cloned melarsen-resistant line of T. brucei brucei
was found that was missing the P2-mediated transport, and the P1-mediated
transport was threefold less than that in the melarsen-susceptable clone. This
finding delineated the mechanism of melarsen resistance in this particular 7.
brucei brucei clone and provided an explanation of how the resistant clone
survives without a functioning P2 transporter for purine salvage (the trypano-
somes cannot perform de novo purine nucleotide synthesis) (58). Apparently,
this clone survives on a partially functioning P1 transporter. This study by
Carter & Fairlamb (57) also identified two transporters with substrate speci-
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ficities different from those observed in the mammalian cells (59). These
differences are undoubtedly worth pursuing further as potential targets for
antitrypanosomal chemotherapy (see below). Since melarsoprol must also be
taken up by the mammalian cells in order to exhibit those toxic side effects,
the mechanism of its transport into the mammalian cells should be studied as
well. If one of the mammalian nucleoside transporters is involved, it may lead
to specific ways of reversing the toxicities of the arsenical. For instance, the
mammalian nucleoside transporters also transport pyrimidine nucleosides (59).
One could try to use those nucleosides to reverse the toxicity of melarsoprol
without compromising its antitrypanosomal activity, because P1 and P2 trans-
porters do not recognize pyrimidine nucleosides as substrates.

Eflornithine

The chemical name of eflomithine is DL-a--difluoromethylomithine (DFMO),
which was first synthesized as a potential suicide inhibitor of ornithine decar-
boxylase (ODC) (14). ODC is the key enzyme in the pathway leading to
biosynthesis of polyamines: putrescine, spermidine, and spermine, which are
essential for proliferation of prokaryotic as well as eukaryotic cells (60). It
was originally anticipated that an effective inhibition of the ODC in tumor
cells would deplete the polyamines and thus arrest the tumor growth. Instead,
DFMO was found to have good antitrypanosomal activity. It was registered
by the US Food and Drug Administration in 1990 and the European Committee
for Proprietary Medicinal Products in 1991 for treatment of early and late stage
T. brucei gambiense infections (3). DFMO is a remarkably safe drug, but its
efficacy is relatively weak and the duration of action is so short that it must
be adminstered intravenously at a large dose of 400 mg/kg body weight per
day in 4 equal doses every 6 h for 14 days (61, 62). It is also relatively
ineffective against T. brucei rhodesiense infections. However, it is the first
new antitrypanosomal drug applied to humans in the last 41 years, and to the
delight of research scientists, it was made by rational design, though the end
results were not quite expected originally.

As a fluorinated amino acid derivative, DFMO is a zwitterion under phys-
iological conditions, making the drug poorly absorbable and rapidly excreted
in the urine, which explains its moderate activity and brief duration of action.
It is an irreversible inhibitor of mouse ODC. An elegant study by Poulin et al
(63) indicated formation of a major covalent adduct between DFMO and the
residue cysteine 360 in mouse ODC. The adduct was tentatively identified as
the cyclic imine S-[2-(1-pyrroline) methyl] cysteine, which is consistent with
the predicted mechanism of DFMO suicide inhibition; the cysteine 360 acts
as an attacking neucleophile in the active pocket of mouse ODC. Human ODC
shares 99% identity with mouse ODC (64), and it is presumed to be inhibited
by DFMO in the same manner as is mouse ODC. One unique aspect shared
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by mammalian ODCs lies in their in vivo instabilities. They turn over more
rapidly than most other eukaryotic proteins, with an estimated in vivo half-life
of about 20 min (60). Thus, upon one dose of DFMQO, the irreversibly inhibited
mammalian ODC protein will be degraded steadily at a high rate. As DFMO
is also rapidly cleared out of the body system, newly synthesized ODC will
no longer encounter DFMO and will thus remain in the active state. This is
probably why DFMO is so remarkably nontoxic to the mammalian host and
so ineffective as an antitumor agent (61).

DFMO depletes the polyamines putrescine and spermidine from 7. brucei
brucei both in vitro and in vivo (65). Subsequently, the DFMO-treated try-
panosomes are transformed to a nondividing, short, stumpy form that is ap-
parently incapable of changing its VSG and is eventually caught up by the
host immune reaction (66). The drug effects can be reversed by putrescine in
vivo (67) and in vitro (13) but not by L-omithine in vitro (13). Apparently,
DFMO acts against trypanosomes by inhibiting trypanosomal ODC. The gene
encoding T. brucei brucei omithine decarboxylase was cloned and sequenced,
and the recombinant protein is expressed in transformed Escherichia coli in
its native form (13, 68). The protein is a homodimer with an estimated subunit
molecular weight of 45,000, which is smaller than the 53-kDa subunits in the
mouse ODC homodimer (69). There is 61.5% sequence identity between T.
brucei brucei and mouse ODC. When the homologous amino acid substitutions
are discounted, the percentage of similarity reaches 90%. Although thorough
characterizations of the mechanism of action of DFMO on T. brucei brucei
ODC have not yet been performed, the high degree of sequence similarity and
the fact that there is also a cysteine 360 residue in T. brucei brucei ODC (128)
suggest that DFMO may act on the latter by the same mechanism as that on
mouse ODC.

When the K; values of DFMO were estimated against the ODCs of T. brucei
brucei and mouse, they turned out to be 220 uM and 39 uM, respectively,
suggesting that T. brucei brucei ODC may be even a little less susceptible to
DFMO. The really important question then is, Why is DFMO antitrypanosomal
but innocuous to the mammalian host? The only major difference between the
two enzyme proteins is that the mouse ODC has an extra 36-amino acid peptide
at its C terminus contributing to the higher subunit molecular weight (13). This
C-terminal peptide is rich in proline, glutamic acid, serine, threonine, and
aspartic acid and flanked by lysine, arginine, and histidine. Rogers et al (70)
designated this type of peptide sequence the PEST sequence, which has been
identified among many eukaryotic proteins that are known to turn over rapidly
in vivo. Since the PEST sequence in mouse ODC is missing from T. brucei
brucei ODC, a simple postulation would be that the latter may be a very stable
protein in vivo. Phillips et al (13) went on to test this hypothesis and found



Annu. Rev. Pharmacol. Toxicol. 1995.35:93-127. Downloaded from www.annualreviews.org
by Central College on 12/09/11. For personal use only.

ANTITRYPANOSOMAL CHEMOTHERAPY 105

that T. brucei brucei ODC is indeed most stable in procyclic trypanosomes.
Subsequent evidence suggested that the ODC in bloodstream trypanosomes is
also highly stable (7).

Our understanding of the protein degradation machineries in trypanosomes
has progressed since these studies were published. The information accumu-
lated to this point is already sufficient for explaining the mechanism of anti-
trypanosomal action of DFMO. Due to the lack of in vivo turnover of ODC
in the trypanosomes, DFMO can effectively inhibit the enzyme activity and
deplete the intracellular polyamines on a long-lasting basis to bring the cells
into a dormant state subject to the host immune reaction. The only possible
salvation from this situation is perhaps by taking up exogenous polyamines to
bypass the inhibition of ODC. The trypanosomes are capable of taking up
polyamines (67). But the polyamine level in mammalian plasma is extremely
low due to the presence of very high levels of polyamine oxidase (72). Thus,
no adequate polyamine uptake can be depended upon to circumvent the con-
sequence of ODC inhibition. This low polyamine level in the living environ-
ment may also help to explain why, among the many species of parasitic
protozoa, the African trypanosomes are the only ones susceptible to DFMO
treatment. They are the only parasites staying in the bloodstream of mammalian
hosts, where the level of polyamines is low. The others, which reside in tissues
or rapidly proliferating cells, are surrounded by high levels of polyamines and
will not be affected by losing their ODC activities.

Since trypanothione is a conjugate of glutathione and spermidine, DFMO-
treated trypanosomes were shown to suffer a 40 to 60% decrease in the content
of trypanothione and monoglutathionyl spermidine, presumably due to a de-
pletion of spermidine (73). The reduction in the level of trypanothione was
also postulated as the mechanism of DFMO action. However, with this signif-
icant loss of trypanothione, the DFMO-treated cells should have become highly
susceptable to oxidative stresses and lyse readily; instead, they only turned
short-stumpy and dormant (65). No sign of enhanced sensitivities toward
oxidative stresses occurred. The DFMO-treated bloodstream trypanosomes
were still able to differentiate into the procyclic forms in vitro (74), thus
suggesting that other than the inability to proliferate, few other abnormalities
are associated with the DFMO-treated cells. The experimental results also
suggest that the level of trypanothione in trypanosomes can be lowered by
60% without causing a redox imbalance in the cells.

Since the clinical application of DFMO, there has not yet been any report
on the occurrence of drug resistance among the trypanosomes. But many
isolates of T. brucei rhodesiense, which had never been exposed to DFMO
previously, were found to exhibit innate resistance to the drug (75). Reasons
behind this phenomenon are unclear at present. In laboratory environments, 7.
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brucei brucei mutants resistant to DFMO were isolated independently on two
occasions (76, 77). Both mutants turned out to be deficient in the uptake of
DFMO.

Homidium, Diminazene, and Isometamidium

Homidium, diminazene, and isometamidium are the three drugs currently
available for treating trypanosomiasis in cattle, sheep, and goat in Africa
(10). Homidium, otherwise known as ethidium, is a phenanthridinium com-
pound routinely used for staining nucleic acids in research laboratories be-
cause of its fluorescenting and nucleic acid-intercalating properties. Its anti-
trypanosomal activity was first demonstrated 50 years ago (78). Diminazene
(berenil) is an analogue of pentamidine that was orginally introduced in 1955
as a trypanocide and a babesiacide (79). Isometamidium resembles a conju-
gate between homidium and diminazene (80) and thus possesses the proper-
ties of both compounds.

Homidium is a mutagen with many nondiscriminating biochemical reactiv-
ities (81). The mechanism of its antitrypanosomal action is not well understood.
Homidium has been shown to interfere with the glycosomal functions (82),
the function of an unusual AMP binding protein (82), trypanothione metabo-
lism (83), and replication of kinetoplast minicircles (2% of total minicircles
linearized by 1 pM homidium) in the trypanosomes (37). In every case, the
uniqueness of the target is always cited as the supporting evidence that homid-
ium must act on the trypanosomes by inhibiting the functions of that target.
But one could argue that inhibition of those not-so-unique targets in trypano-
somes can also lead to antitrypanosomal action, as long as the targets are
important for the survival of trypanosomes. A careful quantitative analysis
should thus be performed to identify the utmost target, which can be inhibited
by homidium at its lowest concentration. Homidium was extensively used in
the 1960s and 1970s, but its usefulness has been greatly reduced owing to
widespread trypanosomal resistance (84). The mechanism of resistance is
unknown.

Diminazene acts, as expected, very much like pentamidine. It binds to the
minor groove of DNA with a higher affinity to 5’-AATT-3’ than to 5'-TTAA-3’
(85). The attachment to specific sites in DNA occurs via electrostatic and
hydrogen-bond forces (86). It also inhibits the kinetoplast topoisomerase Il in
trypanosomes, resulting in cleavage of 2% of the minicircle DNAs in the
presence of 1 UM diminazene (37). This diamidine may also interfere with
RNA editing and RNA trans-splicing in trypanosome, as discussed above.
Long-term use of diminazene has not resulted in widespread development of
drug resistance in the field (87), but quinapyramine and melarsomine appear
able to induce cross-resistance to diminazene, both in the laboratories and in
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the field (88, 89). Preliminary studies suggest that the mechanism of resistance
to diminazene is most likely the diminished uptake of the drug by resistant
trypanosomes (90).

Isometamidium shares cross-resistance with homidium (91) and exhibits
acute toxicity to mammals that is not observed with either homidium or
diminazene (92). The acute toxic effects of isometamidium in mice can be
reduced by atropine, suggesting that isometamidium may inhibit acetyl-
cholinesterase (93). The mechanism of antitrypanosomal action of isometamid-
ium has not been well studied, but it presumably shares some of the activities
found in both homidium and diminazene. In an in vitro study, isometamidium
at 1 uM was capable of promoting linearization of 6% of the total minicircle
DNA from T. equiperdum (37). The underlying mechanism of resistance to
isometamidium was recently found to be associated withreduced accumulation
of the drug in trypanosomes (94).

POTENTIAL TARGETS FOR FUTURE
ANTITRYPANOSOMAL CHEMOTHERAPY

The current status of antitrypanosomal chemotherapy is gloomy indeed.
Among only a handful of available drugs, none has the correct chemical
structure for easy absorption and prolonged duration of action. Many have
very severe toxicities, and some are even bonafide mutagens. After decades
of applications, resistance is developing against most of the drugs. Meanwhile,
the only new drug, DFMO, has rather weak efficacies and a very narrow
spectrum of action. The mechanisms of action of these drugs are generally
poorly understood, resulting in a decrease in opportunities for future drug
discoveries.

Viewed from another angle, however, the African trypanosomes are perhaps
one of the most intriguing families of eukaryotic microorganisms presently
known to biologists. Many unique and distinctive features are associated with
the development and metabolism of these organisms. Some aspects of them
have been thoroughly investigated, adding to our understanding of the biology
of trypanosomes as well as the evolution of the ancient eukaryotes. We have
already touched upon some of these interesting topics in our discussions above,
namely, RNA editing, trans-splicing of mRNA, the kinetoplast DNAs, anti-
genic variations, trypanothione, and glycosome. Many of these features could
be turned into targets for antitrypanosomal chemotherapeutic investigations,
provided that the following two requirements can be met: (a) It is essential for
the survival of trypanosome, and (b) it is unique enough that a counterpart
either does not exist or is sufficiently different in the mammalian host to allow
for selective inhibition.
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The compartmentalization of glycolytic enzymes in glycosome is generally
assumed to result in a glycolytic rate in bloodstream trypanosomes that is 50
times higher than that in mammalian cells (95), because the enzymes are in a
state of high concentration (340 mg protein/ml), and the steady concentrations
of glycolytic intermediates are in the millimolar range (96). The high rate of
glycolysis appears necessary to compensate for its poor yield of energy; only
two ATP molecules can be generated from each glucose molecule by this
process (97), in contrast to the 36 ATP molecules generated by mitochondrial
oxidative phosphorylation. The trypanosomes need to be replicated every 6 to
8 h in mammalian blood (4), and the VSGs must be changed at high enough
frequencies to evade host immune response (8). Thus, inhibition of any one
of the glycolytic enzymes inside the glycosome should block the chain of
glycolytic activity and kill the bloodstream trypanosomes efficiently (27). Most
of the glycolytic enzymes in the glycosome have distinctively high pI values
between 9 and 10 (24). The extra basic amino acids in these enzyme proteins
were first suspected to play the role of targeting signals in importing the
proteins into glycosome, but subsequent studies have ruled out this possibility
(98). The basic nature of these glycosomal proteins is probably required for
packing them into high densities inside the glycosome and facilitating bindings
of sugar phosphates to the enzymes in an intraglycosomal environment where
the pH was estimated to be neutral (CC Wang & JA Thissen, unpublished
data). The genes encoding several of theglycosomal enzymes have been cloned
from T. brucei brucei. They include genes for PGK (99), ALDO (100), a
56-kDa PGK (101), GAPDH (102), PGI (103), TIM (104), and phosphoenol-
pyruvate carboxykinase (PEPCK) (105, 106), which is an enzyme expressed
primarily in the procyclic form of T. brucei brucei (107). The derived protein
sequences of these enzymes all bear decent identities (~50%) to those from
the mammalian sources. The three-dimensional structure of T. brucei brucei
glycosomal TIM was determined at 2.4 A resolution a few years ago and found
to be very similar to that of the mammalian enzyme (108). More recently, the
three-dimensional structure of T. brucei brucei glycosomal GAPDH was de-
termined by molecular replacement at 3.2 A with a collected X-ray data set
using the Laue method (109). A comparison with the structure of homologous
human muscle enzyme suggested that in the NAD* binding region, amino acid
differences that occur between the two enzymes could provide opportunities
for designing selective inhibitors by replacing the 2’ and 3’ adenosine ribose
hydroxyl group with substituents extending in the direction of these changed
amino acids. Preliminary results indicated that a derivative of adenosine thus
designed, 2’-deoxy-2'(3-methoxybenzamido) adenosine, inhibits the human
enzymeonly marginally but enhances inhibition of the parasite enzyme 45-fold
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from that of adenosine to an estimated ICsq value of 2.2 mM (110). Although
potency of the inhibitor still requires considerable improvement and in vivo
testing against trypanosomes with this compound needs to be done, this finding
is encouraging for future rational drug designs.

Trypanosomes do not have lactate dehydrogenase. The glycosomal NAD*
consumed during glycolysis must be regenerated from NADH via a dihydroxy-
acetone phosphate (DHAP) o-glycerophosphate (0-GP) shuttle consisting of
a glycosomal NAD*-dependent a-GP dehydrogenase and a mitochondrial a-
GP oxidase (111). During anaerobiosis, the oxidase cannot function. a-GP,
NADH, and ADP are accumulated to high concentrations in glycosome, which
can revert the glycerol kinase (GK)—catalyzed reaction to convert the excessive
o-GP and ADP to glycerol and ATP (111). Thus, the parasites can still survive
under anaerobic conditions with 50% ofthe normal growing rate by converting
a glucose molecule to pyruvate and glycerol in order to generate one ATP
molecule (95). a-GP oxidase can be inhibited by salicylhydroxamic acid
(SHAM) to bring T. brucei brucei under an anaerobic-equivalent condition.
Glycolysis is then stopped by inhibiting the GK-catalyzed reverse reaction
with glycerol to bring the parasite to cell lysis within minutes (27). The
combined SHAM-glycerol chemotherapy suppressed parasitemia in animal
models (112), but the curative dose of SHAM in the combination caused 44%
animal mortality owing to acute toxicity (113). A hydrophobic derivative of
SHAM, p-n-tetradecyloxy-benzhydroxamic acid, was later synthesized and
found to be 70 times more potent as an inhibitor of a-GP oxidase and 10- to
20-fold more effective as an antitrypanosomal agent in vitro than SHAM (114).
But the eventual success in this elegant rational approach to antitrypanosomal
chemotherapy may have to rely on better understanding of the properties of
the unique T. brucei enzyme o-GP oxidase in the future.

The value of glycosome as a potential target for antitrypanosomal chemo-
therapy can also be attributed to the unique mechanisms underlying the import
of proteins into the organelle (98). Recent successful development of efficient
expression vectors for transfection of T. brucei brucei procyclic form (115)
has made it possible to express reporter proteins in the organism and monitor
their import into the glycosome. Sommer et al (116) used the technique to
express firefly luciferase in the stable transfectants of T. brucei brucei procyclic
cells and demonstrated, by using biochemical means and electron microscopic
immunogold stainings, that this foreign protein was imported almost exclu-
sively into the glycosomes. Previously, firefly luciferase expressed in mam-
malian cells had been found imported into the peroxisome (117), a morpho-
logically closely related single membrane-bound microbody organelle con-
sisting of primarily catalase, fatty acid—metabolizing enzymes, etc (118). The
peroxisomal import of luciferase depends on the very last three amino acids
at the C terminus of the protein, serine-lysine-leucine (SKL), and an added
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C-terminal SKL sequence is sufficient to target a cytosolic protein to peroxi-
somes (119, 120). Sommer et al (116) expressed the luciferase without its
C-terminal SKL in T. brucei brucei and found the truncated protein only in
the cytosol. Apparently, the glycosomal protein import machinery can use the
same targeting signal for peroxisomal protein import. This conclusion agrees
with a similar suggestion by Fung & Clayton (121), who expressed chloram-
phenicol acyltransferase (CAT) in T. brucei brucei with SKL tagged to its C
terminus and found the fusion protein associated with a pelletable fraction
containing the glycosomes.

The requirements for a C-terminal tripeptide to qualify as targeting signal
for mammalian peroxisomal protein import are rather stringent (120). In the
SKL sequence, S can be replaced only by cysteine or alanine, and K, by
arginine or histidine, whereas L cannot be substituted at all in order to retain
the signaling capability. Using a series of site-directed mutagenesis and in vivo
glycosomal protein import studies, Sommer et al (116) demonstrated a much
more degenerate C-terminal target signal for the glycosomes (Figure 2). With
the SKL sequence as a starting point, S can be substituted by any other polar
amino acid; small size is preferred. K can be replaced by those amino acids
capable of forming H bonds, and L is replaceable by other hydrophobic amino
acids. Further investigations indicated that a C-terminal SSL, which is not a
targeting signal for peroxisomal import (122), is sufficient to direct the import
of a cytosolic protein, B-glucuronidase (GUS), into glycosomes (123).

Among the seven T. brucei brucei glycosomal proteins whose primary
structures have been determined, four have the C-terminal tripeptides appar-
ently capable of targeting them for glycosomal import: GAPDH (AKL; 102),
PGI (SHL; 103), PGK (SSL; 123), and PEPCK (SRL; 124). The other three
proteins—TIM (ATQ; 104), ALDO (NTY; 100), and 56-kDa PGK (EKE;
99)—possess C-terminal tripeptides incapable of acting as targeting signal for
glycosomal protein import (JM Sommer & CC Wang, unpublished data). These
proteins may thus rely on N-terminal or internal peptide(s) as targeting signals.
The N-terminal 10—amino acid peptide in mammalian 3-ketoacyl-CoA thiolase
that serves as a targeting signal for peroxisomal import (125) does not function
in glycosomal protein import (124). An internal 19-amino acid peptide in
PEPCK #478-496 was recently identified as another targeting signal indepen-

&
<

Figure2 Amino acid replacement in the C-terminal SKL tripeptide of firefly luciferase and import
of the protein into the glycosomes of T. brucei. The serine, lysine, and leucine residues at the C
terminus of luciferase were individually replaced by all 19 other possible amino acids using
site-directed mutagenesis of the gene. (A) The amino acids replacing the serine residue in SKL are
ordered as a function of increasing amino acid volume. (B) Amino acids replacing lysine residuein
SKL are grouped according to the hydrogen-bonding capability of their amino acid side chains. (C)
The amino acids replacing the C-terminal leucine are ordered according to their relative hydropho-
bicity (TOTFT scale). (From Reference 98.)
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dent of the C-terminal SRL and capable of directing 50% of PEPCK to the
glycosome (124). Apparently, much remains to be learned on the subject of
glycosomal protein import.

The distinction in C-terminal targeting signals between mammalian peroxi-
somal and 7. brucei brucei glycosomal protein import should provide an
opportunity for selective inhibition of glycosomal import, which will prove
lethal to the parasite. An analogue of the degenerated C-terminal tripeptide
glycosomal targeting signal could be designed and synthesized in the form of
peptoids (126) to avoid proteolytic digestion and tested for antitrypanosomal
activity. That some of the glycosomal proteins do not use C-terminal tripeptides
for targeting may actually work to the advantage of this strategy, because an
antagonist of the C-terminal signal may block the import of only some of the
glycosomal proteins while allowing the others to be imported normally, thus
breaking down the process of glycolysis completely.

On a related subject, bloodstream T. brucei brucei imports glucose by
facilitated diffusion (127), and the uptake of glucose apparently represents the
rate-limiting step in glycolysis (128). Genes encoding the glucose transporters
are tandemly arranged in a multigene family consisting of two homologous
groups, THT1 and THT2 (129). THT1-encoded glucose transporters are pre-
ferentially expressed in the bloodstream forin. They demonstrated a moderate
sensitivity to cytochalasin B and recognized D-fructose as substrate, thereby
distinguishing themselves from the human erythrocyte glucose transporter.
They can be classified as potential targets for antitrypanosomal chemotherapy.

RNA Processing

There is a general lack of specific promoters capable of controlling gene
transcriptions during the development of T. brucei brucei. The promoters for
the VSG genes and the gene encoding procyclin, a major surface antigen of
the procyclic forms of 7. brucei brucei, are largely constitutive (130). The
rates of transcription initiation of these genes are similar in both bloodstream
and procyclic forms (131). Control of gene expression in T. brucei is thus most
likely accomplished at the posttranscriptional level. Many household genes in
trypanosome are arranged in random repeats and expressed in the form of
polycistronic transcripts (132). Thus, trans-splicing of the large precursor
mRNAs to form mature mRNAs provides the first important step in regulating
gene expression in trypanosomes (47). The uniqueness and importance of
trans-splicing should make it an ideal target for antitrypanosomal chemother-
apy. Antitrypanosomal diamidines and phenanthridiniums ought to be tested
on trans-splicing (see the section on Pentamidine). The method of using anti-
sense oligonucleotides to the splice leader RNA to disrupt the trans-splicing
in T. brucei brucei was tried previously without much success (133). It could
perhaps be tested again with more careful planning of the use of various
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chemical derivatives of the antisense oligonucleotides (134). Additional activ-
ities involved in transcript processing are polyadenylation and mRNA degra-
dation. They have not yet been investigated in depth enough among the
trypanosomes to be qualified as potential targets for chemotherapy. RNA
editing in kinetoplastidae is both unique and interesting (43), but it appears to
be confined to the mitochondrial gene transcripts only and thus cannot be
viewed as a target for treating trypanosomiasis in mammals.

Protein Degradation

Posttranslational control, involving programmed protein degradation, may pro-
vide another means of regulating gene expression in trypanosomes. We have
witnessed a peculiar lack of degradation of ODC in T. brucei brucei, which
leads to a selective action on trypanosome by a general suicide inhibitor of
ODC, DFMO (13). This fortuitous discovery of a new drug could be turned
into a general strategy for developing new antitrypanosomal agents (135).
Many mammalian proteins are known to have relatively short half-lives.
Among their counterparts in trypansomes, some of them may have very long
half-lives and perform crucial functions for the survival of the parasite. These
proteins could be viewed as potential targets for suicide inhibitor design with
the purpose in antitrypanosomal chemotherapy. One advantage to this ap-
proach is that once the difference in protein stability has been identified, one
may proceed to the general design of a suicide inhibitor without being con-
cerned with the need for a specific inhibitor acting selectively on the parasite
enzyme.

The critical role of the C-terminal 36--amino acid PEST peptidein triggering
rapid in vivo degradation of mouse ODC was verified by further investigations
(136). A mutant mouse ODC with 37 amino acids deleted from its C terminus
was expressed in ODC-deficient Chinese hamster ovary (CHO) cells and found
to have a prolonged half-life. When T. brucei brucei ODC was expressed in
the CHO cells, it also demonstrated a long half-life (137), but when the
36-amino acid PEST peptide was linked to the C terminus of T. brucei brucei
ODC and expressed in the CHO cells, the fusion protein became rapidly
degraded (137). However, when mouse ODC was overexpressed in T. brucei
brucei procyclic form, it demonstrated an extraordinarily long half-life, though
the same expressed protein showed unchanged rapid in vitro degradation in
rabbit reticulocyte lysate (138). Thus, it appears that the machineries regulating
protein degradation in T. brucei brucei are somewhat different from those in
the mammalian cells.

Protein degradations have been studied in T. brucei brucei in a couple of
instances. The glycolytic enzymes in glycosome are turned over slowly with
an average half-life of ~48 h (29). Cytochrome c, synthesized at similar rates
in both bloodstream and procyclic trypanosomes, has a half-life of ~1 h in the
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bloodstream form but barely turns over at all in the procyclic form of T. brucei
brucei (139). Two polymorphic polyubiquitin genes were identified in T.
brucei brucei (140, 141), and ubiquitin ligase activity was detected in the
cytoplasms of bloodstream T. brucei brucei (142). Thus, a ubiquitin-mediated
protein degradation system is probably present in trypanosome.

Mammalian ODC is degraded by the 268 proteasome without ubiquitination
(143). The degradation is accelerated by ODC antizyme, an inhibitory protein
induced by polyamines (144). It forms a high-affinity, enzymatically inactive
and reversible complex with ODC (145). Mouse ODC is very stable in try-
panosomes (138), and the stability is unaffected by exogenous polyamines (SB
Hua, XQ Li, P Coffino & CC Wang, unpublished data). Trypanosomes do not
have an antizyme-like protein. Thus, by expressing both mouse ODC and rat
antizyme in the same trypanosome cell, Hua et al (SB Hua, XQ Li, P Coffino
& CC Wang, unpublished data) intended to see if a 26S proteasome-equivalent
is present in the organism to degrade the mouse ODC. The mouse ODC-rat
antizyme complex was found in trypanosome, resulting in partial inhibition of
the enzyme activity but without degradation of mouse ODC. Gel electropho-
resis with fluorogenic peptide staining indicated the presence of 20S protea-
some in trypanosome but not the 26S proteasome. The mammalian 20S pro-
teasome cannot perform controlled proteolysis and cannot digest ubiquitin
conjugates (146) or ODC (143). It will be interesting to find out how trypano-
somes regulate their protein degradations with the apparent presence of only
20S proteasome. This aspect of trypanosomal metabolism may provide oppor-
tunities for selective inhibition.

Polyamine Metabolism

The ability to synthesize polyamines is apparently of vital importance for the
proliferation of bloodstream African trypanosomes in an environment deficient
in polyamines (72). Thus, in addition to ODC, S-adenosylmethionine decar-
boxylase (SAMDC) and spermidine synthase in trypanosome must also serve
crucial functions (17) and can be qualified as potential targets for antitrypano-
somal chemotherapy, provided that they also have unique features for selective
inhibition. Not much is known about trypanosomal SAMDC except that it was
unable to cross-react with a human SAMDC antiserum (148). However, a
synthetic chemical MDL 73811, 5’-[(Z-4-amino-2-butenyl)methylamino]-
5’-deoxyadenosine, was recently found to be irreversibly inhibitory to the
SAMDOC activity in T. brucei brucei, with a K; of 1.5 uM (149). It elevated
the intracellular concentrations of putrescine and SAM and decreased the level
of spermidine in the treated trypanosomes (150). Most impressively, it is also
active against trypanosome infections in animal models (151). Since detailed
comparisons between mammalian and trypanosomal SAMDCs have not yet
been done, the mechnism behind the therapeutic effect of MDL 73811 is
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unknown. A recent study, however, suggested that the drug is efficiently
imported into trypanosome to a high intracellular concentration of 1.9 mM by
a parasite-specific adenosine transporter not present in mammalian cells (57,
152). This observation suggests that the primary mechanism of MDL 73811
action may reside in the blockage of adenosine import in trypanosomes.

Trypanothione Metabolism

Trypanothione, a conjugate between glutathione and spermidine, trypano-
thione reductase, and the synthetic enzymes of trypanothione found in try-
panosomatids exemplify the truly unique features of these organisms (54). Like
many other unusual biological phenomena observed in them, the presence of
trypanothione metabolism in trypanosomes defies obvious rationalization. It
is not that the trypanosomes cannot synthesize enough glutathione for their
need; the synthesis of trypanothione has to start from glutathione. Trypano-
thione and glutathione have such similar redox potentials that thiol-disulfide
exchange reactions between the two can occur nonenzymatically (153). The
only major difference between the two compounds is that the reduced trypano-
thione remains in one molecule, whereas reduced glutathione is separated into
two. Due to the long-distance between the two cysteine residues, the reduced
trypanothione is not an ordinary dithiol. Its association with trivalent arsenicals
is much weaker than that of 2,3-dimercaptopropanol or lipoic acid (53). Thus,
in short, no obvious task can be performed by trypanothione and not by
glutathione. The presence of trypanothione remains a mystery.

The existence of trypanothione reductase instead of glutathione reductase
in trypanosome makes trypanothione an essential cofactor mediating the redox
balance in the organism and trypanothione reductase a potential target for
antitrypanosomal chemotherapy. Considerable in-depth studies on the structure
of this enzyme have been carried out (54). The enzyme was partially purified
from T. brucei brucei (154), and the gene encoding this enzyme in T. brucei
brucei was identified and characterized (155). Detailed X-ray characterizations
of the three-dimensional structure were completed on the recombinant trypan-
othione reductase from Crithidia fasciculata, a related kinetoplastida parasit-
izing insects (156). The crystal structure, refined to 2.6 A resolution (157),
revealed considerable resemblance to that of glutathione reductase, except that
the binding site for trypanothione is more open due to the rotations of two
helical domains forming part of the active site. Also, the highly positively
charged and hydrophilic region of glutathione reductase, where the glycine
carboxylate of glutathione interacts with the enzyme, is replaced by a hydro-
phobic and negatively charged pocket in trypanothione reductase (156). Pre-
sumably, the glutamic acid-17 in the latter could either form a hydrogen bond
with one of the amide linkages between the spermidine and glycine carboxylate
or interact with the positively charged secondary amine of spermidine. Such
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well-defined distinctions between glutathione and trypanothione reductases
provide good opportunities for designing specific trypanothione reductase
inhibitors via computer graphic modelings.

Overexpressions of trypanothione reductase were recently accomplished in
two other related kinetoplastidae, Trypanosoma cruzi and Leishmania dono-
vani, by DNA transfections (158). The transfectants did not demonstrate any
enhanced resistance toward the drugs thought to act on trypanosomes by
inducing oxidative stress or any increased ability to metabolize hydrogen
peroxide (158). This finding may suggest that by inhibiting the activity of
trypanothione reductase in trypanosomes, the latter may not become super-
sensitive to oxidative stress either, thus questioning the validity of maintaining
trypanothione reductase as an antitrypanosomal chemotherapeutic target.

The trypanothione biosynthetic enzyme glutathionylspermidine synthetase
has been generally accepted as another target for antitrypanosomal chemo-
therapy (54). However, the previous finding already showed that significant
reduction in the level of trypanothione in trypanosome by DFMO did not
make the organisms any more susceptible to oxidative stress. They only
became dormant after polyamine depletion, as expected (see discussions
above on DFMO). It is difficult to imagine how a more specific inhibitor of
trypanothione synthesis would act any differently from DFMO, except that
polyamines would no longer be depleted. One possible explanation for all
the puzzling observations may be that trypanosomes only require very low
levels of trypanothione and trypanothione reductase to catalyze the intracel-
lular redox balances with glutathione as the de facto substrate. Inhibition of
synthesis or reduction of trypanothione must then reach near completion to
exert discernable antitrypanosomal effect, which is usually difficult to achieve
in chemotherapeutic practices. A separate approach in this situation would
be the design of subversive substrates for these enzymes (159). This is a
standard deviation one takes whenever a unique target in an infectious
organism turns out either nonessential for the organism or not readily
inhibitable. One then tries to design a unique false substrate for this target
enzyme with the expectation that the product may turn out to be a poison.
The prospect of this alternate approach will depend heavily on the effective-
ness of the poison thus generated.

Purine Salvage

All the parasitic protozoa studied to date have been found to lack the capability
of de novo synthesis of purine nucleotides (159). African trypanosomes are
no exception (58). Interestingly, Carter & Fairlamb (57) found that P1 and P2
adenosine transporters in 7. brucei brucei have unusual substrate specificities.
Melarsen oxide and MDL 73811 are apparently false substrates of these trans-
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porters, providing good clues for designing new inhibitors, even in the absence
of structural information on the two transporters.

The purine salvage enzymes in trypanosomes are also obvious targets for
antitrypanosomal chemotherapy. However, a general phenomenon associated
with purine salvage is the existence of multiple pathways for the same purpose
(160). Thus, in the absence of a thorough metabolic analysis, it will be risky
to focus on one salvage enzyme and assume that it must be a target for
antitrypanosomal chemotherapy because it was proven to be so in another
parasitic protozoan. A detailed analysis of purine salvage in T. brucei brucei
has not yet been performed. However, purine salvage enzymes have been
observed in a related parasitic protozoon, L. donovani. It was reported to

_possess hypoxanthine-guanine phosphoribosyltransferase (HGPRTase), ade-

nine phosphoribosyltransferase (APRTase), xanthine phosphoribosyltrans-
ferase (XPRTase) (161), and purine nucleoside phosphotransferase (162).
Should T. brucei brucei have a similar spectrum of purine salvage enzymes,
it will take more than one specific enzyme inhibitor to block off all the
incoming precusors of purine nucleotides. One may then resort to the tactic of
using subversive substrates with the expectation that they will only be recog-
nized by the parasite enzyme and that the nucleotide products thus generated
will turn out poisonous to the parasite. The most successful example of this
approach was the identification of antileishmanial activity in allopurinol (163),
a hypoxanthine analogue and a relatively nontoxic antigout drug for human
use (164). Apparently, allopurinol cannot serve as a substrate for human
HGPRTase, but it can be recognized by the HGPRTase from L. donovani as
well as the rest of the parasite enzymes involved in converting IMP to ATP
and incorporating ATP into RNA (165). Allopurinol ribonucleoside mono-
phosphate is an inhibitor of GMP reductase and IMP dehydrogenase, whereas
the aminopurinol ribonucleotides can increase the catabolism of RNA in L.
donovani (165). All of these toxic effects could have contributed to the anti-
leishmanial activity of allopurinol, but the clinical efficacy of this drug is,
unfortunately, quite weak (166).

The gene encoding HGPRTase from T. brucei brucei was recently cloned,
sequenced, and overexpressed in E. coli (167). The recombinant enzyme has
a subunit molecular weight of 26,000 and is probably present in the form of
a dimer in its native state. Its primary structure shares only 21% sequence
identity with that of human HGPRTase. A logical next step would be a close
comparison of the three-dimensional structures between the host and parasite
enzymes for computer-aided subversive substrate design. Fortunately, the crys-
tal structure of human HGPRTase with bound GMP has been determined
recently and refined to 2.5 A resolution by Eads et al (168). This achievement
should facilitate the effort to resolve the three-dimensional structure of
HGPRTase from T. brucei brucei. However, since the parasite and the host



Annu. Rev. Pharmacol. Toxicol. 1995.35:93-127. Downloaded from www.annualreviews.org

by Central College on 12/09/11. For personal use only.

118  WANG

enzymes share only 21% sequence identity, elucidation of the three-dimen-
sional structure of T. brucei brucei HGPRTase by molecular replacement will
be too risky. An X-ray crystallographic analysis of the parasite enzyme is still
necessary.

The Glycolipid Anchor for Variant Surface Glycoprotein

The VSG of bloodstream African trypanosomes is anchored to the cell surface
by a glycosyl phosphatidylinositol (GPI) that contains myristate as its only
fatty acid component (169). The pathway of GPI biosynthesis in trypanosomes
has been elucidated in a cell-free system that forms the glycan portion of the
GPI from endogenous phosphatidylinositol (PI) plus uridine-5'-diphosphate-
N-acetylglucosamine (UDP-GIcNAc) and guanosine-5’-diphosphate-mannose
(GDP-Man) (170, 171). This GPI precursor contains two fatty acids more
hydrophobic than myristate, which are sequentially replaced by two myristate
molecules via a process termed fatty acid remodeling (172). Even in the
absence of de novo GPI biosynthesis, myristate is still incorporated into pre-
existing glycolipid precursor by a presumed acyl exchange process (172). Why
trypanosomal VSG GPI-anchor requires strictly myristate as its fatty acid
component is still unclear. Assuming that such a structural specificity is es-
sential for the antigenic variations enabling the trypanosomes to evade the host
immune response, it should then qualify as an attractive target for anti-
trypanosomal therapy. A blockade of the process of fatty acid remodeling or
acyl exchange or introduction of a subversive substrate to replace the myristate
from GPI may well result in suppressing development of trypanosomes in
mammalian blood. Doering et al (173) studied incorporations of heteroatom-
containing analogues of myristate into the GPI both in a cell-free system and
in intact trypanosomes. Results indicated that the specificity of fatty acid
incorporation into the GPI depends on chainlength rather than hydrophobicity.
One of the analogues that was found efficiently incorporated into the GPI in
the cell-free system, 10-(propoxy) decanoic acid, was tested on the bloodstream
T. brucei brucei in the in vitro culture. At a concentration of 10 pM, this
analogue caused gross morphological alterations of the trypanosomes and
killed most of them within a few hours. With an estimated LDsq value of less
than 1 UM on bloodstream trypanosomes, this compound, nevertheless, has
little effect on the procyclic forms of trypanosomes and no effect on the growth
of human T lymphocytes at 100 uM (174). However, it is unclear whether the
specific cytotoxic effect of this myristate analogue on trypanosomes is attrib-
uted to its incorporation into the GPI-anchor, because it is incorporated only
up to 10% of that of myristate in the intact parasites, presumably due to poor
import. No difference in coat morphology was observed between cells treated
with myristate and the analogue. Thus, one can not rule out the possibility at
the moment that the myristate analogue may act on the trypanosome by a
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mechanism other than being a subversive substrate in the GPI synthesis.
Furthermore, in vivo testings of this compound will be necessaryforevaluating
the potential in this new approach to antitrypansomal chemotherapy.

CONCLUSION AND OUTLOOK

I have thus far reviewed many intriguing biological features in African try-
panosomes, many of which may turn out to be attractive targets for anti-
trypanosomal chemotherapy. In view of the seriousness of the diseases caused
by the parasites and the pitiful state of the currently existing antitrypanosomal
drugs, it is indeed an exciting and significant challenge to all the researchers
in this area today to derive new means of controlling this disease using
knowledge of these organisms. Much better communication must be estab-
lished between the molecular biologists and the drug testers so that opportu-
nities such as testing the antitrypanosmal diamidines on mRNA trans-splicing
will not be missed. The validation of a target for chemotherapy must be
thorough in order to avoid wasting precious time and efforts on hopeless
endeavors. The two requirements for a target to be both distinctively unique
and essential for the survival of parasites must be strictly observed. However,
in the enthusiastic pursuit of new antitrypanosomal agents, one often sees that
these two rules are not always adhered to. Thus, some enzymes known to be
crucial for the trypanosome to survive have been extensively investigated
without questioning how distinctive they are from the mammalian enzymes.
Conversely, certain very unique enzymes in trypanosomes are being studied
intensively without being scrutinized for any indication of their indispensibility
for the well-being of trypanosomes. Possible polymorphisms in the genes that
encode the therapeutic targets should be another important concern in view of
the prevalence of multicopy genes in trypanosome.

Finally, in the current rushes to design inhibitor with computer graphic
modelings (175), one should be constantly reminded that even if the computer
program has been perfectly crafted, it can only function as well as the infor-
mation fed into it. The crystal structure of a protein molecule does not contain
all the necessary information for designing specific inhibitors. More thorough
studies on the structure and function of a protein are necessary to improve the
chance of success. Otherwise, computer modeling will be just another form of
random screening, except that it uses computers instead of randomly synthe-
sized chemicals or massive collections of fermented soil samples. Predicting
which form of screening is more effective in finding a new drug would then
be difficult. Screening is the result of a lack of sound knowledge of the
organism one intends to control. Hopefully the accumulation of enormous
amounts of interesting biological information on trypanosomes in the past will
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enable us to use the parasite as a model for truly rational drug design in the
future.
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