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ABSTRACT

Leishmania and Trypanosoma are two genera of the protozoal Order Kinetoplastida that cause widespread dis-
eases of humans and their lifestock. The production of reactive oxygen and nitrogen intermediates by the host
plays an important role in the control of infections by these organisms. Signal transduction and its redox regula-
tion have not been studied in any depth in trypanosomatids, but homologs of the redox-sensitive signal transduc-
tion machinery of other eukaryotes have been recognized. These include homologs of activator protein-1, human
apurinic endonuclease 1 (Ref-1) endonuclease, iron-responsive protein, protein kinases, and phosphatases. The
detoxification of peroxide is catalyzed by a trypanothione-dependent system that has no counterpartin mammals,
and thus ranks as one of the biochemical peculiarities of trypanosomatids. There is substantial evidence that try-
panothione is essential for the survival of Trypanosoma brucei and for the virulence of Leishmania spp. Apart
from trypanothione and its precursors, trypanosomatids also possess significant amounts of Nl-methyl-4-mercap-
tohistidine or ovothiol A, but its function in the trypanosomatids is not presently understood. The biosynthesis of
ovothiol A in Crithidia fasciculata proceeds by addition of sulfur from cysteine to histidine to form 4-mercapto-
histidine. S-(4'-L-Histidyl)-L-cysteine sulfoxide is the transsulfuration intermediate. 4-Mercaptohistidine is subse-
quently methylated with S-adenosylmethionine as the likely methyl donor. Antioxid. Redox Signal. 4, 105-121.

INTRODUCTION

WO GENERA OF PROTOZOA belonging to the

Order Kinetoplastida, Trypanosoma and
Leishmania, are pathogenic for mammals and
cause widespread diseases of man and his
lifestock in developing countries. The Order
Kinetoplastida is thought to have diverged
from the main line of evolution of the eukary-
otes at least 500 million years ago, before the
differentiation into the Plant and Animal
Kingdoms occurred, and has since adopted
an alternate lifestyle that has fascinated gen-
erations of biochemists and parasitologists.

Pathogenic trypanosomatids have digenic
life cycles that alternate between their mam-
malian and insect hosts. At least nine different
Leishmania species have been identified as
causative agents of the cutaneous, mucocuta-
neous, and visceral forms of leishmaniases.
Leishmania parasites are transmitted by female
sandflies as motile, flagellated promastigotes.
Once injected into the mammalian host, the
promastigotes are phagocytized by macro-
phages and transform into nonmotile, oval
amastigotes with retracted flagella. These are
obligate intracellular parasites that proliferate
within the macrophage phagolysozomes, but
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can also invade nonphagocytic cells (77). Both
life cycle stages can be cultured axenically,
and their interaction with their host cells has
been intensively studied to gain an insight
into the mechanisms whereby they evade the
microbicidal mechanisms of the macrophage.
Whereas promastigotes grow optimally at
~28°C and at neutral pH, amastigotes are
adapted for survival within the phagolyso-
zome; they multiply at 37°C and are aci-
dophiles that use the differential in pH be-
tween their intracellular domains and the
phagolysozome for the uptake of nutrients
(28). These characteristics can be used to
achieve an in vitro transformation of the or-
ganisms between the two principal life cycle
stages (107, 111).

The most intensively studied members of
the genus Trypanosoma are Trypanosoma brucei
brucei, the causative agent of nagana in cattle,
the human pathogens Trypanosoma brucei
rhodesiense and T. brucei gambiense, responsi-
ble for African trypanosomiases or sleeping
sickness, and Trypanosoma cruzi, responsible
for South American trypanosomiases or Cha-
gas’ disease. Although these diseases are all
insect-borne, the insect vector and mode of
transmission of the T. brucei subspecies differ
from those of T. cruzi. The African try-
panosomes have a salivarian mode of trans-
mission and are transferred to the host as in-
fective metacyclic forms in the saliva of tsetse
flies (Glossina spp.) while taking a blood
meal. The mammalian life cycle stage occurs
extracellularly in the bloodstream and, in the
late stages of the disease, in the cerebrospinal
fluid of the victim. The principal mechanism
of evasion of the host immune response is by
antigenic variation of the variable surface
glycoprotein, which covers the surface of
the metacyclic and bloodstream forms. The
bloodstream form, however, seems more sus-
ceptible to oxidant stress, at least in terms of
its lower content of low molecular mass thi-
ols, than several other trypanosomatids (see
Tables 1 and 2 in ref. 4 and Table 1 in ref. 25).
It is perhaps as a consequence of this fact that
African wildlife use the imposition of oxidant
stress on invading trypanosomes as a mecha-
nism of innate immunity against a parasitic
disease that has rendered large parts of the
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African continent off limits for most breeds of
cattle [reviewed by S.J. Black and co-workers
in this issue (106)].

T. cruzi is transmitted in a stercorarian
mode by reduviid bugs (Triatoma spp.). These
insects harbor two stages of the parasite in
the lumen of the gut: the epimastigotes and
metacyclic trypomastigotes. In the stercorar-
ian mode of transmission, the parasites gain
entry into the host when the insect inadver-
tently rubs feces or urine contaminated with
infective metacyclic parasites into the bite
marks from which it has fed. When try-
pomastigotes are phagocytized by macro-
phages, they are able to escape from the
phagolysozome into the cytoplasm using
lytic enzymes that disrupt the membrane,
whereas epimastigotes are unable to perform
this feat and are killed. Trypomastigotes can
also invade nonphagocytic cells, including
muscle cells of the heart and the reticuloen-
dothelial system. Here they transform into
rounded nonmotile amastigotes with a re-
tracted flagella and begin to multiply. Thus,
the mammalian life cycle stage can exist ei-
ther as replicating intracellular amastigotes
or as nondividing flagellated trypomastigotes
that circulate in the blood (7, 15).

As the production of reactive oxygen inter-
mediates (ROI) is an important microbicidal
strategy used by the mammalian host against
invading pathogens, the localization of the
parasites within the host and the biochemical
mechanisms used to detoxify ROl is a funda-
mental aspect of the host—parasite interaction
(70,71). Trypanosomatids also undergo major
morphological and biochemical transforma-
tions when they adapt to environments as
diverse as the alimentary tract of the insect
vector as opposed to the bloodstream or
intracellular milieu of the mammalian host.
These transformations rely on the sensing of
external stimuli and their transduction into
an appropriate response.

Although it has by now become apparent
that trypanosomatids possess macromole-
cules that are likely to play a role in the detec-
tion and transduction of such environmental
signals, this information is still very fragmen-
tary, and details of the signal transduction
pathways that must govern their complex life
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cycles are quite unclear. Nonetheless, the
sensing of ROI is likely to be an important
component of the interaction of trypanoso-
matids with their environment.

Thus far, it seems that trypanosomatids
have elaborated no mechanism analogous to
the flavohemoglobin, present in bacteria (16,
17, 33, 52) and fungi (48), for the detoxifica-
tion of reactive nitrogen intermediates (RNI).
Whether this fact is of relevance in diseases
that affect humans is uncertain. The role of
the inducible nitric oxide synthase (iNOS)
isozyme as a microbicidal mechanism in hu-
mans is controversial (24, 51, 55, 58). Al-
though a deficiency in components of the
phagocyte NADPH oxidase in humans gives
rise to chronic granulomatous disease, a dis-
order characterized by severe and recurrent
infections, a corresponding genetic disorder
resulting from a deficiency in iNOS has not
been identified. In line with the ability of
murine macrophages to produce nitric oxide
in vitro in response to appropriate stimuli,
mice can compensate for a deficiency in com-
ponents of the phagocyte oxidase by virtue of
the presence of a functional iNOS, but do not
survive, other than in a pyrogen-free environ-
ment, when they lack both iNOS and an es-
sential component of the phagocyte oxidase
(62). In a recent study (51), it was shown that
the fatal progression of visceral leishmaniasis
in hamsters parallels that observed in the case
of humans, and this was ascribed to the less
pronounced up-regulation of iNOS than in
mice, which are able to control a similar infec-
tion principally through the production of
microbicidal amounts of nitric oxide (30).

PECULIARITIES OF TRYPANOSOMAL
METABOLISM

The biochemistry of the trypanosomatids
differs from that of other eukaryotes in a
number of respects. Probably the most un-
usual feature is the possession of a kineto-
plast, a disk consisting of kinetoplast DNA
(kDNA), which is located in the mitochon-
drion. kDNA is made up of two kinds of
circular DNA molecules: there is a network
consisting of several thousand interlocked
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minicircles, each 0.5-2.5 kb in size depending
on the species, and 20-30 maxicircles of 2040
kb. Maxicircles encode ribosomal RNA and
the genes for some of the mitochondrial
proteins, whereas minicircles encode guide
RNAs that direct a remarkable process,
known as RNA editing, which results in the
insertion and deletion of uridine residues in
the maxicircle transcripts to create functional
open reading frames. Several of the enzymes
involved in the replication of kDNA have
been identified, but due to the complexity as-
sociated with the assembly of a structure such
as the kinetoplast a detailed picture has yet to
emerge (54).

The energy metabolism of trypanosomatids
undergoes major adaptations between the in-
sect and mammalian stages, yet the most ex-
ceptional aspect, which is also peculiar to the
Kinetoplastida, is the localization of the first
seven enzymes of the glycolytic pathway, the
enzymes of fatty acid B-oxidation, two en-
zymes of glycerol metabolism, ether-lipid and
pyrimidine biosynthesis, purine salvage, and
several enzymes of the pentose phospate
pathway inside a separate organelle, the gly-
cosome (65). Peptide sequences responsible
for the targeting of the requisite enzymes to
the glycosome have been identified (88), as
well as some of the components required for
their import (40).

There are also pronounced differences be-
tween the antioxidant machinery of try-
panosomatids and other eukaryotes. Try-
panosomatids lack catalase and glutathione
peroxidase, two key antioxidant enzymes. As
much as 70% of their glutathione is converted
by means of two ATP-dependent ligase reac-
tions to the NI!,N8-bis(glutathionyl)spermi-
dine adduct, trypanothione (25). Trypano-
thione is maintained in the reduced state by a
trypanothione reductase (TR), a member of
the disulfide reductase family, with high se-
quence homology to glutathione reductase. It
was known for some time that trypanoso-
matids can metabolize peroxide, but an en-
zyme analogous to glutathione peroxidase
could not be isolated. The riddle was eventu-
ally solved when the presence of a trypano-
thione peroxidase activity, consisting of a trypan-
othione-dependent member of the thioredoxin
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family, tryparedoxin, and a peroxiredoxin, try-
paredoxin peroxidase, was demonstrated (27).

Regulation at the transcriptional level is an
important component of the response to ox-
idative or nitrosative stimuli in most organ-
isms. In trypanosomatids, however, the ca-
pacity for transcriptional regulation is
limited. Trypanosomal genes are arranged in
compact polycistronic arrays, the transcrip-
tion of which is directed by a relatively small
number of promoters (101). This means that
differential expression of the genes is
achieved mainly by posttranscriptional con-
trol mechanisms, and few transcription fac-
tors have thus far been identified. Results
from the Leishmania genome sequencing pro-
gram are consistent with these generaliza-
tions (60).

Adenylate cyclases play important roles in
the regulation of the transition between dif-
ferent life cycle stages of trypanosomatids.
Trypanosomal adenylate cyclases differ sig-
nificantly in structure from the mammalian
enzymes. They are also membrane proteins,
and the cytoplasmic domain has a single cat-
alytic site in which the amino acid residues
required for catalysis are conserved. A single
transmembranous helical region connects the
cytoplasmic domain to a large extracellular
domain. T. brucei was reported to possess
>100 adenylate cyclase genes (83). The extra-
cellular domains of these vary in sequence,
but contain several conserved cysteine
residues that would probably result in similar
disulfide bonding and folding of the peptide
chain. This arrangement bears a structural
similarity to the receptor guanylyl cyclases of
multicellular organisms, but there is no evi-
dence that trypanosomatids possess het-
erotrimeric G proteins. Thus, the adenylate
cyclase extracellular domains can potentially
activate the synthesis of cyclic AMP by inter-
action with a variety of extracellular effector
molecules. The activity of the T. brucei en-
zyme can be inhibited by treatment with the
sulthydryl modifying reagent p-chloromercu-
riphenylsulfonic acid (74). Alterations in
activity of adenylate cyclase and cyclic AMP-
phosphodiesterase in response to thiol reduc-
ing agents in organisms from widely different
stages of evolutionary development have been
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reported (17, 56, 61). There are many unre-
solved questions concerning the function of
trypanosomal adenylate cyclases, not least of
which is the presence of an adenylate cyclase
in the variable surface glycoprotein blood-
stream form expression site as one of the
ESAGs (expression site associated gene;
ESAG 4). The three-dimensional structures of
the catalytic domains of two GRESAG adeny-
late cyclases (gene related to ESAG; GRESAG
4.1.1 and GRESAG 4.3) were recently re-
ported and show the presence of a stereospe-
cific binding site for (2s,3s)-1,4-dimercapto-
2,3-butanediol [dithiothreitol (DTT)] (12).

Trypanosomatids also share with other
parasitic protozoa biochemical characteristics
that differ from those of their mammalian
hosts. All parasitic protozoa are deficient in
the biosynthesis of purines and rely on sal-
vage pathways. The salvage pathway en-
zymes, such as hypoxanthine guanine phos-
phoribosyl transferase and the enzymes that
convert inosine monophosphate to AMP,
have a relaxed substrate specificity, and this
raised the possibility of introducing modified
purine bases as prodrugs (46, 63, 75, 89).
Some enzymes of the pyrimidine biosynthetic
pathway are multifunctional in mammals,
but present as individual proteins in the para-
sites, and conversely, dihydrofolate reductase
occurs as part of a bifunctional enzyme in the
parasitic protozoa, being fused with thy-
midylate synthase (31).

Although also not unique to the African
trypanosomes, the antigenic variation ob-
served in these organisms is perhaps the most
vivid demonstration of such a phenomenon;
it is of tremendous fundamental and medical
importance and has been the subject of in-
tense investigation. Several informative re-
views describing progress in this area have
recently appeared (14, 69, 102, 103).

REDOX SIGNALING IN THE
TRYPANOSOMATIDS: SOME PIECES OF
THE PUZZLE

Only fragmentary information on signal
transduction in trypanosomes is presently
available. A major incentive in studies of the
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response of trypanosomatids to ROI and RNI
had been to explore ways in which their de-
fense mechanisms against toxic levels of these
chemicals can be disrupted, as part of the
search for potential chemotherapeutic targets,
rather than to gain an insight into the utiliza-
tion of such species, when present at nontoxic
concentrations, as effector molecules.
Trypanosomatids do, however, possess ho-
mologs of proteins that play a role in redox
signaling in other eukaryotes, and it is likely
that these homologs are responsive to the
same stimuli. Extracts of Trypanosoma cruzi
were recently found to contain proteins that
bind to activator protein-1 (AP-1) oligonu-
cleotide recognition sequences, and the com-
ponents of the AP-1 heterodimer, c-Jun and c-
Fos, were identified by western blotting using
antibodies to conserved regions of these pro-
teins (23). Moreover, AP-1 binding to the
recognition sequences was increased by prior
exposure of T. cruzi epimastigotes to perox-
ide, in agreement with the known redox sen-
sitivity of AP-1. Genes encoding enzymes
known to be involved in regulation of the
DNA binding activity of AP-1 are present in
trypanosomatids. Thus, open reading frames
with sequence homology to class II apurinic/
apyrimidinic (AP) endonucleases have been
cloned from T. cruzi and L. major and were
found to complement E. coli mutants deficient
in these DNA repair enzymes (73). Class II AP
endonucleases had been shown to regulate
the activity of AP-1 in a thioredoxin depen-
dent manner (34). The eukaryotic enzyme
known as HAP1 (human apurinic endonucle-
ase 1) or Ref-1 (redox factor 1) has a 61 amino
acid terminal domain absent from the bacter-
ial homologs such as exonuclease III, and the
redox-active cysteines required for interac-
tion with a specific cysteine residue in c-Jun
are located in this region (105). The protozoal
enzymes have an even longer N-terminal ex-
tension than is the case for HAP1, but there is
an element of uncertainty here, because the
protozoal enzymes have poor homology to a
region that was identified as crucial for the
redox regulation of c-Jun, and in particular, a
cysteine corresponding to Cys®> of the HAP1
protein is missing. On the other hand, there is
excellent homology in the protozoal enzymes
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to a region around Cys® of HAP1, which was
proposed to provide the second cysteine re-
quired for formation of a disulfide bridge to
Cys®5, and both protozoal enzymes have a
highly homologous region (residues 189-197)
that has a cysteine (Cys!®* in the L. major pro-
tein), but which differs completely from the
corresponding sequence of HAP1. The Ara-
bidopsis thaliana AP endonuclease, which has
been shown to reduce human Fos and Jun,
also lacks the cysteine residue corresponding
to Cys®> of HAP1, but has a cysteine that
aligns with the Cys!%4 of L. major AP endonu-
clease (8). Only further studies could estab-
lish whether the AP endonucleases of try-
panosomatids are redox-active in a manner
similar to HAP1 (Ref-1) in regulating the
binding of AP-1 to DNA.

A protein that interacts with the mam-
malian iron-responsive element (IRE) was
identified in L. tarentolae (50). The interaction
of the leishmanial iron-responsive protein
(IRP) with mammalian IRE (K, = 0.7 = 0.3
wM) was, however, over two orders of magni-
tude weaker than the interaction of mam-
malian IRP with mammalian IRE (K, =5 *+ 2
nM). The interaction of the L. tarentolae IRP
with the mammalian IRE was sensitive to
similar nucleotide substitutions in the IRE as
was the case for mammalian IRP and was also
abolished by diamide. The L. tarentolae IRP,
however, differs from the mammalian protein
in that it is inactivated by reducing agents
such as mercaptoethanol, and it is not known
whether L. tarentolae IRP possesses an iron-
sulfur cluster. The cytoplasmic aconitase/IRP
of mammals (11) is an enzyme with ~30% se-
quence identity to the mitochondrial aconi-
tase and, like the mitochondrial enzyme, it
contains a Fe S, cluster. In hydratases, includ-
ing aconitase, one iron atom in the Fe,S, clus-
ter is exposed to the solvent and can accept
hydroxyl groups or water as a ligand. Such
clusters are sensitive to ROI and RNI and un-
dergo facile conversion of the Fe,S, cluster to
a Fe,S, cluster, or complete disassembly of the
cluster to form IRP in the cytoplasm. The
level of IRP and its binding to IREs on
mRNAs are consequently determined by the
disassembly and resynthesis of the active-site
Fe,S, cluster, disassembly being promoted by
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oxidant or nitrosative stress and resynthesis
requiring iron and sulfur, the latter by
transsulfuration reactions from cysteine (82).

A developmentally regulated aconitase
with sequence homology to the IRP of mam-
mals was discovered in T. brucei (81). T. brucei
does not seem to possess a homolog of the
mitochondrial aconitase present in mammals
or yeast, but only the IRP homolog, which is
present in both the cytoplasm and mitochon-
dria. Although mRNA for the T. brucei aconi-
tase is relatively invariant between the dif-
ferent life cycle stages, posttranscriptional
control of expression results in a 30-fold in-
crease in expression of the IRP protein in pro-
cyclics, as compared with the bloodstream
slender form, with the stumpy form occupy-
ing an intermediate position.

During the transformation of the blood-
stream form of the organism, first to the
stumpy form, which predominates when
bloodstream forms reach the stationary phase
of growth, and then to the procyclic life cycle
stage found in the midgut of the tsetse fly, the
parasites undergo an extensive remodeling of
their energy metabolism. The slender replica-
tive forms present in the blood of the mam-
malian host rely on glycolysis for energy
production and have only a vestigial mito-
chondrion. Their transition to stumpy forms
is regulated by density sensing, which relies
on the accumulation and sensing of a low-
molecular-mass stumpy induction factor of
unknown structure. The binding of stumpy
induction factor to an effector and the ensu-
ing response is relayed via a cyclic AMP-de-
pendent pathway. Stumpy forms induce the
enzymes of the Krebs cycle and a functional
respiratory chain, as a preadaptation for their
life as procyclics in the tsetse fly. The subse-
quent conversion of stumpy forms to pro-
cyclics can be induced in vitro by a decrease in
temperature to 27°C and by the addition of
aconitate or citrate to the growth medium.
The mechanism whereby these Krebs cycle
intermediates stimulate specifically a trans-
formation to the procyclic life cycle stage is
not known. In other systems, however, the
transition from anaerobic to aerobic energy
metabolism is mediated by a mechanism that
senses oxygen, and it seems reasonable to ex-
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pect that somewhere between life as a slender
bloodstream form and life as a procyclic such
a mechanism would exert a measure of con-
trol. However, although the IRE binding pro-
tein of L. tarentolae is an interesting piece of
the puzzle, experimental evidence for its
physiological function is as yet lacking, and it
also remains to be seen whether the cytoplas-
mic aconitase of T. brucei plays a regulatory
role as an IRP.

Protein phosphorylation and dephospho-
rylation play critical developmental roles
during the life cycle of the trypanosomatids.
Whereas redox regulation of protein kinases
and phosphatases in eukaryotes is well docu-
mented (1, 41), there is unfortunately no
corresponding information available on the
enzymes of trypanosomatids. With the Leish-
mania major genome sequencing project now
about halfway complete, 44 open reading
frames with sequence homology to serine/
threonine kinases have been identified, with
17 of these being “probable” assignments. At
this stage, seven members of this group have
been assigned as mitogen-activated protein
kinases (MAP kinases), a family of enzymes
known to be sensitive to redox regulation.
Some trypanosomatid MAP kinases have
been studied in more detail (37, 108). The T.
brucei MAP kinase, an enzyme related to the
extracellular signal-regulated MAP kinases
(ERK), was found to be induced by inter-
feron-y and seems to be essential for the sur-
vival of the parasite, because disruption of
the gene on both alleles could not be achieved
(37). The presence of a similar enzyme in L.
mexicana was demonstrated, and although
not required for the growth or infectivity of
promastigotes, development of the intracellu-
lar amastigote life cycle stage was arrested in
null mutants of Impk (ERK homolog) gene
(108). Reintroduction of the gene on a Leish-
mania expression vector restored the wild
phenotype. Trypanosomatids also possess a
number of other protein kinases, including
MAP kinase kinases (47), cdc2-related kinases
(56), serine/threonine kinases such as protein
kinases A and C (29, 64), and tyrosine kinases
(109). In other eukaryotes, the molecular
properties of these enzymes are such that
they are sensitive to redox regulation (80).
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FIG.1. Structures of major trypanosomatid thiols.

The dephosphorylation of proteins by protein
tyrosyl phosphatases proceeds via phospho-
rylthioesters of an active-site cysteine. Oxi-
dants inactivate these enzymes by reversible
oxidation of the active-site cysteine to a
sulfenic acid. Dephosphorylation by protein
serine/threonine phosphatases, on the other
hand, is dependent on the redox state of the
metal cofactors in their active sites.

Many studies have placed an emphasis on
the importance of nitric oxide production by
macrophages in the killing of pathogenic try-
panosomatids. The discovery of a T. cruzi ni-
tric oxide synthase (NOS) related in its activ-
ity to the neuronal NOS of mammals was,
however, unanticipated (68), because NOSs
were previously thought to be present only in
multicellular organisms. A nitric oxide-acti-
vated guanylyl cyclase activity was also dem-
onstrated, but neither of these enzymes has to
date been purified to homogeneity and char-
acterized. A trypanosomal NOS was proposed
to play a role in motility of the parasites (72)
and to rescue the organisms from apoptosis
induced by fresh human serum (74).

THE ANTIOXIDANT SYSTEMS OF
TRYPANOSOMATIDS

Trypanosomatids possess significant amounts of
four major low-molecular-mass thiols

The antioxidant enzymes of trypanoso-
matids differ sufficiently from those of other
eukaryotes to have made this aspect of their
metabolism an attractive target for the devel-

opment of new antitrypanosomal drugs. This
view was, moreover, strengthened by elucida-
tion of the mechanisms whereby African
wildlife acquire innate immunity against the
African trypanosomes (59). Trypanosomatids
were found to lack both catalase and glu-
tathione peroxidase, and early work showed
that treatment of T. brucei-infected mice with
an irreversible inhibitor of glutathione biosyn-
thesis, buthionine sulfoximine, resulted in
lysis of the parasites (5). During attempts to
isolate a glutathione reductase, it became ap-
parent that the reduction of glutathione in cell-
free fractions from the insect parasite, Crithidia
fasciculata, was dependent on the presence of a
low-molecular-mass thiol subsequently identi-
fied as N',N8-bis(glutathionyl)spermidine and
assigned the trivial name trypanothione (26)
(Fig. 1). Trypanothione was shown to be pres-
ent in all trypanosomatids and is maintained
in the reduced form by an NADPH-dependent
disulfide reductase closely related in sequence
and structure to glutathione reductase. In fact,
by site-directed mutagenesis of active-site
residues, glutathione reductase and TR could,
with some degree of success, be engineered to
display the activities of each other (95, 94). It
was subsequently found that most trypanoso-
matids also possess ovothiol A (N'-methyl-4-
mercaptohistidine) (92). The trivial name
ovothiol derives from the fact that these small
aromatic thiols (Fig. 1) were first discovered in
the egg cells and ovaries of marine inverte-
brates, where they seem to function as bulk an-
tioxidants ( 67, 99).

The trypanosomatids are, therefore, more
complex in the composition of their major
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low-molecular-mass thiol species than is the
case for most eukaryotes and bacteria, which
tend to rely on a single major low-molecular-
mass thiol, such as glutathione, mycothiol
(90), or coenzyme A (18), for the maintenance
of thiol homeostasis and redox regulation.
The presence of appreciable quantities of four
thiol species (glutathione, glutathionylsper-
midine, trypanothione, and ovothiol A) is un-
paralleled in the majority of eukaryotes and
bacteria and raises questions concerning the
significance of variations in the relative
amounts in which they occur. It should be
seen as a major challenge to establish the
functional significance of this compartmen-
talization of the major antioxidant thiol into
several species. In Crithidia fasciculata, changes
in the composition of the four major thiols
occur in an almost programmed manner
during growth in culture (87) (Fig. 2) and are
quite reproducible. The decrease in trypan-
othione and corresponding increase in glu-
tathionylspermidine in late log phase was ra-
tionalized as achieving a sequestration of
spermidine in preparation for stationary
phase (25). In C. fasciculata, this behavior

-
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FIG. 2. Analysis of changes in the thiol composition
of Crithidia fasciculata during growth in culture. Trace
1 represents the HPLC elution profile of an aliquot of the
growth medium after derivatization with the fluorogenic
thiol reagent 7-diethylamino-3-(4’-maleimidylphenyl)-4-
methylcoumarin. Traces 2, 3, 4, and 5 represent thiol
analysis of C. fasciculata harvested at absorbance read-
ings (A,,,) of 1.11,1.25,1.76 (late log phase), and 1.85 (sta-
tionary phase), respectively. U23 was subsequently iden-
tified as ovothiol A. Taken from Steenkamp (91) with
permission.
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could also be brought about by exposure of
the cells to low pH. The pathogenic try-
panosomatids, especially Leishmania species,
however, are faced with even more drastic
changes in the pH of their environment. The
in wvitro conversion of promastigotes to
amastigotes is achieved by lowering the pH
of the medium to 5.5 and eventually increas-
ing the temperature to 37°C (107). Nonethe-
less, a similar sequestration of spermidine as
a conjugate with glutathione, by elevation of
the proportion of glutathionylspermidine rel-
ative to trypanothione, was not observed
when L. donovani promastigotes were grown
to stationary phase. Literature reports on the
thiol content of various trypanosomatids dif-
fer widely (4, 25, 53, 107), and comparisons of
the thiol content of promastigotes and
amastigotes are complicated by the difference
in size of amastigotes as compared with pro-
mastigotes (32) when expressed in terms of
numbers of cells. From the thiol levels re-
ported in a recent study of several trypanoso-
matids, it is difficult to draw any definitive
conclusions concerning the roles of the differ-
ent thiol species (4). Thus, ovothiol A repre-
sents 58% of the total low-molecular-mass
thiol content in both the amastigote and pro-
mastigote life cycle stages of L. major, butin L.
donovani promastigotes only 35% and <3% in
the amastigotes. In T. cruzi insect stage epi-
mastigotes, cultured in the presence of pu-
trescine, ovothiol A amounts to only 7% of the
total thiol content, compared with 28% in
bloodstream trypomastigotes. It is difficult to
exclude the possibility that the analytical val-
ues for the trypomastigote or amastigote
stages of the parasites could be influenced by
procedures required for separation of the try-
panosomatids from host cells prior to the ac-
tual thiol analysis. An important conclusion
from the recent study (4) seems to be that
ovothiol A is more prominent in the infec-
tious stationary phase of the Leishmania pro-
mastigotes, which is also considered to be
more resistant to oxidant stress, despite a de-
cline in the total thiol content of the cells. The
study also indicated that trypanosomatids do
not possess a NADPH-dependent ovothiol
reductase activity, but that an ovothiol A-
dependent nonenzymatic peroxidase activity
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can contribute significantly to the overall rate
of reduction of peroxide.

As regards the reactivity of the different
thiol species with ROI, other than peroxide,
and with nitric oxide, there is very little infor-
mation at our disposal. It is perhaps this lim-
ited perspective that makes it difficult for us
to rationalize the observed multiplicity of
major thiol species and the changes in their
concentrations in the trypanosomatids. At
this time, nothing is known about the intra-
cellular distribution of the different thiols
species, and studies on the interaction with
other cellular components have focused pre-
dominantly on trypanothione. A major im-
pediment to such studies is the limited com-
mercial availability of trypanothione and
glutathionylspermidine, and there is no com-
mercial source of ovothiol A.

The trypanothione system

Several excellent reviews describing the
role of trypanothione in trypanosomal metab-
olism, depicted in Fig. 3, have appeared (25,
27, 44). From these it is evident that the try-
panothione system is the best understood as-
pect of the redox biochemistry of the try-
panosomatids. Reduction of cellular thiols in

113

Fig. 3 include thioltransferase-catalyzed re-
duction of glutathione disulfide (57) and
maintenance of protein thiol homeostasis,
possibly shared with a trypanothione-inde-
pendent thioredoxin system (76). Three-di-
mensional structures for TR (9, 13), trypare-
doxin (2) and tryparedoxin peroxidase (3)
have been reported. Moreover, the results of
disruption of the TR gene in L. donovani has
confirmed its absolute necessity for the sur-
vival of the parasites in macrophages that are
capable of the respiratory burst (22). At-
tempts to disrupt both TR alleles in L. dono-
vani were unsuccessful, and consequently
studies on the survival of the parasites within
macrophages were undertaken with organ-
isms that retained a single wild-type TR allele
in which the TR activity, relative to an inter-
nal control of alanine aminotransferase, was
reduced to 44% of that of normal cells. Such
cells maintained a normal level of reduced
thiols and were viable in culture.

In a different approach (97), an expression
vector bearing the gene for an inactive mu-
tant of T. cruzi TR, in which an essential cys-
teine and histidine had been replaced with an
alanine and glutamate, respectively, was in-
troduced into L. donovani. Although the
C53A/H461Q mutants are inactive, they are

GSH
ATP GSH-spermidine
synthase
ADP
GSH-spermidine dNDP's
ATP RSSR' (cellular thiols),, Ribonucleotide reductase
Trypanothione R. (SH)2
synthase  ADP 1
TXN(S)2
NADP, T(SH) TXNPx(SH)2 ROOH
Trypanothione Tryparedoxin . )
reductase Tryparedoxin peroxidase
NADPH TS TXN(SH)2 TXNPx (S)2 ROH,H20
R, (S)2
Ribonucleotide reductase
( R'SH )
RSH
(cellular thiols)r od

FIG. 3. Schematic presentation of the role of trypanothione in the metabolism of the trypanosomatids.
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capable of forming TR dimers. In the resul-
tant recombinants, a large proportion of the
TR consisted of inactive heterodimers with
the result that TR activity was reduced to
~15% of normal levels, yet the thiol pool
sizes of control and recombinant cells were
similar, and recombinant cells were only mar-
ginally less competent in the detoxification of
peroxide. A major difference, however, was
apparent in the rate and extent of the regener-
ation of reduced trypanothione following di-
amide-induced oxidative stress. Recombinant
L. donovani was less capable than wild-type L.
donovani of surviving in interferon-y-acti-
vated murine macrophages. This result sug-
gests that L. donovani with much suppressed
active TR was more vulnerable to nitrosative
stress. Moreover, the effect of nitric oxide on
TR is not known, but as the enzyme has an ac-
tive-site sulthydryl group, this question also
seems to be relevant. In a very informative
study (45), T. brucei cells containing only a
single TR gene under the control of a tetracy-
cline-inducible promoter was generated. In
such cells, the expression of TR could be reg-
ulated between 1% and 400% of wild-type
levels. As cysteine and 2-mercaptoethanol are
required in the medium for the growth of T.
brucei bloodstream forms, cells containing
<10% of wild-type levels of TR were found to
contain normal levels of reduced low molecu-
lar mass thiols, including trypanothione.
Nonetheless, such cells were no longer viable.
This paradox implies that a depletion of TR
itself, rather than of the products of its cat-
alytic activity, was responsible for growth ar-
rest and death of the cells, which do not seem
to be merely “reduced-trypanothione aux-
otrophs” in which chemical reductants re-
place TR.

Recent studies have indicated that the re-
sistance of trypanosomatids to oxidant stress
is probably multifactorial and that the try-
panothione system is unlikely to be the only
factor that determines the ability of L. dono-
vani to tolerate oxidant stress. Thus, L. dono-
vani amastigotes can be cultured in the pres-
ence of 20 mM buthionine sulfoximine,
conditions under which they synthesize no
glutathione or trypanothione (107) as judged
by the incorporation of radiolabel from
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[35S]cysteine and the absence of detectable
trypanothione or glutathione peaks when an-
alyzed as the intensely fluorescent 7-diethyl-
amino-3-(4'-maleimidylphenyl)-4-methylcou-
marin derivatives. Buthionine sulfoximine
was cytostatic for promastigotes, which re-
mained fully viable as judged by their motil-
ity and erythrosin B exclusion. As pointed out
by Krieger et al. (45), the ratio of reduced to
oxidized trypanothione is an important un-
known in all these studies, and it could be a
vital parameter that compromises the sur-
vival of TR-deficient parasites. In the absence
of the disulfide reductase, the redox state of
trypanothione could be poised at a potential
that results in apoptosis.

In a different study (53), an attempt was
made to correlate trypanothione content of
Leishmania chagasi with increased resistance to
oxidant stress. Treatment of L. chagasi with
difluoromethylornithine (DFMO), a mecha-
nism-based inhibitor of ornithine decarbox-
ylase, limited the amount of spermidine
available for the biosynthesis of trypanothi-
one, and consequently DFMO-treated para-
sites have elevated glutathione, but de-
creased trypanothione contents. Nonetheless,
DFMO-treated parasites were more resistant
to oxidant stress, as judged by their viability
following exposure to peroxide. This kind of
study points to the difficulty of unambiguous
interpretation, because the improved ability
of DFMO-treated parasites to tolerate doses
of peroxide could also have been ascribed to
the elevated content of glutathione, and the
study ignored any potential contribution of
ovothiol A. The increased resistance of sta-
tionary-phase promastigotes and amastigotes
to oxidant stress did not correlate with an ele-
vated level of antioxidant thiols, because sta-
tionary-phase promastigotes and amastig-
otes, especially, have significantly lower
levels (4, 53) than log-phase promastigotes.
Other factors that have been proposed to play
a role in resistance to oxidants are heat-shock
proteins and lipophosphoglycan, although
recent studies have cast doubt on the role of
lipophosphoglycan as a virulence determi-
nant, at least in Leishmania mexicana (38).

An important function of trypanothione is
to serve as a reductant for the rate-limiting
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enzyme in DNA biosynthesis in the try-
panosomatids. It was established in early
work on the ribonucleotide reductase that the
enzyme can utilize small dithiols such as
lipoic acid or DTT in vitro as electron donors
(96). As a dithiol, trypanothione can also be
utilized as a direct donor of reducing equiva-
lents for the B1 subunit of the T. brucei ribonu-
cleotide reductase (20). The V__ for trypan-
othione is, however, only a sixth of that
obtained with dithioerythritol as the reduc-
tant and is increased ~2.5-fold in the pres-
ence of tryparedoxin, which indicates that the
reaction is catalyzed by tryparedoxin in vivo.
The tryparedoxin-mediated formation of
dGDP by ribonucleotide reductase is inhib-
ited by ~50% when oxidized trypanothione is
present in a ratio of 1:20 relative to reduced
trypanothione (50 uM trypanothione_ /1 mM
trypanothione_ ), which suggests a pro-
nounced sensitivity of deoxynucleotide for-
mation to the redox potential poised by try-
panothione. The K_ for tryparedoxin in
dGDP synthesis (3.7 pM) is, however, quite
similar to that for T. brucei thioredoxin (76),
which can also be utilized by ribonucleotide
reductase. The relative contributions of
thioredoxin and tryparedoxin toward the
synthesis of the deoxynucleotides in try-
panosomatids have not been investigated,
and it is, therefore, uncertain to what extent
trypanosomal ribonucleotide reductase is in-
deed subject to redox control in vivo.

Ovothiol A

Previous reviews on the thiol biochemistry
of protozoa devoted little space to ovothiol A,
because not much information had been
available. The recent survey of the distribu-
tion of ovothiol A in a number of different
trypanosomatids (4) must, therefore, be seen
as a valuable contribution. The ovothiols
have a wider distribution in nature than orig-
inally anticipated (86). In the egg cells of ma-
rine organisms, its role is most likely that of a
bulk antioxidant (85). The aromaticity of the
imidazole ring in the 4-mercaptohistidines
confers unusual reactivity on the thiol group,
the reactive form of which is the thiolate
anion (35). The model compound, 1,5-di-
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methyl-4-mercaptoimidazole, was reported
to exist as a zwitterion with pK_ values of 2.3
for the protonation of the thiolate anion and
10.3 for deprotonation at N! of the imidazole
ring. Ovothiols, therefore, exist as the thiolate
anion over a wide range of pH values, and
this fact contributes to an enhanced reactivity
with alkylating agents, ROI, and other free
radical species when compared with glu-
tathione, in which the thiol group has a pK_ of
8.6. As ovothiol A has a less negative redox
potential than trypanothione or glutathione,
it will also be maintained in the reduced form
in cells. Studies in vitro on the redox chem-
istry of the ovothiols indicated that they are
efficient radical scavengers (36, 49), possess
glutathione peroxidase activity (10), and can
afford protection against peroxynitrite-in-
duced damage. These properties are all sug-
gestive of a potential physiological function
as a bulk antioxidant. Important in this re-
gard is the ability of ovothiols to act as a one-
electron donor with the formation of a ovoth-
iol thiyl radical, which is unreactive toward
oxygen. This means that ovothiols do not
propagate free radical reactions to generate
ROL. The ability of a redox-active molecule to
participate in one-electron as opposed to two-
electron transfers is an important attribute,
which can influence its physiological role sig-
nificantly. Thus, exposure of enteric bacteria
to redox cyclers and superoxide results in ac-
tivation of the SoxR transcription factor by
one-electron oxidation of its iron-sulfur clus-
ters (19), whereas activation of the bacterial
response to peroxide is mediated by two-elec-
tron oxidation of thiol groups in the oxyR
transcription factor (110). In the resting state,
oxyR is maintained in the reduced form by
glutaredoxin, whereas the electron donor for
the reduction of SoxR has not yet been estab-
lished.

The physiological functions of the ovothi-
ols seem to be more varied than originally
inferred from the high ovothiol content of
marine invertebrate ova and their chemical
properties. Ovothiol A was recently identified
as the male pheromone of the marine poly-
chaete Platynereis dumerilii (78). Ovothiols
may also be involved in redox regulation in
some organisms, because a study aimed at
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the identification of the redox regulator of the
chloroplast ATP synthase complex in the uni-
cellular green alga, Dunaliella salina, led to the
isolation of the disulfide form of ovothiol A as
the most likely candidate (84).

The biosynthesis of ovothiol A proceeds via
the intermediate formation of 4-mercaptohis-
tidine (Fig. 4) (Vogt et al., see 104). In intact C.
fasciculata or L. donovani (107), the radiolabel
from [*H-methyl]lmethionine is recovered in
ovothiol A, and therefore S-adenosylmethio-
nine is the most likely methyl group donor
for the final step in ovothiol A synthesis. The
transsulfuration reaction uses cysteine as sul-
fur donor, as is the case in virtually all
transsulfurations (Vogt et al., unpublished ob-
servations), but follows an unusual route for
which there exists only a single literature
precedent (39): the conversion of hercynine to
ergothionine. The formation of 4-mercapto-
histidine involves the addition of sulfur to an
unsaturated carbon in histidine, but with the
retention of unsaturation. This is only possi-
ble if the reaction also involves the removal of
a hydride equivalent from the product. In
the formation of 4-mercaptohistidine, this is
achieved by an unusual monooxygenase re-
action, leading to the formation of S-(4'-L-his-
tidyl)-L-cysteine sulfoxide (Vogt et al., see
104), in which reducing equivalents for the
reduction of one oxygen atom of dioxygen
originates from the substrate, rather than
from NAD(P)H,. The reaction, therefore,

synthase
Fe2? g
histidine + cysteine 7: “00OC CHCH,- S CHZQH'COO'
l HNUN  NH
O, HP 2 4

S-(4'-histidyl)-cysteine-sulfoxidg

lyase
Pyridoxal phosphate i > Pyruvate

reduction l

"e Hachcne SAH saM
Ty coo “§-==-CH,CH-COO"
' \/ SpgoHgooo
N N NH,

N N NH.
“CHg AV 2

4-mercaptohistidine

ovothiol A

FIG. 4. The biosynthesis of ovothiol A in the try-
panosomatids.
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requires O, and also Fe?*. The lyase reaction
that results in the formation of 4-mercapto-
histidine also gives rise to pyruvate, from the
carbon skeleton of cysteine, which would
have been an expected product had the pre-
cursor been the thioether, S-(4'-L-histidyl)-L-
cysteine, rather than its sulfoxide. This means
that the lyase reaction entails redox chemistry
for reduction of the sulfoxide to the oxidation
level of a thioether, and effectively then both
oxygen atoms in the original dioxygen, which
served as substrate in the synthase reaction,
must be reduced to generate mercaptohisti-
dine as a product. A plausible alternative
would have been a flavoenzyme-catalyzed
removal of a hydride equivalent from the
adduct of cysteine and histidine, to form S-
(4'-L-histidyl)-L-cysteine as the transsulfura-
tion intermediate. Consequently, the mecha-
nistic rationale for the circuitous route via the
sulfoxide is not at this time apparent. Surpris-
ingly, cysteine was also formed in the lyase
reaction, but at the expense of pyruvate as a
product. When using some of the enzyme
fractions to catalyze the reaction, the recovery
of cysteine and 4-mercaptohistidine exceeded
the amount of sulfoxide supplied as a sub-
strate, which indicated that there must be a
source of sulfur in addition to the sulfoxide.
With 35S-labeled sulfoxide as the substrate,
the label was recovered only in mercaptohis-
tidine and not in cysteine. The formation of
cysteine was found to be dependent on an ad-
equate supply of DTT, which was routinely
included in the assay mixtures. When the
DTT concentration was lowered from 1 mM
to 72 wM, no cysteine was recovered. This lat-
ter experiment was performed under anaero-
bic conditions to prevent atmospheric oxida-
tion of the reaction products. Although not
yet conclusive, these experiments suggest
that DTT can be used to supply sulfur for the
formation of cysteine, and that this affected
the recovery of pyruvate and not that of mer-
captohistidine. This implies that DTT can add
on to the pyridoxal phosphate-bound amino-
acrylate, which serves as precursor for the
formation of pyruvate in B-lyase reactions, to
form a thioether intermediate, which is then
used to regenerate cysteine. One can specu-
late that trypanosomatids possess a molecule
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closely related to DTT that can be used as sul-
fur donor. In this regard, the recent discovery
of a stereospecific binding site for DIT in a
regulatory domain of a trypanosomal adeny-
late cyclase is of much interest (12). These au-
thors inferred that DTT probably mimics a
closely related molecule produced by the par-
asites.

Only a limited number of sulfoxides are
produced as intermediary metabolites in na-
ture, and these have proven to be physiologi-
cally active compounds. Sulfoxides possess
signaling properties that are reflected in a
suppression of hypercholesterolemia (43),
stimulation of insulin secretion (6), and prim-
ing of neutrophils for the respiratory burst
(42). It is, therefore, evident that in consider-
ing the biochemical significance of the ovo-
thiol biosynthetic pathway, the possibility
that the production of S-(4'-histidyl)-L-cys-
teine sulfoxide itself could be of consequence
should not be overlooked.

CONCLUSION

There have been very significant advances
during the past two decades in the characteri-
zation of the antioxidants and antioxidant
enzymes of the trypanosomatids. These ad-
vances came about mainly through the dis-
covery of trypanothione and the subsequent
studies on its role in the detoxification of
metals and peroxides and as an electron donor
for the formation of deoxyribonucleotides.
It is, however, of interest that significant
amounts of the trypanothione precursors, glu-
tathione and glutathionylspermidine, are ob-
served, sometimes exceeding trypanothione
itself in quantity. Moreover, trypanosomatids
also produce variable amounts of the small
aromatic thiol, ovothiol A, which is chemi-
cally distinct from the aliphatic thiols. The
function of ovothiol A and the physiological
significance of quantitative variations in the
major thiol species in the trypanosomatids
have not as yet been clarified.

Information on redox regulation in the try-
panosomatids is at present very limited, but
they do possess homologs of regulatory pro-
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teins that are known to be redox-sensitive,
and exploratory experiments that have thus
far been performed on putative transcription
factors in the trypanosomatids suggest that
the trypanosomal counterparts respond as in
other eukaryotes.

ABBREVIATIONS

AP-1, activator protein-1; AP endonuclease,
apurinic/apyrimidinic endonuclease; DFMO,
difluoromethylornithine; DTT, dithiothreitol;
ERK, extracellular signal-regulated kinase;
ESAG, expression site associated gene; GRE-
SAG, gene related to expression site associ-
ated gene; HAP1, human apurinic endonucle-
ase 1; iNOS, inducible nitric oxide synthase;
IRE, iron-responsive element; IRP, iron-
responsive protein; kDNA, kinetoplast DNA;
MAP kinase, mitogen-activated protein ki-
nase; NOS, nitric oxide synthase; Ref-1, redox
factor-1; RNI, reactive nitrogen intermediate;
ROI, reactive oxygen intermediate; TR, try-
panothione reductase.
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