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Abstract Glycolysis is perceived as a promising target for
new drugs against parasitic trypanosomatid protozoa, because
this pathway plays an essential role in their ATP supply.
Trypanosomatid glycolysis is unique in that it is
compartmentalized, and many of its enzymes display unique
structural and kinetic features. Structure- and catalytic
mechanism-based approaches are applied to design compounds
that inhibit the glycolytic enzymes of the parasites without
affecting the corresponding proteins of the human host. For
some trypanosomatid enzymes, potent and selective inhibitors
have already been developed that affect only the growth of
cultured trypanosomatids, and not mammalian cells. © 2001
Harcourt Publishers Ltd 

INTRODUCTION 

he parasitic protozoa Trypanosoma and
Leishmania belong to the order of Kinetoplastida,
and are the causative agents of several highly dis-

abling and often fatal diseases, which include African sleep-
ing sickness, Chagas’ disease and leishmaniasis.

African sleeping sickness, caused by Trypanosoma bru-
cei, is transmitted to humans through the bite of the tsetse
fly of the genus Glossina.When introduced into the host, the
trypanosomes proliferate in the blood and lymphatic sys-
tems, before invading the central nervous system. Sleeping
sickness falls into two clinical categories depending on
which trypanosome subspecies is responsible: T. b. gambi-
ense causes a chronic disease that takes several years to
progress to the second meningoencephalitic stage; T. b.
rhodesiense, however, causes an acute form of the disease,
taking just a few weeks to reach this second stage. Sleeping
sickness is a daily threat to more than 60 million people in 36
countries of sub-Saharan Africa, 22 of which are among the
least developed countries in the world. The estimated 
number of people thought to have the disease is between
300 000 and 500 000. If untreated, both forms of the disease
are fatal at the second stage, and unfortunately the treatment

of African trypanosiomasis is still unsatisfactory.1 Eflor-
nithine, the sole drug developed in recent times, is effective
only for late-stage gambiense disease and is very expensive.
Two other drugs, pentamidine and suramin, are used for the
treatment of early-stage gambiense and rhodesiense disease,
respectively, but have serious side effects. Melarsoprol
remains the first-line drug for late-stage disease of both 
forms of sleeping sickness, but is very toxic and even fatal.
Moreover, none of the African trypanocides can be given
orally.

Chagas’ disease is caused by Trypanosoma cruzi, for
which many kinds of wild and domestic mammals act as
hosts and hence as reservoirs of the disease.This flagellated
protozoan parasite is transmitted to humans in different
ways, either by a blood-sucking reduviid bug which deposits
its infective faeces on the skin at the time of biting, or
directly by transfusion of infected blood or by congenital
transmission. T. cruzi infection has a wide distribution in
Central and South America, where it is endemic in 21 coun-
tries.The disease affects 16–18 million people,and about 5–6
million of these have developed chronic incurable complica-
tions (such as cardiac lesions, digestive disorders, peripheral
neurological lesions) appearing 10–20 years after the initial
acute phase of the disease. There have been significant
improvements in the control of Chagas’ disease by breaking
the transmission of the disease through targeting the insect
vectors.Treatment is available for acute stages of the disease
only. New drugs are thus still needed, especially to overcome
the chronic form of the disease.2

Over 20 different species of the genus Leishmania are
known to be pathogenic for humans.They are all transmitted
by the bite of an insect vector, the phlebotomine sandfly.The
leishmaniases are divided into three general clinical patterns
according to the form of the disease: cutaneous, visceral and
mucocutaneous.There are estimated to be over two million
new cases of leishmaniasis each year in 88 countries, with
367 million people at risk. New drugs are needed for leish-
maniasis because the standard treatments can only be given
parenterally, and the treatment courses are long, expensive,
and may elicit severe adverse reactions. Moreover, key prod-
ucts such as antimonials are being compromised by drug
resistance.2

Chemotherapy, even if not satisfactory, remains the main-
stay for the control of all these diseases: vaccine develop-
ment has proved difficult because many of these parasites
have developed intricate mechanisms for evading their
host’s immune system.The limited number of available drugs
is simply a consequence of market economy principles:since
people most at risk from tropical diseases are among the
poorest in the world, there is currently little perceived finan-
cial incentive for pharmaceutical companies to invest in
development of new drugs. Fortunately, the cell biology of
trypanosomes is so extraordinary that they have been the
subject of more fundamental research than most other pro-
tozoan parasites. Each of these unique features may become
a target for new drugs, provided they prove to be essential
for the survival of the parasites in the human host.3

An ideal target for intervention in the case of
Trypanosomatidae appears to be the glycolytic pathway.The
10 enzymes of glycolysis are responsible for the break down
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of glucose into pyruvate, with concomitant production of
ATP. Extensive studies of metabolism in African try-
panosomes leave no doubt that the bloodstream stage uses
rapid death of these parasites.The same will possibly be true
for T. cruzi and Leishmania spp. which, despite quantitative
differences in the contribution of glycolysis to the overall
free-energy supply compared to T.brucei, also utilize glucose
as a major energy substrate.5–7 Moreover, the long evolution-
ary distance between trypanosomatids8 and their mammalian
hosts, and the unusual organisation of the glycolytic pathway
in the parasites9 have endowed the trypanosomatid enzymes
with distinct properties. These provide opportunities for
exploitation in structure- or catalytic mechanism-based

design of selective inhibitors which would not affect glycoly-
sis in the host.

GLYCOLYSIS IN TRYPANOSOMATIDS 

In Kinetoplastida, the seven glycolytic enzymes converting
glucose to 3-phosphoglycerate are localized in specialized
peroxisome-like organelles called glycosomes (Fig. 1),4,9 in
contrast to the situation in other organisms where the gly-
colytic enzymes are cytosolic. The NADH produced by 
glyceraldehyde-3-phosphate dehydrogenase in glycolysis is
reoxidized by molecular oxygen via a mitochondrial gly-
cerol-3-phosphate oxidase to which the electrons are 
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Fig. 1 The stoichiometric scheme of glycolysis in bloodstream-form T. brucei. (1) Hexokinase: (2) glucose-6-phosphate
dehydrogenase; (3) phosphofructokinase; (4) aldolase; (5) triosephosphate isomerase: (6) glyceraldehyde-3-phosphate
dehydrogenase; (7) phosphoglycerate kinase; (8) glycerol-3-phosphate dehydrogenase; (9) glycerol kinase; (10) phosphoglycerate
mutase; (11) enolase; (12) pyruvate kinase; (13) glycerol-3-phosphate oxidase. Substrate and metabolite transporters in
membranes are represented by circles; the carrier molecules postulated for translocation of metabolites across the glycosomal
membrane remain to be identified. Abbreviations: 1,3-PGA, 1,3-bisphosphoglycerate; DHAP, dihydroxyacetone phosphate; G-3-P,
glyceraldehyde 3-phosphate; Gly-3-P, glycerol 3-phosphate; PEP, phosphoenolpyruvate; 2-PGA, 2-phosphoglycerate; 3-PGA, 3-
phosphoglycerate.



transferred through a glycosomal glycerol-3-phosphate 
dehydrogenase and glycerol-3-phosphate:dihydroxyacetone 
phosphate shuttle.As a result of this organization, the intra-
glycosomal milieu is in redox and ATP balance. Net ATP syn-
thesis occurs in the cytosol, in the reaction catalysed by
pyruvate kinase. Under anaerobic conditions, the glycerol 3-
phosphate is converted into glycerol with concomitant syn-
thesis of ATP via the reverse action of a glycosomal glycerol
kinase.The glycosomal ATP and NAD balance are thus main-
tained also under anaerobiosis, but one molecule of each
glycerol and pyruvate are produced per molecule of glucose,
instead of two molecules of pyruvate, and the net ATP pro-
duction is decreased from two molecules to one. Due to this
compartmentation, many regulatory mechanisms operating
in other cell types cannot work in trypanosomes. This is
reflected by the insensitivity of the glycosomal hexokinase
and phosphofructokinase to compounds that act as activity
regulators in other cell types.10–13

In principle, inhibition of any step of glycolysis in blood-
stream-form T. brucei should lead to arrest of the glycolytic
flux, and thus to death of the parasite, although the choice of
triosephosphate isomerase as a target was controversial for a
long time. It was reasoned that inhibition of this enzyme might
not be effective in bloodstream-form parasites,because the par-
asites can convert dihydroxyacetone phosphate into glycerol
with concomitant ATP production. However, it was recently
shown,by a combination of genetics and computer modelling,
that the enzyme is essential for trypanosome survival.14

Indeed, bloodstream-form T. brucei starved for glucose or
incubated with the plasma-membrane glucose transporter
inhibitor phloretin die within minutes.15 Also inhibitors of
glyceraldehyde-3-phosphate dehydrogenase such as pental-
enolactone16 or bromopyruvate17 kill the trypanosomes, as
do inhibitors of pyruvate efflux such as α-cyanocinnamic
acid.18 However, all these inhibitors also block the equivalent
human proteins.A method to block trypanosome glycolysis
selectively and kill the parasites cultured in vitro is the inhi-
bition of glycerol-3-phosphate oxidase by salicylhydroxamic
acid (SHAM) in conjunction with preventing the reversal 
of the glycerol kinase by adding glycerol.19 However, this
method has no direct therapeutic value, because impractic-
ally high concentrations of SHAM (1 mM) are required, and
the concentrations of glycerol (5 mM) to be used are toxic
for the host.20 Recently, an alternative, highly specific, non-
competitive oxidase inhibitor has been reported, the antibi-
otic ascofuranone,21 but no information is as yet available
about its in vivo efficacy. Surprisingly, it was recently found
that culturing bloodstream-form cells in the presence of
SHAM or under anaerobiosis for 24 h resulted in cell death.14

Also, gene knockouts of glycerol-3-phosphate oxidase were
unsuccessful.14 Previous experiments which suggested that
the oxidase and glycerol kinase should be inhibited simulta-
neously to kill trypanosomes had always been performed for
much shorter times.19 All data suggest that bloodstream-form
trypanosomes may survive under anaerobic conditions for a
short period,as a result of the glycerol-kinase dependent ATP
production, but that prolonged growth and survival is not
possible because of the 50% decrease in ATP yield.The gly-
cerol-3-phosphate oxidase thus seems also to be a promising
target for anti-trypanosome drugs.

Any selective inhibitor developed against a T. brucei
enzyme may also be effective on the corresponding enzyme
of other trypanosomatids, and vice versa. Most of the gly-
colytic enzymes are possibly also good drug targets in 
T. cruzi and Leishmania species, despite the larger contribu-
tion of mitochondrial processes in the mammalian stages of
these parasites.5–7 For the mammalian amastigote stage of 
T. cruzi it has been shown that glycolysis is an essential
process,22 and in Leishmania amastigotes glycolysis may still
be important, despite the large dependence of these para-
sites on the oxidative breakdown of fatty acids for ATP 
synthesis.23 However, the enzymes involved in glycerol
metabolism seem to play a less important role in the reox-
idation of glycosomal NADH and thus indirectly in the gly-
colytic flux of these two parasites. The presence of a
glycerol-3-phosphate oxidase, or its gene, could not even be
demonstrated in Leishmania.24

GENERAL STRATEGIES FOR INHIBITOR DESIGN 

The general strategy for enzyme inhibition can be illustrated
by the scheme in Figure 2 where ES, EI and ESI are the
Michaelis complex (enzyme E with bound substrate S), the
enzyme-competitive inhibitor complex and the ternary com-
plex resulting from binding of the inhibitor to the Michaelis
complex, respectively. Blocking the flux of an essential meta-
bolic pathway such as glycolysis in trypanosomes through
inhibition of an enzyme by formation of complexes with
competitive or uncompetitive inhibitors (EI and ESI, respect-
ively) has two requirements.These are (1) that the targeted
enzyme exerts sufficient control on the flux,25,26 and (2) par-
ticularly that the affinity of the inhibitor for the enzyme or
for the Michaelis complex is high enough. High-affinity sub-
strate analogues can fulfil this latter requirement and exam-
ples are given in this paper.

An alternative is to achieve transformation of the first EI
complex into either a covalently bound complex (E-I) – in
that case the inhibition becomes irreversible – or into a
slowly isomerised complex EI* formed reversibly but having
a very slow reverse-rate constant k

–4
.The irreversible inhibi-

tion route k
j
implies that the substrate analogue I bears an

electron acceptor center onto which a reactive group of the
active site (such as the sulfur atom of a cysteine, or the nitro-
gen atom of a lysine) will react to make a covalent bond.The
inhibition process is called suicide if the electron acceptor
center on the inhibitor is unmasked by the enzyme in a pre-
liminary step. Difluoromethylornithine (eflornithine), a drug
currently used against gambiense sleeping sickness, is an
example of a suicide inhibitor.27

The formation of isomerised EI* complexes generally cor-
responds to situations where the inhibitor bears a structural
similarity to the transition state of an enzymatic reaction or
to a high-energy intermediate on the energy profile of the
reaction. Such so-called transition-state analogues are often
slow-binding inhibitors; the slow-binding process corres-
ponds to the conformational change of the enzyme induced
by the binding.28 Transition-state inhibitors may be active 
in the femtomolar range.29 They have found application in
medicine and agrochemistry; an example is the recently
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developed anti-flu drug Relenza™, which is a transition-state
analogue inhibitor of the viral neuraminidase.30

Both irreversible and slow-binding inhibitors may be par-
ticularly suitable for inhibition of trypanosomal glycolysis.
High intra-glycosomal concentrations of glycolytic interme-
diates have been estimated for bloodstream-form T. bru-
cei.31,32 Enzyme inhibitors must thus possibly compete with
substrates present at concentrations several times higher
than the K

m
values. For instance in the reaction catalysed 

by aldolase, the estimated concentration of fructose 1,6-
bisphosphate is 210 times the K

m
value, whereas in mam-

malian muscle the concentration is three times lower than
the K

m
.31 Inhibitors competitive with the aldolase substrate

may thus not be very effective in trypanosomes, and irrev-
ersible inhibitors or transition-state analogues are therefore
preferred. However, despite the high intra-glycosomal
metabolite concentrations, several enzymes may work below
saturation, because (1) in vivo the effective K

m
’s are much

higher than the values determined in vitro, as a result of the
competition for active sites of the glycosomal enzymes and
(2) there may be a significant sequestration of some metabol-
ites to active sites because of the high enzyme concentra-
tions in the organelles.31,33,34

The sequestering of glycolytic enzymes inside glyco-
somes results not only in an increased concentration of gly-
colytic intermediates, restraining the efficacy of inhibitors
competitive with these intermediates,35 but it also results 
in three conservation relationships between glycosomal
metabolites.32 These relationships can be derived from the
stoichiometry of all reactions in Figure 1.The first relation-
ship, although not immediately obvious, involves all phos-
phorylated glycolytic intermediates; their sum must remain

constant.The second and third relationships are that the sum
of the glycosomal ATP,ADP and AMP, and the sum of NADH
and NAD+ in the organelle are conserved. A result of these
constraints is that the concentration of these metabolites
cannot increase indefinitely. Therefore, compounds compe-
titive with the nucleotide-substrates may be effective in-
hibitors of glycolysis if the concentration of these substrates
in the glycosome is not too high. Calculations showed that
potent inhibitors competitive with NAD+ and NADH or ATP
and ADP inside the glycosome should be able to reduce the
glycolytic flux considerably.26,36 Indeed, this prediction was
experimentally confirmed; adenosine analogues which by in
vitro assays were shown to be selective and potent inhibitors
of glycosomal glyceraldehyde-3-phosphate dehydrogenase
block the glycolytic flux in T. brucei and inhibit the growth
of the parasites37 (see below).

A last aspect about inhibitor design concerns selectivity:
how to block the parasite enzymes without producing 
damage to glycolysis in the host. Several approaches can be
considered.

Exploitation of metabolic differences 
To kill a parasite, one might look for an enzyme or metabolic
pathway that is essential for the parasite and absent in the
host. Alternatively, one could exploit quantitative differences
in metabolism,and select pathways and enzymes that exert a
high level of metabolic control in the parasite and are much
less effective in the host.This approach is one that has been
taken into account in our design of selective glycolysis
inhibitors as leads for new anti-trypanosome drugs, and this
quantitative metabolic analysis has been discussed in detail
in a recent review.26
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Fig. 2 Mechanisms of enzyme inhibition.The scheme shows both reversible and irreversible inhibition.There are three types of
reversible inhibitors: I is a competitive inhibitor if it binds only to E and prevents S from binding. I is a non-competitive inhibitor if
it binds to E and ES forms or I is an uncompetitive inhibitor if it binds to ES only.



Exploitation of differences in three-dimensional enzyme
structure 
Superposition of the 3-D structures of parasite and host
enzymes can reveal differences that can be exploited for the
design of specific inhibitors.38 For instance, comparison of
the active sites of parasite and host glyceraldehyde-3-phos-
phate dehydrogenases has allowed the development of
inhibitors with relatively high specificity and selectivity for
the glycosomal enzyme of trypanosomatids,37 (see below).
Inhibitors may be designed to be analogues of substrates and
other ligands, or may be ‘mined’ from the vast 3-D databases
of small molecules in order to identify any that might have
the appropriate shape and chemistry to fit the target site.Any
molecules shown to affect the activity of the target enzyme
can be optimized by rational design or by combinatorial
chemistry and screening.

Exploitation of unique, reactive residues in or near the
active site of the parasite enzyme 
Although active-site residues of glycolytic enzymes are
largely conserved, even when comparing trypanosomatid
enzymes to their mammalian counterparts,39 positions may
be found where a nucleophilic residue is present only in the
parasite enzyme. Such positions may therefore be exploited
for irreversible binding of inhibitors, and an example
(aldolase) is given in this review.Alternatively, a nucleophilic
residue may become available specifically in the parasite
enzyme for irreversible binding upon a conformational
change induced by a first contact with the inhibitor. One
possible approach to explore this possibility involves map-
ping the active site with substrate analogues. If needed, sub-
strate analogues are first modified in order to obtain
sufficient affinity, either empirically or by structure-based
methods. Subsequently, electrophilic centers are introduced
in the compounds to promote irreversible or slow-binding
inhibition, if a reactive nucleophile is suitably located in the
vicinity of the inhibitor binding site.

In addition to substrate- and structure-based drug design,
high-affinity compounds can also be obtained by screening
large libraries of synthesized compounds, and compounds of
natural origin.A specific feature of this latter approach is that
it may yield uncompetitive inhibitors with structures which
could not be anticipated on the basis of the structure of the
target protein.

TRYPANOSOMATID GLYCOLYTIC ENZYMES 

This section will review the data currently available for the
different enzymes of the glycolytic pathway of trypanoso-
matids and the development of selective inhibitors of these
enzymes. Major focus will be on those trypanosomatid
enzymes for which 3-D structural information is available:
fructose-1,6-bisphosphate aldolase,40 triosephosphate iso-
merase,41–43 glyceraldehyde-3-phosphate dehydrogenase,44–46

phosphoglycerate kinase,47 pyruvate kinase,48 and glycerol-3-
phosphate dehydrogenase.49 While the latter enzyme is not
glycolytic in the strict sense, it is essential in the glycosome
to keep the metabolic pathway going. Because selectivity is 
a key issue for the development of therapeutics we will

point out relevant differences with the human counterpart
enzymes, or if lacking, with another mammalian enzyme as a
model for the human one.

Hexokinase 
Hexokinase catalyzes the transfer of a phospho group from
ATP to glucose.Humans possess four isoenzymes,designated
as hexokinases I-IV, with different tissue distribution and
kinetic properties.50 Hexokinase IV, often called glucokinase,
occurs in the liver and has a subunit molecular mass of
approximately 50 kDa,very similar to the T.brucei enzyme.34

The other human isoenzymes have about twice the subunit
size, and have probably arisen by gene duplication followed
by fusion. The T. brucei enzyme has only 36–37% identity
with the human hexokinases (VH and PM,unpublished).Like
other hexokinases, the trypanosome enzyme will accept as
substrate a range of sugar molecules in addition to glucose.
Moreover, it is not regulated by its product glucose 6-
phosphate and has, in contrast to all human isoenzymes, a
low specificity for ATP; it is able to use IPT, UTP and GTP as
well. Crystal structures have been reported for the human
brain hexokinase I,51,52 but no structure is available as yet for
a trypanosomatid hexokinase. However, the low sequence
identity, the different kinetic properties and structure model-
ling all suggest that the development of selective inhibitors
of the trypanosomatid enzyme should be feasible.Therefore,
the active site of the parasite hexokinase has been explored
with N-acetylglucosamine derivatives bearing reactive 
alkyl or aryl groups. Indeed, various of these compounds
inhibited the T. brucei enzyme. The best inhibitor was m-
Br-phenylglucosamine, with a K

i
value of 3 µM; note that the

K
m

for glucose is 110 µM. In comparison, the activity of the
inhibitor on yeast hexokinase is at least 50 times poorer; no
data are as yet available about its effect on mammalian hex-
okinases.53 Experiments to elucidate the mechanism of these
N-acetylglucosamine derivative inhibitors have shown that
they are not phosphorylated (i.e. they are not pseudo-sub-
strates) despite a free 6-hydroxyl group.They cause confor-
mational changes of the enzyme and promote ATP
hydrolysis.54,55 Based on a 3-D model of the active site of T.
brucei hexokinase, the synthesis of a new set of inhibitors is 
underway.

Glucose-6-phosphate isomerase 
Glucose-6-phosphate isomerase catalyzes the aldose/ketose
isomerisation of glucose 6-phosphate to fructose 6-phos-
phate.Amino-acid sequences of the enzyme from T.brucei,T.
cruzi and L.mexicana have been determined.56,57 They show
72–76% identity amongst each other, and 57–59% identity
with human glucose-6-phosphate isomerase. No crystal
structures are available as yet for the enzyme from human or
any of the trypanosomatids. Inspection of the sequences,and
mapping them on the available crystal structures of the 
rabbit muscle, porcine and Bacillus stearothermophilus
enzymes,58,59 do not provide obvious clues for the design of
selective inhibitors. Conclusions about the feasibility of this
enzyme as a drug target should possibly await the availability
of a high-resolution crystal structure of a trypanosomatid
enzyme.
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Phosphofructokinase 
Phosphofructokinase is a tetrameric enzyme catalysing the
phosphorylation of fructose 6-phosphate to fructose 1,6-
bisphosphate using ATP as phospho donor. Under physiolog-
ical conditions the reaction is essentially irreversible. The
human enzyme consists of identical or highly similar sub-
units of 85 kDa.The activity of this enzyme is regulated by a
large number of metabolites and allosteric effectors. In con-
trast, the trypanosomatid enzyme has a subunit mass of only
53 kDa34,60 and its activity is only activated by its substrate
fructose 6-phosphate and by AMP and ADP.10,11 The genes
coding for phosphofructokinase of T.brucei and L.donovani
have been cloned and sequenced,60 and Lopez C and PM,
unpublished). The percentage of amino-acid identity
between the two trypanosomatid enzymes is 70%, but that
with the human isoenzymes is very low (about 20%).
Surprisingly, the trypanosomatid phosphofructokinases
appear more similar to inorganic pyrophosphate (PP

i
)-

dependent phosphofructokinases,60 despite their use of ATP
as phospho donor. Although the ATP and PP

i
-dependent

enzymes are homologous, they are very different.39 These dif-
ferences offer great potential for the design of selective
inhibitors.However,no crystal structure is available as yet for
any PP

i
-dependent phosphofructokinase, and for the ATP-

dependent enzymes structural information is only available
for bacterial enzymes.61,62 Therefore, current attempts to
design selective inhibitors of the trypanosomatid enzyme are
based on a very preliminary structure model of its active site.
A first study has however been undertaken with fructose 6-
phosphate analogues, namely 2,5-anhydro-D-mannitols 
bearing at position 1 various arylamino-groups.63 These com-
pounds appeared to bind at the ATP-binding site, instead of
the fructose 6-phosphate site, with affinity constants of
approximately 100 µM. A compound with an electrophilic
isothiocyanate group displayed an irreversible inactivation
pattern with K

i
and k

j
values of 130 µM and 0.26 min–1,

respectively.The residue involved in this specific inactivation
of the parasite enzyme was identified by site-directed muta-
genesis, Lys227. Based on this promising result, other com-
pounds will be developed with a more reactive electrophilic
center directed towards Lys227.

Fructose-1,6-bisphosphate aldolase 
Fructose-1,6-bisphosphate aldolase catalyses the reversible
aldol cleavage of fructose 1,6-bisphosphate into dihydroxy-
acetone phosphate and D-glyceraldehyde 3-phosphate.
Crystal structures have been determined for the enzymes of
two trypanosomatids,40 T. brucei and L. mexicana, both in
the absence of substrate. Each monomer of the homote-
trameric enzyme adopts a (β/α)

8
barrel fold, with the active

site at the C-terminal portion of the barrel.The main charac-
teristic of the site is the presence of a large number of
charged residues which makes it less likely that high-affinity
bioavailable competitive inhibitors can be found. The re-
quirements for electrostatic complementarity of potential
potent inhibitors are opposed by those promoting transloca-
tion across membranes.

In humans there are three counterpart aldolases: isoen-
zyme A in muscle tissue and erythrocytes, B in the liver, kid-
neys and the intestines, and C in the brain. The overall

sequence identity between each of the human enzymes and
the parasite enzymes is about 47%, that between the two
parasite enzymes 81%. Only crystal structures of the A
enzyme have been determined, in the absence64 and pres-
ence65 of the substrate fructose 1,6-bisphosphate.

Efforts to arrive at suicide inhibitors of the T. brucei
enzyme were not successful.66 In contrast, and despite the
conservation of most active-site residues, significant progress
was made with two types of slow-binding inhibitors (EI*

complexes,Fig.2): (1) β-dicarbonyl compounds which mimic
the incoming (or leaving) groups in the carbon-carbon bond
formation between dihydroxyacetone phosphate-enamine
and glyceraldehyde 3-phosphate67 and (2) bisphosphorylated
aromatic derivatives bearing reactive groups, that mimic
fructose 1,6-bisphosphate.68 These compounds stabilize
iminium ion reaction intermediates,69 an effect that is highly
dependent on the microenvironment provided by the
enzyme. By taking advantage of slight sequence differences
between the parasite and host enzyme, it was possible to
arrive at inhibitors with high affinity for T. brucei aldolase
and without any effect on the mammalian counterpart, even
at 50 times higher concentration.

Triosephosphate isomerase 
Triosephosphate isomerase catalyses the isomerization of
dihydroxyacetone phosphate into D-glyceraldehyde 3-phos-
phate. Crystal structures have been determined for the T.
brucei,41 T. cruzi,42 and L. mexicana43 enzymes.The enzyme
is a homodimer in which each momomer adopts a (β/α)

8

barrel fold, with the active site at the C-terminal portion of
the barrel. In the presence of substrate the active site is only
large enough to contain molecules the size of triosephos-
phates,but the site opens up in the absence of substrate.This
plasticity is due to the movement of a loop that moves at its
tip by as much as 7Å.70 The structure of human triosephos-
phate isomerase has also been determined.71 In overall
sequence the human enzyme is between 51 and 53% identi-
cal to the trypanosomatid enzymes, which show 68–74%
identity to each other. The active-site residues are fully 
conserved, hampering the development of selective
inhibitors.

An early effort to design competitive inhibitors that
would extend some 10 Å outside the closed active site, tar-
geting a unique Ala 100-Tyr101 hydrophobic patch of the T.
brucei enzyme, remains in an inconclusive state as the pro-
posed complicated inhibitors were never synthesised.72

However, in the process, one inhibitor, N-hydroxy-4-
phosphono-butanamide, was shown to bind to the enzyme
in the open state.73 Because the open state allows for the
binding of bigger ligands, it might be a better starting point
for drug design.

In another approach, modification of a cysteine in the
homodimeric enzyme interface with methylmethanethiosul-
fonate led to the inactivation of T. brucei and T. cruzi
triosephosphate isomerase.74,75 While the Cys residue is not
part of the active site there is indirect evidence that the mod-
ification induces conformational changes that also involve
the active site. Importantly, the human enzyme has a methio-
nine at this position and is therefore not susceptible to the
modification reagent. The importance of these studies
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resides in the identification of a critical area in the enzyme
interface as a target for drug design. Methylmethane thiosul-
fonate is a proof-of-principle reagent,not a drug as it will also
covalently modify the hundreds of enzymes that rely on the
presence of a Cys in their active site.

Glyceraldehyde-3-phosphate dehydrogenase 
Glyceraldehyde-3-phosphate dehydrogenase catalyses the
oxidative phosphorylation of D-glyceraldehyde 3-phosphate
into 1,3-bisphosphoglycerate. Crystal structures have been
determined for three parasite enzymes, in each case in com-
plex with the cofactor NAD+: T. brucei,44 T. cruzi,45 and 
L. mexicana.46 The three trypanosomatid enzymes are
80–90% identical to each other, and 45–48% to the human
enzyme. Each monomer of the homotetrameric enzyme has
two domains.The N-terminal domain binds NAD+ via its two
nucleotide-binding Rossmann folds, and the cleft between
the N-terminal and C-terminal domains harbours the active
site of the enzyme.

From a comparison with the human enzyme structure;76

(Read R,unpublished results) it appears that the active site of
the enzyme and the neighbouring nicotinamide binding site
for NAD+ are well conserved. However, the binding site for
the adenosine portion of NAD+ exhibits significant differ-
ences between the parasite enzymes and the human

enzyme. Remarkably, in the parasite enzyme there is a nar-
row hydrophobic cleft adjacent to the 2′-hydroxyl of the
adenosine ribose. This cleft is completely lacking in the
human enzyme due to a different backbone conformation,
warranting the name ‘selectivity cleft’ for the parasite
enzymes.77 Hence, it should be possible to design adenosine
derivatives that compete with NAD+ binding while also
occupying the selectivity cleft.

On the basis of adenosine as a lead with an IC
50

of about
50 mM careful, structure-based design studies77–80 have
resulted in adenosine derivatives that exhibit a 250 000 gain
in affinity for parasite glyceraldehyde-3-phosphate dehydro-
genase and do not inhibit the human enzyme.37 These 
selective inhibitors project a benzamido group into the
selectivity cleft through C2′ substitution of the ribose.
Simultaneously they fill up a hydrophobic groove near the
purine N6 with a 1-methylnaphthyl group or variant thereof
(Fig. 3). The designed compounds stunt the growth of cul-
tured T. brucei and T. cruzi parasites at low micromolar 
concentration.37

In another approach, conformationally restricted ana-
logues of glyceraldehyde 3-phosphate were designed so that
they would present a reactive electrophilic center towards
the essential cysteine residue at the enzyme’s active site. Such
compounds indeed bound irreversibly to this cysteine as 
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Fig. 3 Model of L. mexicana glyceraldehyde-3-phosphate dehydrogenase complexed with N6-(1-naphthylmethyl)-2′-deoxy-2′-(3-
methoxybenzamido)-adenosine. 37 The 3-methoxybenzamido provides selectivity because the equivalent region in the human
enzyme is sterically occluded.



evidenced by kinetic assays involving protection with the sub-
strate, NMR experiments and titration of sulfhydryl groups.81

The best inhibitor of the T. brucei enzyme is 3-(diethylphos-
phono)-propenal, with a K

i
of 66 µM, almost 600 times lower

than the K
i
for the rabbit-muscle enzyme, and a dynamic inac-

tivation constant of 54 min–1. This high selectivity factor is
striking because of the considerable conservation of the
active site. However, it can be accounted for by the higher
hydrophobic character of the active site of the parasite
enzyme. The compound kills cultured trypanosomes with a
LD

100
0.3 µM. This compound was synthesized with a pro-

tected phosphate group to improve the ability to cross the
membrane.Inside the trypanosome,cytosolic esterases should
deprotect the phosphorus headgroup.A similar strategy aimed
at analogues of the product of the enzyme reaction, 1,3-bis-
phosphoglycerate, also led to compounds that exhibit a high
selectivity towards the T. brucei enzyme.82 For instance, the
1,1-bisfluoro analogue of 1,3-bisphospho-D-glyceric acid has
an affinity constant of 0.06 mM whereas the same compound
has no effect on the rabbit-muscle enzyme at a concentration
of 5 mM. Co-crystals recently obtained between this analogue
and the T.cruzi enzyme,should lead to a better understanding
of the residues involved in this selectivity.

Phosphoglycerate kinase 
Phosphoglycerate kinase,a monomeric enzyme,catalyses the
transfer of a phospho group from 1,3-bisphosphoglycerate to
ADP, forming ATP and 3-phosphoglycerate. During catalysis
Mg2+ is used as a cofactor. Amino-acid sequences of the
enzymes from T.brucei,L.mexicana and L.major have been
determined. They are 75–76% identical to each other and
45–47% to the human phosphoglycerate kinase. Of the try-
panosomatids only the crystal structure of the T. brucei

enzyme has been solved.47 The enzyme possesses two
domains.The substrate 1,3-bisphosphoglycerate binds to the
N-terminal domain, the nucleotide to the C-terminal domain.
During catalysis a hinge-bending motion occurs between the
domains, bringing the substrates together.

The structure of human phosphoglycerate kinase has not
been determined, but the porcine structure83 is probably a
valid substitute as the two enzymes share 97% sequence
identity. Again most aspects of the active sites of the mam-
malian and parasite enzymes are conserved. However, the
adenosine binding pockets for ADP/ATP exhibit significant
differences. Thus far, adenosine derivatives with C2 and/or
N6 substitution have been obtained that show up to 100-fold
higher affinity than adenosine itself; the IC

50
of the best com-

pound was 30 µM.84 For one of these inhibitors 2-amino-N6-
(p-hydroxyphenethyl)adenosine, molecular modelling gave
clues that this inhibitor could not fit sterically in the enzyme
if the canonical ADP/ATP binding mode was maintained.The
X-ray crystallographic structure with bound inhibitor was
therefore solved,27 and showed that the adenosine portion of
the inhibitor binds in a flipped way, with the N2-amino
group located where the N6-amino group normally sits. In
addition, the ribose ring is in a syn conformation with
respect to the purine ring instead of trans (Fig. 4).84 At pre-
sent, none of the inhibitors shows significant selectivity 
versus the trypanosomatid enzymes over the mammalian
enzyme. However, some of them stunt the growth of T. bru-
cei and T. cruzi parasites in culture.

Phosphoglycerate mutase 
Two classes of phosphoglycerate mutases can be distin-
guished, both catalysing the interconversion of 3-phospho-
glycerate and 2-phosphoglycerate. One type requires 2,
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Fig. 4 Crystallographic binding mode of 2-amino-N6-(p-hydroxyphenethyl)adenosine to T. brucei phosphoglycerate kinase. 84



3-bisphosphoglycerate as cofactor, whereas the other does
not.39 The two types are not homologous; their structural
folds and their reaction mechanisms are entirely different.
Humans, like all vertebrates possess a cofactor-dependent
mutase, whereas it was recently shown that the phospho-
glycerate mutase of trypanosomes belongs to the cofactor-
independent class.85 This presence in the parasite of an
essential enzyme that is not homologous to the correspond-
ing enzyme of its human host offers an excellent possibility
for developing selective inhibitors as lead drugs. Recently,
the first report of a high-resolution crystal structure of a
cofactor-independent enzyme, from B. stearothermophilus,
was made.86 The availability of this structure will aid in the
design of such inhibitors. Meantime, work is in progress to
over-express trypanosomatid phosphoglycerate mutases for
crystallographic studies.

Enolase 
Enolase catalyses the Mg2+-dependent dehydration of 2-phos-
phoglycerate to phosphoenolpyruvate. In all eukaryotes,
enolase is a homodimeric enzyme with subunits of 45 kDa.
In vertebrates, three isoenzymes (α, β and γ) occur of which
the expression is regulated developmentally and tissue-
specifically.39 The T. brucei enolase gene was recently
cloned.87 The encoded polypeptide has 59–62% identity with
the different human enolases.The kinetic properties of the
enzyme from the parasite and mammals (rabbit muscle) are
very similar; the only striking difference is the activation of
the mammalian enzyme by K+,whereas this ion has no effect
on the trypanosomal enzyme. No human and trypanoso-
matid crystal enolase structures are available as yet.Structure
modelling based on the available structures of yeast88 and
lobster89 enolases indicated that the overall conformation of
the active site of the trypanosomal enzyme is very similar to
those of the enzymes of other organisms. However, there are
some atypical residues close to the T. brucei active site
which could possibly be exploited for the irreversible bind-
ing of selective inhibitors: one Lys and two Cys residues.
Current research is devoted to exploring this possibility.

Pyruvate kinase 
Pyruvate kinase catalyses a phospho transfer from phospho-
enolpyruvate to ADP, forming ATP and pyruvate. In try-
panosomatids pyruvate kinase is allosterically regulated by
fructose 2,6-bisphosphate, an effector that promotes the
active R-state of the enzyme.90 Recently, the crystal structure
of the L.mexicana enzyme was determined.48 The enzyme is
a homotetramer with each monomer possessing four
domains.The active site is located between a central (β/α)

8

barrel and a small β barrel domain,with a binding site for the
allosteric effector located within a third domain with α/β
topology.An N-terminal helix occupies a pivotal position in
the quaternary structure.The determined crystal structure is
of the effector-free inactive T- state.

Mammals possess four isoenzymes of pyruvate kinase:M1
mostly in skeletal muscle, M2 in many tissues, L in the liver,
and R in red blood cells.39 The sequences of T.brucei 91 and L.
mexicana92 pyruvate kinase,which are 74% identical to each
other, display 47–51% identity to the various human isoen-
zymes. Mammalian pyruvate kinases differ in their activity

regulation from the trypanosomatid enzyme.The M1 isoen-
zyme does not exhibit allosteric properties, while a different
effector, namely fructose 1,6-bisphosphate, regulates the
three other isoenzymes. No structure of a human pyruvate
kinase has been determined, but the structures of the cat93

and the rabbit M1 enzyme,94 which exhibit 93% sequence
identity with the human M1 and M2 pyruvate kinases and
approximately 70% with the human R and L isoenzymes, are
valid substitutes for drug design. In addition, structural stud-
ies on the yeast and Escherichia coli enzymes have provided
insight into the allosteric regulation.95 From this information
the unique features of the trypanosomatid effector site
become apparent. The conformations of loops comprising
residues 443–453 and 480–489 are strikingly different. Each
of these loops provides a putative ligand for the 2-phospho
group of fructose 2,6-bisphosphate, namely Lys453 and
His480.48 Clearly, pyruvate kinase of trypanosomatids has
unambiguous selectivity features that make it a target for
drug design.

Support for the notion that the effector-binding site is 
a good target comes from the observation that fructose 
6-phosphate analogues such as 2,5-anhydro-D-mannitols (ear-
lier developed as inhibitors of phosphofructokinase,63 see
above) inhibit the trypanosomatid enzyme by binding at this
regulatory site as evidenced by kinetic studies.The formation
of a quaternary complex involving the two substrates, the
inhibitor and the enzyme has been shown kinetically; the
inhibition constant of the best inhibitor presently available is
approximately 75µM. Modelling of such fructose 6-phos-
phate analogues in the crystal structure of the L. mexicana
enzyme (Fig. 5) suggested that reactive residues in the effec-
tor-binding pocket, such as Lys453, specific for trypanoso-
matid pyruvate kinase and Arg456,are properly positioned to
be exploited for the development of irreversible, selective
inhibitors.

Glycerol-3-phosphate dehydrogenase 
Glycerol-3-phosphate dehydrogenase catalyses the intercon-
version of dihydroxyacetone phosphate and L-glycerol 3-
phosphate.A crystal structure has been determined, but only
for the L. mexicana enzyme in the absence and in the pres-
ence of the cofactor NAD+.49 The enzyme is a homodimer,
and each monomer is composed of two domains: an N-
terminal NAD+-binding domain with the classical Rossmann
nucleotide-binding fold, and a C-terminal substrate-binding
domain. Remarkably, the substrate-binding domain shares
structural similarity with plant acetohydroxyacid isomerore-
ductase.The crystal structure also revealed the presence of
unexpected long and slender electron density buried in the
C-terminal domain.The shape of this density together with
its position adjacent to a Cys residue might be indicative of a
post-translational modification, possibly with a fatty acid.
This intriguing feature that might also be associated with
biological function, perhaps membrane association, is under
further investigation.

The human enzyme shares only 30% sequence identity
with the L. mexicana enzyme. For the T. brucei enzyme,
which has 63% identity with the Leishmania enzyme, the
number is even lower, about 28%.96 It bodes well for selective
inhibitor design that the adenosine portion of the NAD+-
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binding site exhibits a 12-residue insertion in the human
enzyme, which probably means that the parasite enzyme can
accommodate larger ligands in that area than the human one.

Glycerol kinase 
Glycerol kinase usually catalyses the ATP-dependent phos-
phorylation of glycerol.The reverse reaction would only be
thermodynamically feasible at high ADP/ATP and glycerol 3-
phosphate/glycerol ratios.Such conditions would be difficult
to attain in the entire cell, but can occur in a separate small
compartment such as the glycosome.4,32 It is assumed that in
the trypanosome glycerol kinase fulfils both roles: phospho-
rylation of glycerol as an alternative carbon source when
sugars are limited, and production of ATP and glycerol under
anaerobic conditions for the reasons explained above. In the
human host, the enzyme is only involved in glycerol phos-
phorylation.

The amino-acid sequences of human and T. brucei
glycerol kinase are 50% identical.97 Inspection of these
sequences and the available 3-D structure of E. coli glycerol
kinase98 showed that the structure is well conserved. This
analysis, and site-directed mutagenesis studies, suggest that a
specific Ser-Ala substitution close to the active site, and spe-
cific for all trypanosomatids which can produce glycerol,

may be responsible for the 10-fold reduced affinity of the
parasite enzyme for glycerol and glycerol 3-phosphate com-
pared to the enzyme from other sources. Whether these or
other specific features are amenable for the development of
selective inhibitors remain to be determined. It is unlikely
that this enzyme, under most physiological conditions, plays
an essential role in the trypanosome’s metabolism,and is sub
optimal as a drug target. But it may be an important target
when inhibited in conjunction with other enzymes, most
notably glycerol-3-phosphate oxidase.

Glycerol-3-phosphate oxidase 
The T.brucei glycerol-3-phosphate oxidase in the inner mito-
chondrial membrane is a complex comprising a FAD-linked
glycerol-3-phosphate dehydrogenase, a ubiquinone pool 
and a SHAM-sensitive ubiquinol:oxygen oxidoreductase, also
known as the trypanosome alternative oxidase (TAO).4 No
sequence or structural information is as yet available for the
mitochondrial glycerol-3-phosphate dehydrogenase of the
trypanosome.The TAO activity resides in a single protein of
39 kDa,of which the gene has been characterised.99 It is phy-
logenetically related to the alternative oxidase of plants,
fungi and yeasts,24 but no homologues exist in animals.The
absence of a related protein in humans, and the recent 
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Fig. 5 Fructose 6-phosphate analogue modelled in the effector-binding site of L. mexicana pyruvate kinase. Specificity for the
binding of the ligand to the parasite enzyme is provided by the carboxylic group borne by the aromatic ring, which is in close
contact with the parasite-specific residues Lys453 and His480.The modelling and figure courtesy of Dr D. J. Rigden.



finding that the TAO is essential for the survival of cultured
bloodstream-form trypanosomes should stimulate efforts to
develop specific inhibitors with higher affinity than the cur-
rently available SHAM.The recently described TAO inhibitor
ascofuranone may be a promising candidate.21

Transporters 
Trypanosomatid glycolysis might also be blocked by inhibi-
tion any of the membrane transport steps involved: the trans-
porter mediated uptake of glucose or efflux of pyruvate
through the plasma membrane, or any of the metabolite
fluxes through the glycosomal membrane. However to date,
no glycosomal membrane transporters for glycolytic inter-
mediates have been identified; their existence has been
inferred from the various data suggesting that the glycosomal
membrane is a permeability barrier.13,14,33,100 Targeting of the
transporters present in the plasma membrane may have the
advantage that they are readily accessible for externally
added substances.

The glucose transporters of trypanosomatids have been
well-characterized.101 T. brucei contains a multigenic family
of glucose transporters,consisting of two isoforms:THT1 and
THT2 (for Trypanosome Hexose Transporter). The trans-
porters all belong to the glucose transporter superfamily
exemplified by the mammalian erythrocyte transporter
GLUT1. THT1 is a facilitated diffusion transporter with a 
relatively low affinity (K

m
≈ 1 mM) for glucose. It is only

expressed in bloodstream-form T. brucei.THT2 is a relatively
high-affinity (K

m
≈ 0.05 mM) transporter specific for the

insect-stage parasites. Similar transporters have been found
in other trypanosomatids. The members of the T. brucei
THT1 multigene family are 99% identical,and display 30–85%
identity with the various THT isoforms of other trypanoso-
matids. The identity with the human GLUT1 transporter is
19%. No crystal structure information is available for any of
these transporters, but the secondary structure prediction
indicates a conserved topology with 12 transmembrane
domains.With regard to substrate specificity,THT1 of T. bru-
cei and other trypanosomatids shows some important differ-
ences when compared with human GLUT1. The parasite
transporter is 1000-fold less sensitive to cytochalasin B, and,
unlike GLUT1 can transport D-fructose and D-galactose with
a relative low affinity. In contrast to the GLUT1, T. brucei
THT1 does not recognize analogues of glucose with substitu-
tions at its C4 position.These differences are being exploited
for the design of selective inhibitors, but so far no such
inhibitors with high affinity for the trypanosome transporter
have been obtained.

The pyruvate produced by the bloodstream-form of T.
brucei is excreted into host bloodstream by a facilitated dif-
fusion carrier in symport with a proton.18, 102 This pyruvate-
proton symport is necessary for the regulation of the
intracellular pH. Inhibition of the transporter resulted in
accumulation of pyruvate within the trypanosomes and acidi-
fication of the cytosol, and death by osmotic destabilization
of the cells.18 Based on the sensitivity for inhibitors, it was
concluded that the trypanosome transporter may be related
to the host monocarboxylate carriers.However, some quanti-
tative differences exist in sensitivity towards inhibitors and
specificity for pyruvate analogues and metabolically related

substances.18, 102 Importantly, the T. brucei transporter does
not transport L-lactate.The gene of the transporter remains
to be identified, and no information whatsoever is available
about the structure of the protein. Corresponding proteins
are not considered as drug targets for T. cruzi and
Leishmania, because no significant quantities of pyruvate
are produced as metabolic end-product in these latter 
parasites.7

Glycosomes 
Glycosomes are peroxisome-like organelles into which the
matrix proteins are imported by the activity of a variety of
proteins called peroxins.103 The translocation of the matrix
proteins across the peroxisomal membrane is a complicated
cascade process in which different peroxins undergo
reversible interactions with each other. Inhibitors interfering
with these interactions are expected to prevent the synthesis
of functional glycosomes and thus kill the parasites. The
design of selective inhibitors seems feasible because of the
very low level of conservation of peroxins.For the five T.bru-
cei peroxins characterised to date identities with human
counterparts of only maximally 32% have been found.104,105

Two cytosolic peroxins, Pex5 and Pex7 recognize a specific
sequence in the matrix protein to be imported into the
organelle.This sequence is called PTS (Peroxisome-Targeting
Signal).There are two well-defined signals: PTS1, the C-termi-
nal tripeptide, and PTS2, a nonapeptide close to the N-termi-
nus, recognized by Pex5 and Pex7, respectively.103 Although
the amino-acid motifs of the targeting signals are rather well
conserved, the PTSs may offer great opportunities for the
design of trypanocidal compounds when they are considered
in the structural context. For example, in the tetrameric T.
brucei and L. mexicana aldolases, the N-termini, each with a
PTS2 sequence, from two different subunits form two closely
intertwined structures.40 Any inhibitor binding to this specific
structure would interfere with the PTS2-Pex7 interaction and
thus prevent aldolase from entering glycosomes. Human
aldolase is a cytosolic protein and does not contain a PTS2
sequence. Selectivity, to prevent inhibition of the import into
peroxisomes of any host PTS2-bearing proteins could be
introduced by the design of compounds that also recognise
trypanosomatid-specific aldolase features on the surface
neighbouring the PTS2 dimer (Fig. 6). Indeed, the groove
flanking the PTS dimer contains a number of unique residues
that could be exploited. A similar approach may be consid-
ered for each of the other glycolytic enzymes present in the
glycosome.

CONCLUSIONS AND PERSPECTIVES 

Identification of selective inhibitors of enzymes involved in
trypanosomatid glycolysis which could be used as leads for
new drugs is a promising approach. Despite the fact that gly-
colysis is a relatively well conserved pathway, important
structural and/or mechanistic differences have been identi-
fied in most trypanosomatid enzymes compared to their
human equivalents. In a variety of cases these differences
have already allowed the design and synthesis of selective
inhibitors. Some of these inhibitors have been shown to
block glycolysis in the parasites, and to retard their growth in
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culture without any effect on the growth of cultured mam-
malian cells.Future research will further optimize the affinity
and selectivity of these inhibitors, to make them suitable for
assays of in vivo activity, toxicity and pharmacokinetics. In
addition, prodrugs of such inhibitors are being developed in
which charged groups are masked to facilitate crossing of
the plasma membrane. Deprotection of these prodrugs
should occur by esterases abundantly present in the para-
site’s cytosol. For other enzymes, of which the analysis
started more recently, lead inhibitors have still to be
designed or to be selected from combinatorial libraries.
Some very promising targets fall in this latter category: phos-
phofructokinase and particularly phosphoglycerate mutase.

For those cases analysed, the conservation of enzymes
among the Trypanosomatidae seems sufficiently high to
expect that selective inhibitors developed for one parasitic
species will also often be active on the corresponding
enzyme of a different species. Indeed, for the group of best
inhibitors developed against glyceraldehyde-3-phosphate
dehydrogenase and aldolase cross reactivity occurs.

The inhibitors discussed in this paper were all designed
as compounds binding at, or near the active site of an
enzyme, thus interfering with substrate binding or catalytic
mechanism. Other strategies to interfere with trypanoso-
matid glycolysis seem feasible as well, and are also pursued.
Most enzymes of the glycolytic pathway of the parasites are
sequestered inside glycosomes. Both experimental data and
computer simulation of trypanosomatid metabolism have
provided strong support for the notion that the presence of
intact glycosomes and proper compartmentation of the

enzymes within these organelles is essential for glycolysis 
in the parasites and their survival.12–14,100 Therefore, any
inhibitors that interfere indirectly with glycolysis by prevent-
ing the import of the enzymes into the organelle may also be
suitable as leads for anti-trypanosome drugs.

In summary, the importance of glycolysis for Trypanoso-
matidae, the peculiar organization of the pathway in these
parasites, and the occurrence of unique features in the struc-
ture and/or mechanism of many of the enzymes involved in
this metabolic process offer plenty of opportunities for the
design of new anti-trypanosome drugs. Considerable pro-
gress has already been made in the long route toward the
development of such drugs.

Acknowledgements 

The research on anti-trypanosomatid drug design in the lab-
oratories of the various authors is financially supported
through grants from the European Commission (STD and
INCO-DC programmes) and the National Institutes of Health,
USA (grant A144199). We are grateful to Dr D. J. Rigden,
Bioinformatics Laboratory, Universidade Catolica de Brasilia,
Brazil for preparing Figure 5.

Verlinde et al.

12 Drug Resistance Updates (2001) 4, 1–14  2001 Harcourt Publishers Ltd

Fig. 6 Molecular surface of the T. brucei aldolase PTS2 dimer. 40 PTS2 residues have been coloured by element type (carbon =
green, nitrogen = blue, oxygen = red) while the neighbouring residues are in grey. Residues originating from the second PTS2 are
labelled prime. Notice the deep grooves on both sides of the dimer that might be targets for drug design. Such drugs would
prevent interaction with PEX7, either directly by steric occlusion, or by allosteric inhibition in case a PTS2 conformation different
from the dimer needs to be recognised.
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