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1. Introduction

The genus Trypanosoma comprises a group of
parasitic protozoa which cause widespread disease
in man and animals. African trypansomes are
transmitted by tsetse flies, or other biting insects,
or by coitus in the case of the equine parasite 7.
equiperdum. The South American trypanosome,
infectious to humans, 7. cruzi is transmitted fe-
cally by reduviid bugs. The different trypanosome
species have different life cycles. African try-
panosomes live free in the blood, central nervous
system and other tissue fluids of their mammalian
hosts. T. cruzi, by contrast adopts an intracellular
environment within their mammalian hosts. Inva-
sion and passage through different anatomical
locations within insect vectors also distinguishes
the parasites.

* Corresponding author. Tel.: + 33 557571014; fax: + 33
557571015.

All trypanosome species use glucose as a crucial
source of energy, and all have specific plasma
membrane transporters to facilitate the uptake of
this molecule. Four different trypanosome glucose
transporter genes have been cloned, and their
function verified by expression in either Xenopus
oocytes or Chinese hamster ovary (CHO) cells. It
appears that the transporters have adapted to best
suit the needs of the parasites in the different
environments with which they are confronted. For
example, availability of free glucose in serum dif-
fers greatly from that in a mammalian cell’s cyto-
plasm or within the midgut of insect vectors.

The trypanosome glucose transporters belong
to the glucose transporter superfamily, exem-
plified by the mammalian erythrocyte transporter,
GLUT1 [1]. Nevertheless they have particular
structural and functional features which distin-
guish them from their mammalian counterparts.
These include: a conserved array of cysteine
residues in the first exofacial loop; a relative in-
sensitivity to various pharmacological reagents
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such as cytochalasin B; and a substrate recogni-
tion profile which includes the ability to transport
D-fructose. It is possible that the trypanosome
glucose transporters may represent either
chemotherapeutic targets themselves, or gateways
which allow the targeting of other toxic molecules
to these parasites.

2. Cloning of the trypanosome glucose transporter
genes

A gene cloned from a T. brucei EATRO 164
cDNA library [2] was found to have high homol-
ogy to a glucose transporter gene previously iso-
lated from the related kinetoplastid parasite
Leishmania enriettii [3]. The gene was found to be
a member of a clustered gene family in the 7.
brucei brucei genome. In fact, two separate iso-
forms, called THTI and THT2 (THT = try-
panosome hexose transporter) were isolated [4],
differing predominantly in the carboxy terminal
domain, and a cysteine rich first exofacial loop.
Identical genes have been found in 7. brucei
rhodesiense, T. b. gambiense, T. equiperdum and T.
evansi [5].

The T. brucei THT1 gene was used to probe a
library of 7. cruzi genomic DNA, and a related
gene was identified [6], although only a single
isoform (TcrHT1), also in multiple copies, could
be identified in 7. cruzi.

Having identified genes encoding glucose trans-
porters from T. brucei and T. cruzi, and given the
availability of related sequences from Leishmania
parasites, regions of high conservation were iden-
tified. Oligonucleotides based on these motifs
were designed and used to amplify related se-
quences from Trypanosoma vivax using the poly-
merase chain reaction [7]. Sequencing of three
tandemly arranged TvHT1 copies present in the
Y481 strain of T. vivax showed that there is only
a single TvHT isoform (Bringaud et al., unpub-
lished data).

The different trypanosome glucose transporter
amino acid sequences are all highly homologous
to one another (52-80% identity). The genes
which flank the glucose transporter gene clusters
from all three species of trypanosome are con-

served and found in the same positions relative to
the glucose transporter genes revealing a high
conservation of genome organisation within the
genus Trypanosoma (Bringaud et al., unpublished
data).

All of the trypanosome glucose transporter
genes conform to the widely held view of mem-
brane topology of the glucose transporter super-
family in that hydrophobicity plots predict 12
transmembrane helices (Fig. 1). The sequences are
aligned in Fig. 2.

2.1. T. brucei contains two glucose transporter
isoforms: T. vivax and T. cruzi contain only one

The glucose transporters from all of the try-
panosome species studied exist as multiple tandem
copies. In T. brucei two different isoforms exist
while 7. cruzi and T. vivax contain just one. The
copy number varies greatly between individual
isolates in the case of 7. brucei [8].

Northern blot analysis (Fig. 3) revealed that in
T. brucei THT1 is the most abundantly expressed
isoform in bloodstream form parasites, while
THT?2 is the most abundant in procyclics. THT2
levels are similar throughout the life-cycle while
THT1 transcripts are some 40-fold more abun-
dant than THT2 transcripts in bloodstream forms
and absent or present at very low levels in pro-
cyclic forms [4]. The 3’ untranslated region of the
THT1 gene is responsible for its differential ex-
pression, rendering transcripts stable in blood-
stream but not procyclic cells [9]. The expression
of two glucose transporter isoforms in 7. brucei is
reflected by the presence of different measurable
kinetic properties of transport in bloodstream
form and procyclic organisms. Bloodstream form
cells possess a low affinity, high capacity glucose
uptake system [10—13], while procyclics possess a
higher affinity lower capacity system [14-17]
(Table 1).

Sequence information alone was insufficient to
assign functions to the putative transporters,
hence all of the trypanosome glucose transporter
genes have been expressed in heterologus systems,
including CHO cells and Xenopus oocytes to test
function. Expression of the THT2 isoform in
CHO cells [16] (in which the endogenous trans-
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Fig. 1. Schematic representation of the mammalian GLUT1 glucose transporter and the trypanosome transporters. The 12
transmembrane hydrophobic helices are numbered. A ‘Y’ represents the glycoslylation site of the first exofacial loop of the
mammalian transporter. Shaded circles in the trypanosomal first exofacial loop represent the cysteine residues. A particularly long
intracellular loop between helices 6 and 7 of GLUT] is not present in the trypanosome transporters.

porter was inhibited by cytochalasin B) revealed it
to be kinetically and pharmacologically similar to
the transporter identified in procyclic cells. THT1
cRNA, expressed in Xenopus oocytes [4] had a
substrate recognition profile and pharmacology
similar to the transporter measured in blood-
stream form trypomastigotes.

The parasites therefore have two transporter
genes that are expressed in a fashion which allows
maximal exploitation of the host’s extracellular
environment. Bloodstream forms express predom-
inantly THT1, a high capacity low affinity trans-
porter to exploit the high concentration (~5
mM) of glucose in mammalian serum. Procyclic
forms express the higher affinity transporter,
THT?2, in the insect midgut where glucose is rela-
tively scarce, and amino acids such as proline
become the major energy source [18].

T. cruzi, by contrast, has a single glucose trans-
porter gene isoform [6], which is expressed at
similar levels in epimastigotes, which dwell in the
insect midgut, and trypomastigotes which live
transiently in the bloodstream of the mammal
before invading cells (particularly neurons and
myocytes) where they transform to cytoplasmic
amastigotes. Glucose transport has not been mea-
sured in amastigotes.

The metabolism of glucose by 7. cruzi differs
significantly from that of 7. brucei bloodstream
forms [19,20] which lack a functional Krebs’ cycle
or a full mitochondrial respiratory chain and gen-
erate, under aerobic conditions just two moles of
ATP per mole of glucose consumed via the gly-
colytic flux which ends at pyruvate. All life-stages
of T. cruzi have a less profligate use of glucose,
using functional mitochondrial systems to gener-
ate more ATP per mole of glucose. (Procyclic
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Fig. 3. Expression of the THT genes in the 7. brucei EATRO-
164 bloodstream forms (BF) and 7. brucei Stib-247 procyclic
forms (PF). The Northern blot was successively hybridized
with different *?P-labeled probes common to THT1 and THT2
genes (common probe), specific to THT1 genes (THT1 probe)
and specific to THT2 genes (THT2 probe).

form T. brucei have a similar metabolism to 7.
cruzi.)

Table 1

T. cruzi bloodstream form trypomastigotes are
transiently bathed in the high glucose concentra-
tions of mammalian serum, however, intracellular
forms are exposed to relatively low free glucose
(most cellular glucose is locked up by the host in
a phosphorylated or polymeric form). Presumably
for this reason they need only a single, relatively
high affinity transporter (Table 1), and since
bloodstream form trypomastigotes do not divide,
and as their duration in the bloodstream is only
transient, they have not evolved a low affinity,
high capacity transporter to exploit this environ-
ment.

The metabolism of 7. vivax is unlike that of
bloodstream form 7. brucei in that a partial
Krebs’ cycle is present [21,22] and glucose utilisa-
tion is more efficient in terms of ATP production.
Nevertheless, it is exposed to high glucose concen-
trations in the mammalian bloodstream and ex-
presses a correspondingly low affinity transporter
[7] (Table 1). Intriguingly, the parasite has only a
single isoform glucose transporter gene, which
might reflect the fact that its passage through the
tsetse fly, unlike 7. brucei, does not take it beyond
the proboscis and is relatively fast (several days as
opposed to several weeks).

Kinetic parameters and substrate specificities of the trypanosome glucose transporters

Organisms Genes K., D-glucose or V., (nmol min—!  Transport of D-fructose Type of
2-DOG (mM) per mg protein) or inhibition transport
T. brucei blood- 0.49-0.92-b-ed ~250%-b-cd +° Facilitated®
stream forms
T. brucei procyclic 0.045-0.080%"¢ 4-10%fe +of Facilitated/
forms Active®!
T. brucei THT1 (Xeno- ND ND +h Facilitated"
pus)
THT2 (CHO) 0.151 (2-DOG)" 43f +f Facilitated®
T. cruzi trypo- 0.294 (2-DOG) 1.4 ND Facilitated
mastigote forms
T. cruzi epimastig- 0.312 (2-DOG) 3.65 + Facilitated
ote forms™
T. cruzi TcrHT1 (CHO) 0.315 (2-DOG) 7.7 + Facilitated
T. vivax blood- 0.585 88.5 + Facilitated
stream forms*
T. vivax TvHTI (CHO) 0.545 (2-DOG) 43 + Facilitated

Values are from: #[10]; ®[11]; € [13]; ¢[31]; ©[14]; "[16]; &[17]; " [4]; '[6]; ' [26]; ¥ [7].
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2.2. Facilitative versus secondary active transport

The uptake of nutrients into cells may occur by
a variety of mechanisms [23]. Large polar
molecules, such as glucose, and indeed most bio-
chemical substrates are too large and polar to
simply diffuse across the lipid bilayer, and thus
require specific transport proteins to catalyse up-
take. Cells may accumulate nutrients without en-
ergy expenditure, allowing the thermodynamic
energy in a diffusion gradient to propel substrates
into cells. Alternatively, if a diffusion gradient
cannot be relied upon (i.e. if substrate is scarce or
a cell needs to concentrate it beyond the extracel-
lular level) energy is expended. Such active trans-
port can be direct (the transporter uses either
ATP or pyrophosphate to accumulate substrate),
or indirect. Indirect active transport involves the
co-transport of two substrates (either in the same,
symport, or opposite, antiport, direction). The
co-transport of glucose with sodium ions in the
mammalian intestine, and lactose with protons in
Escherichia coli serve as classic examples of sec-
ondary active transport [23]. The energy to drive
these systems comes from the diffusion gradients
of co-transported ions which are maintained by
secondary energy dependent pumping systems.

The different types of transport may be distin-
guished experimentally. Active transporters accu-
mulate substrates against a concentration gradient
and comparison of intracellular and extracellular
concentrations of substrate can show when a sub-
strate has been actively concentrated. If a second
substrate (usually an ion) is required, transport in
the presence and absence of that ion will be
markedly different. Finally pharmacological
reagents which either dissipate the ion gradients
required to drive secondary active transport, or
agents which inhibit energy production within the
cell can also inhibit secondary active transport.

It is generally agreed that bloodstream forms of
T. brucei depend on a facilitiative diffusion
molecule to accumulate glucose [10—13]. Given
these organisms have evolved in a glucose rich
environment, and that glucose is metabolised vir-
tually instantaneously, ensuring a perpetual con-
centration gradient, energy expenditure on
glucose accumulation would be unnecessary. One

study did suggest a dependence on sodium ions at
low external glucose concentration [24].

The case of the procyclic trypanosome is more
controversial. Procyclics are exposed to low levels
of glucose in the tsetse midgut, however, after a
tsetse feed they are exposed, transiently, to high
levels of the sugar in mammalian serum. The first
study on these organisms revealed a relatively
high affinity transporter, which according to
pharmacological investigation was dependent on
the co-transport of protons [14]. Both the respira-
tory inhibitor KCN and the protonophore FCCP
reduced transport. Two further studies, both em-
ploying high concentrations of substrate failed to
show either an accumulation of glucose beyond
the external levels [15], or inhibition by KCN or
FCCP [17]. In fact, an inhibitory effect by both
KCN and FCCP depends on the concentration of
substrate [16]. It appears that these reagents in-
hibit transport at low external glucose concentra-
tion, but exert progressively less impact as the
substrate concentration rises to | mM. This phe-
nomenon is characteristic of ‘slippage’ [25]
whereby the dependence on the counter-ion is
diminished as substrate concentration rises. In the
case of the procyclic trypanosome, such a mecha-
nism makes physiological sense given that nor-
mally the parasites are exposed to low external
glucose and might expend energy upon its acquisi-
tion. During the transient explosion in glucose
concentration following a tsetse meal, however,
dependence on energy to acquire the abundant
substrate would be futile. One difficulty with the
‘slippage’ hypothesis is that transport via THT2,
the procyclic transporter, expressed in CHO cells,
had no dependency on protons or energy regard-
less of substrate concentration [16]. The situation
in procyclic cells might be more complicated,
involving other phenomena including putative
auxiliary factors or membrane potential which
would be effected by the same pharmacological
reagents used to assess proton dependence.

All available evidence suggests that 7. cruzi
[6,26] and T. vivax [7] have straight forward facil-
itative transporters, although controversy also
surrounds the mechanism employed by leishma-
nial transporters [27,28].
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Fig. 4. Alignment of the cysteine rich loop of THT1 with domains from two 7. brucei variant surface glycoproteins. The amino acid
sequence of the first exofacial loop, when used to search the protein data bases identified homology with small conserved regions
of T. brucei variant surface glycoproteins. Alignment with the regions of the AnTaT1.8 and ILTaT1.24 sequences is shown here. The
cysteine residues are over-scored with an arrow. An asterisk below the aligned sequences highlights identical residues.

2.3. The first extracellular loop of trypanosome
glucose transporters contains a conserved
arrangement of cysteine residues

All of the trypanosome glucose transporters
possess numerous, spatially conserved cysteine
residues in their first exofacial loop. Extensive
analysis of the sequences of THTI and THT2
reveal the loop to have been inserted indepen-
dently [5], probably to replace a different type of
first exofacial loop in an ancestral gene. Intrigu-
ingly, when the amino-acid sequence of the loop
was used to scan protein sequence data-bases it
identified a similar conserved arrangement of cys-
teine residues in variant surface glycoproteins
from African trypansomes (Fig. 4). In fact, many
trypanosomatid surface proteins reveal this ar-
rangement of cysteines [29]. The motif has been
conserved suggesting it performs a critical role in
the architecture of kinetoplastid surface mem-
branes.

3. Glycosylation of trypanosomal glucose
transporters

The mammalian GLUT1 transporter, and vari-
ous other eukaryotic hexose transporters are gly-
cosylated, usually in the first exofacial loop [30]
which corresponds to the cysteine rich loop of the
trypanosome transporters described above. West-
ern blot analysis of THTI1 after proteinase K
digest of intact parasites, using site-specific anti-
bodies against the amino terminus, carboxy termi-
nus or two predicted extracellular loops
connecting helices 5/6 and 7/8, has revealed that

THT1 is oriented in the plasma membrane ac-
cording to the predicted model based on GLUT1
(Seyfang et al., unpublished data).

Amino acid analysis of the various trypanoso-
mal glucose transporters revealed significant dif-
ferences in the occurrence of potential N-linked
glycosylation sites (Fig. 2). Asn-69 in T. brucei
THT?2, Asn-81 in 7. cruzi TcrHT1 and Asn-90,
Asn-91 in T. vivax TvHT1 are the only potential
exofacial N-glycosylation sites in these trans-
porters, all located within the first extracellular
loop.

The T. brucei bloodstream form transporter,
THTTI, lacks potential N-linked glycosylation sites
on any of the predicted extracellular loops (only
the loops which end up outside the cell are topo-
logically available for glycoslylation within the
endoplasmic reticulum). THT1 does contain one
N-glycosylation consensus sequence (Asn-7), al-
though this is located on the amino terminal tail
and is predicted to face the cytoplasm. THT2
(Asn-7) and TvHT1 (Asn-10) also have additional
N-glycosylation consensus sequences at similar
positions.

De-glycosylation experiments with THT1-en-
riched plasma-membrane fractions [31] (using N-
glycosidase, O-glycosidase  and  sialidase
treatment) in combination with Western blot
analysis showed no band shift (reduced molecular
weight) for the THT1 protein [32]. In contrast, the
GLUT]1 protein purified from human erythrocytes
and de-glycosylated had a reduction in apparent
molecular weight of about 3 kDa after N-glycosi-
dase F treatment. THTI-enriched plasma-mem-
brane fractions were also analysed for
glycoproteins by lectin blot analysis. A glyco-
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protein of 45 kDa (gp45) which co-migrated on
reducing SDS-PAGE gels with THT1 [32] was
detected. However, in non-denaturing gels, THT1
showed a lower electrophoretic mobility (shifting
from 45 to 51 kDa) and under these conditions no
glycoproteins co-migrated with THT1. These cu-
mulative data demonstrated that THT1 is not
glycosylated, in agreement with the predictions
drawn from amino acid sequence data and mem-
brane topology predictions.

It is believed that glycoslylation is critical in
correctly orienting mammalian transporters in the
plasma membrane [33]. Clearly in the case of
bloodstream form 7. brucei the transporter can be
oriented without glycoslylation. Possibly the
dense packaging of the highly glycosylated variant
surface glycoproteins of bloodstream form 7. bru-
cei might influence the need for glycosylation on
transporter proteins in the plasma membrane. In-
terestingly, expression of THT2, TvHT1 and
TcrHT1 was successful in CHO cells, while THT1
could not be functionally expressed (Tetaud et al.,
unpublished data). Possibly it is the lack of glyco-
sylation to THT1 which hinders expression in
mammalian cells.

4. Therapeutic targets and therapeutic targeting

Any aspect of a parasite’s biochemical make-up
may be vulnerable to therapeutic attack, particu-
larly where significant differences between host
and parasite can be identified. In the case of
trypanosome glucose transporters significant dif-
ferences can be identified in terms of both the
pharmacology and substrate recognition profiles
when compared to the mammalian GLUT]1 trans-
porter. For example, all of the trypanosome trans-
porters also carry D-fructose [7,16,26,34] while
GLUT1 does not. GLUTI is very much more
susceptible to cytochalasin B and phloretin than
the trypanosome transporters. An extensive study
of other reagents would undoubtedly identify
some which react more potently with the try-
panosome transporters. None of the drugs used in
the chemotherapy of human African trypanoso-
miasis inhibit the glucose transporter of blood-
stream form trypomastigotes when used at

concentrations usually toxic to the cells, suggest-
ing that none of these drugs exert their activity at
the level of this transporter (Barrett et al., unpub-
lished observations).

Detailed analysis of substrate analogues, substi-
tuting the various hydroxyl groups has identified
the key features involved in the structure-activity
relationship of the various trypanosome glucose
transporters (Fig. 5). Bloodstream form 7. brucei
depends exclusively on glucose metabolism to
generate energy, hence inhibition of glucose up-
take would certainly be expected to exert a lethal
effect. So far, however, specific inhibitors of the
T. brucei glucose transporter have not been iden-
tified. Armed with the substrate recognition infor-
mation, and given the high capacity of the T.
brucei bloodstream from glucose transporter to
fulfill the prodigious appetite these cells have for
this substrate, it might be possible to subvert the
transporter, to carry toxic analogues of glucose
into the cell.

A similar situation exists in the case of the
melaminophenyl based arsenical and diamidine
classes of drug which enter trypanosomes via an
unusual amino-purine transporter, termed P2 [35].
The drugs share a chemical motif with the normal
amino-purine substrates which is recognised by
the transporter. Loss of the transporter renders
the parasites resistant to these drugs.

Since the 7. brucei bloodstream form trans-
porter does not make hydrogen bonds with the
hydroxyls at positions 2 and 6 of the glucose ring
[11], these sites were considered available for the
attachment of other chemical constituents, which
would not interfere with recognition by the trans-
porter. In fact, in the case of the C-6 position, a
strict limit on the size of substituent groups has
been noted (Barrett et al., unpublished data),
whereas, provided substituent groups were neither
charged nor aromatic, relatively large replace-
ments could be added at position C-2. At least
one compound containing a substituent group at
position C-2 has been developed, which is toxic to
bloodstream form parasites grown in vitro (Bar-
rett et al., unpublished data). Fructose analogues
have also been developed [36], and toxic examples
are known. Further work is underway to assess
the chemotherapeutic value of these compounds,
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T. brucei (bloodstream form)
Km ~1mM

T. brucei (procyclic form)
Km ~0.1 mM

GLUT1

Km 4-10 mM

Fig. 5. Substrate recognition of the 7. brucei bloodstream form, and procyclic form glucose transporters, compared with mammalian
GLUTI. Hydrogen bonds predicted to occur between the transporters and D-glucose are represented by jagged lines. The different

carbon positions are numbered 1-6 (data from [11,16,39]).

and to distinguish whether the products actually
inhibit the transporter itself or hit intracellular
targets once taken into the cell via the transporter.
A potential drawback with the glucose transporter
relates to its low affinity for substrate, and the
high abundance of glucose within serum, which
would out-compete analogues for the transporter
if such analogues were prescribed in quantities
within the range of currently used antimicrobial
drugs.

5. Discussion

Glucose transporter genes have been cloned
from several parasitic protozoa of the genus Try-
panosoma. The function of the genes has been

verified by expression in both Xenopus oocytes
and CHO cells.

T. brucei contains two separate glucose trans-
porter gene isoforms, which account for the dif-
ferent kinetic properties of the transporters
measured in the different life cycle forms of the
parasite. 7. cruzi, and T. vivax contain only a
single isoform. Substrate affinity and possibly
mechanistic differences distinguish the trans-
porters, in a manner which may reflect the differ-
ent extracellular environments to which the
parasites are exposed.

All of the trypanosome glucose transporters
also recognise D-fructose which distinguishes
them from the main mammalian glucose trans-
porter, GLUT1. However, there are at least four
other mammalian plasma membrane hexose
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transporters expressed in different tissues, with a
range of substrate specificities, including two iso-
forms (GLUT2-liver and GLUTS5-intestine)
[37,38] which also recognise D-fructose, highlight-
ing the difficulties in pin-pointing unique features
of the trypanosome transporters which might hin-
der their utility as chemotherapeutic targets.

The trypanosome transporters all contain a cys-
teine-rich first exofacial loop with a structure
conserved in other trypanosomatid membrane
proteins, which may play a critical role in the
membrane architecture of these parasites. The
comparative situation of the loop in THT1 and
THT?2 suggests it was inserted independently into
ancestral genes. The presence of a similar struc-
ture in other trypanosomatid membrane proteins,
might suggest that the insertion of ‘cassettes’
which donate particular functions to proteins, has
been involved in the evolution of trypanosome
membrane proteins.

Structure activity relationship studies between
the transporters and their substrates has allowed
the development of analogues which are still
recognised by the transporter, and may herald a
new pathway in the development of novel anti-
trypanosomal reagents, which exploit the glucose
transporter as a specific gateway to carry toxic
reagents into the parasites.
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