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PREFACE

If viewed globally, the parasitic diseases pose an increasing threat to human
health and welfare. The diseases caused by kinetoplastid protozoan parasites like
Leishmania and Trypanosoma continue to a cause suffering for many millions of
people in both tropical and subtropical regions of the world. Leishmania species are
found throughout Latin America, Africa and Asia. Tiypanosoma cruzi that cause
Chagas’ disease is endemic in Latin America, while members of Trypanosoma brucei
group are found in sub-Saharan Africa. Although the past two decades has wit-
nessed commendable research efforts and technical advances in our understanding
of the biochemistry and molecular and cell biology of these pathogens, the dreaded
protozoal diseases caused by these organisms continue to threaten mankind. Thera-
peutic tools for the treatment of most parasitic diseases are extremely limited. The
development of parasites resistant to many of the available drugs is also respon-
sible for the depressing picture of disease persistence and death. Development of
commercially available vaccines is still far from reality, though research and
trial programs continue. The advent of genomics has increased this opportunity,
and perhaps data derived from genome projects will hasten the development of ef-
fective, inexpensive, easy to administer vaccines against these parasites.

Kinetoplastid protozoan parasites have special features. They are characterized
by the presence of a massive intercatenated network structure of DNA called the kine-
toplast DNA, or kDNA, harbored within the single mitochondrion or the kinetoplast
of these organisms. This kDNA is unique as none of the host organisms of these
parasites contains DNA that resembles this DNA. Therefore, it can be an excellent
target for developing therapeutic agents. This inhibition should result in selective
killing of the parasite as the kinetoplast gene products are required at all stages of
the life cycle of Leishmania and Trypanosoma cruzi.

Current biomedical research always has its focus in the search for newer
intervention strategies to control the public health impact of parasitic diseases.
The dramatic advances in molecular biology and genomics and proteomics have
provided opportunities for discovering and evaluating molecular targets for
drug design which now form a rational basis for the development of improved
antiparasitic therapy.

When I was invited by Ron Landes of Landes Bioscience to edit a book on drug
targets in kinetoplastid parasites, [ accepted the offer as I felt that it is the right time
to address this important subject. The book contains 12 chapters contributed by
eminent scientists working in this field. The articles deal mainly with two aspects:

visual identification of targets and identification of therapeutic agents.
vil



Several targets like KDNA replication machinery, purine salvage pathway,
purine and pyrimidine biosynthetic pathway, histone deacetylase, DNA
topoisomerases, membrane transporter proteins, glycoproteins and glycolipids are
discussed in this book.

Since current treatments for kinetoplastid parasitic diseases are far from ideal,
there is an urgent and genuine need to develop newer compounds as antiparasitic
drug candidates. Therefore development of some lead compounds against these
parasites as well as drug resistance are also included in this book. Moreover the
vast amount of information generated after publication of the “Trytrip” genome
sequence now makes possible several new approaches for target identification
and discovery of therapeutic agents.

This book is an outcome of the contributions of many scientists working in
this important area. I am thankful to all of them. Finally, this book was made
possible only because of continuous help from my Ph.D. student Mr. Agneyo
Ganguly and the secretarial assistance from Mrs. Moumita Majumder.

Hemanta K. Majumder, Ph.D.
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CHAPTER 1

Arsenite Resistance in Leishmania
and Possible Drug Targets

Gaganmeet Singh, K.G. Jayanarayan and Chinmoy S. Dey*

Abstract

arasitic infections are of enormous public health importance. Leishmaniasis is currently
P regarded as the second-most dreaded parasitic disease after malaria (WHO). Visceral

leishmaniasis or kala-azar, caused by Leishmania donovani, is the most fatal form of
leishmaniasis afflicting millions of people worldwide. No vaccination is available against leish-
maniasis and fast spreading drug resistance in these parasitic organisms is posing a major medi-
cal threat. All these emphasize the need for new drugs and molecular targets along with reap-
praisal of existing therapeutics. Identification and characterization of cellular targets and
answering the problem of drug resistance in Leishmania has always been the main thrust of
protozoal research worldwide. Model drug resistance phenotypes against drugs, viz. arsenite
{an antimony related metal ion, the first line of treatment against leishmaniasis), have been
widely used to address and understand mechanism of drug resistance. The present discussion is
an attempt to understand the different factors associated with arsenite resistance in Leishmania.

Introduction

Leishmaniasis is a group of diseases caused by kinetoplastid protozoan parasite Leishmania
sp. The causative organism of leishmaniasis are endemic in many parts of world and lead to
three major clinical manifestation in human ranging from self-curing cutaneous lesions,
noncuring disseminated mucocutaneous to life threatening visceral leishmaniasis. World Health
Organization has shown concerns over the enormity of leishmaniasis that has been underrated
for long chiefly due to nonreporting of cases in remote areas and the social stigma associated
with the deformities." Impact of the leishmaniasis on public health can be judged from the
expansion of endemic regions in last one decade, 12 million affected cases spread across 88
countries, 2 million new cases every year and annual mortality rate of more than 60,000 major-
ity of which are children.! Reports of coinfection of leishmaniasis with HIV in
immuno-compromised host in more than 33 countries and its crossing the barrier of endemic
regions has further aggravated the problem.?

Control of leishmaniasis continues to be elusive due to the absence of effective vaccines and
efficient vector control measures; as a consequence chemotherapy remains the main weapon to
combat the disease. Conversely, the lack of range of effective and nontoxic drugs; variation in
efficacy as result of intrinsic variation in drug sensitivity; and the emergence of drug resistance
limits the arsenal of antileishmanial drugs.? It is the developing regions of the world, which are

*Corresponding Author: Chinmoy S. Dey—Department of Biotechnology, National Institute of
Pharmaceutical Education and Research (NIPER), Sec. 67, S.A.S. Nagar, Punjab-160 062, India.
Email: csdey@niper.ac.in
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©2008 Landes Bioscience and Springer Science+Business Media.




2 Drug Targets in Kinetoplastid Parasites

predominantly facing the wrath of drug resistance due to unavailable, expensive, newer chemo-
therapeutic agents. Steadily progressing chemoresistance to pentavalent antimonials (first line
chemotherapy and arsenite related metal ion)® and 3-5 fold difference in resistance observed
between different Leishmania species against other alternative drugs like paramomycin, azoles
and miltefosine? urge to develop better drugs and identify new drug targets. Thus, unraveling
the molecular mechanisms rendering the parasite chemoresistant is imé)ortant to the discovery
of new cellular targets and increasing our arsenal against this parasite. 6

Arsenite Resistance in Leishmania

Long clinical use of arsenicals and related antimony containing drugs in parasitic chemo-
therapy has resulted in undefined mechanism of resistance to these drugs in protozoans. Resis-
tance to clinical drugs, the major impediment in the treatment of protozoal infection, has
always counted on the ease to develop drug resistant in vitro cell lines that has been instrumen-
tal in understanding the mechanism of drug resistance.>® There have been number of reports
for generation of an in vitro sodium arsenite (oxyanion) resistant cell lines in different Leishma-
nia sp. to understand basic molecular mechanisms of drug resistance.” !

Drug resistance phenotype can result due to any of the following possibilities: (i) decrease in
drug uptake; (ii) efflux of drug from parasite; (iii) loss of drug activatio; and (iv) alteration of
drug targets. Reports available till date suggests that the resistance to the oxyanion, arsenite, in
the parasite Leishmania is multifactorial and involves events like xenobiotic conjugation and
traffic, cytoskleleton phosphorylation, altered expression of different genes and enzyme sys-
tems. The following paragraphs detail the current concepts and advancements in this field.

DNA amplification has evolved as a very common means adopted by these parasites against
drug ressure.'21> Arsenic was found to be potent inducers of gene amplification in Leishma-
nia.”*31% In most of the cases the gene amplified in response to drug is present as an extrachro-
mosomal circular DNA molecule and code for enzyme or transporter system involved in detoxi-
fication process of drug.”*>17"!? As found previously in methotrexate' or tunicamycin'®
resistant strains, duplicated parts of chromosomal region exist as extrachromosomal circular
H-circle in arsenite drug variants of Leishmania.” Direct involvement of 69kb H-circle was
observed in resistance to arsenite as variants that revert to wild type after differentiation lack
this extra DNA element. Two loci were found to be present in multiple copies in drug resistant
variants. One is the H-locus, which harbors a P-glycoprotein related gene, ltpgpA, the first
MDR homologue reported in L. tarentolae* Second locus is a 50kb linear amplicon of un-
known function.'” lcpgpA and its homologue ImpgpA (reported from L. major)*" was reported
to confer resistance to both trivalent arsenite As(III) and trivalent antimony Sb(III). Earlier
P-glycoprotein related gene products of ltpgpA and ImpgpA were thought to be main players
in mechanism for arsenite resistance. But it was later found that these amplicons could be
attributed to low level of resistance to arsenite and antimonite and raise the possibility of the
involvement of other mechanisms.”

Arsenite resistant L. zarentolae has been reported to accumulate less arsenite than parental
wild type cell line”® even when rate of arsenite accumulation was observed to be same in plasma
membrane-enriched vesicle prepared from two strains.2® This suggested the involvement of
some other drug resistance mechanism(s) being operative. Radioactive labelingz3 and atomic
absorption spectroscopic® studies strongly suggested the involvement of an active drug extru-
sion system in arsenite resistance. Further the gene disruption studies of ltpgpA in L. tarentolae
wild type and arsenite resistant strains showed that PgpA is not essential for resistance to
oxyanions, although it might be required in the early steps of selection when resistance is being
established.?® Eventually an ATP-coupled pump was identified to be involved in extrusion of
metal-thiolates, i.e., thiolate derivatives of As(IIT).%” Low rate of transport was observed for free
arsenite, but rapid accumulation was observed after reaction with reduced glutathione (GSH),
conditions that favor the formation of As(GS)3. These reports suggest a novel mechanism in
which pentavalent arsenite and antimony containing compounds are reduced to trivalent
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species intracellularly, and then these trivalent metal containing compounds conjugate to
trypanothione, and are extruded by the As-thiol pump.?® The rate limiting step in this unique
drug extrusion and ultimately drug resistance mechanism was proposed to be the substrate
formation i.e., metal-thiol conjugate formation instead of quantity of transporter present on
the membrane. Bur arsenite resistant L. donovans has been reported for low level of cross-resistance
to structurally unrelated drugs raising the possibility of active export of drug from parasite.’
Using the human reactive antibody it has been shown to over-express a putative P-glycoprotein®
with associated enhanced membrane P-type ATPase activity.!' The above P-glycoprotein was
shown to be down regulated by verapamil along with consequent reduction in membrane
associated AT Pase activity.!! A recent report has implicated the tryparedoxin peroxidases to be
one of the players in arsenite resistance mechanism.>® It is suggested that the distinct
overexpression of cytoplasmic and mitochondrial (cTXNPx and mTXNPx, respectively) genes
in arsenite-resistant variants with and without DNA amplification is linked to arsenite selec-
tion process.

Potential Drug Targets

Understanding the evolution of resistance by identifying and validating the target mol-
ecules involved in resistance can guide in developing strategies to prevent ineffective and often
toxic chemotherapy. One very common phenomenon, as already mentioned, observed during
the drug resistance is the alteration of drug targets. Our group has been involved in character-
izing the microtubules and topoisomerases, which have emerged as the potential molecular
targets for many antileishmanial agents directed against arsenite resistant Leishmania.

Tubulins

Microtubules are cytoskeletal polymers consisting of repeating a/p-tubulin heterodimers
and a variety of minor components known as microtubule-associated Iproteins which are im-
portant for the regulation and distribution of microtubules in the cell.*" Microtubules play the
key role in many vital cellular activities such as mitosis, intracellular vesicle transport, organiza-
tion and positioning of membranous organelles, and determination of cell shape and motility.

In kinetoplastida, including the parasite Leishmania, microtubules are classified in three
classes of the flagellar, mitotic and subpellicular microtubules, which are involved in loco-
motion, cell division and cell shape, respectively. In Leishmania, the microtubules have si§-
nificant differences in their primary amino acid sequence and polymerization properties,**
which provides parasite specific target for selective chemotherapy.”®4 The abundant distri-
bution of cytoskeleton in Leishmania, the teported affinity of arsenite to microtubules in
vitro and high toxicity of arsenite to different Leishmania species in its trivalent state,?”
presents the tubulin as one of the ideal targets for arsenite insult. a-tubulin has been success-
fully correlated in arsenite resistance phenomenon in L. donovani.®® Alteration in posttrans-
lational status of both a- and B-tubulin was also observed in arsenite resistant variants of
L. donovani with hyper-phosphorylation on serine and threonine residues.? Significant dif-
ferences in the profile of B- and y-tubulin levels have been reported in resistant variants
during various stages of differentiation from promastigotes to amastigotes.” Further, changes
in the expression of a- and B-tubulin, altered dynamics of microtubule formation and de-
regulation of the cellular distribution of a- and B-tubulin have been reported to be a part of
the response of L. donovani promastigotes to arsenite.”®

Antimicrotubule agents represent a unique class of compounds in so far as their target does
not involve nucleic acid synthesis or integrity. Antimicrotubule agents basically exploit the
‘dynamic character’ the most prominent features of all microtubules (except stable microtu-
bules of cilia and flagella) i.., the rapid exchange of subunits between polymers and a soluble
tubulin pool.># This dynamic instability is described by four parameters: the rates of ‘poly-
merization’ and ‘depolymerization’, and the frequencies of ‘catastrophe’ (the transition from
polymerization to depolymerization) and ‘rescue’ (the transition from depolymerization to
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polymerization).*! The ability of some compounds to act selectively on one of these parameters
decides their usefulness. Selectivity of antimicrotubule agents for nonhuman cells, such as Leish-
mania, has been shown to be due to differences in the binding ability of these compounds to
human vs. nonhuman tubulins and the evolution of variations in the primary structure and the
emergence of various isotypes of tubulin.®

Paclitaxel, a potent inhibitor of cell replication that enhances the polymerization of tubulin
into stable bundles of microtubules,*” has been observed to be two fold more effective in arsen-
ite resistant L. donovani.”® Paclitaxel has been reported in altering expression of different tubu-
lin isoforms in arsenite resistant L. donovani.>>” With the increase in interest in tubulin as a
target site, tubulin inhibiting compounds such as benzimidazoles and the dinitroanilines are
being examined for their antiprotozoal effects.”’ The antiparasitic effect of dinitroanilines is
thought to originate with the sequence of the gene(s) coding for a tubulin subunit.*?
Anti-leishmantial activity and efficacy of trifluralin, a tubulin-depolymerizing agent, have been
established against the arsenite resistant strain of L. donovani.* Studies have shown that both
paclitaxel and trifluralin are effective in limiting parasite growth. Specific alterations in mor-
phology, tubulin polymerization dynamics, post-translational modifications and cellular distri-
bution of the tubulins have been confirmed to be a part of the intracellular anti-microtubule
events that occur in arsenite resistant L. donovani in response to these agents, ultimately lead-
ing to apoptosis like death of the parasite.*

Possibility of using a combination of paclitaxel and trifluralin at half of ICso concentrations
of each to inhibit both wild type and arsenite resistant L. donovani has also been explored.
Results obtained have strengthened the hypothesis that the combination of a drug that specifi-
cally binds to parasite tubulin, such as trifluralin with paclitaxel results in the exploitation of
the hypersensitivity of the resistant strain to paclitaxel along with the species specificity of
wrifluralin.4 The combination of trifluralin and paclitaxel at respective half of ICsy concentra-
tions in wild type and resistant strain showed an additive effect inhibiting ~55% of parasite
growth. By combining trifluralin with paclitaxel, which has considerable toxicity towards mam-
malian cells,® the concentration of paclitaxel required to inhibit (by 50%) the resistant strain
could be reduced. Further investigations in vivo are necessary to determine the dependence of
these effects on simultaneous or sequential drug addition, dose or duration of treatment.

In the recent years a lot of impetus has been on establishing and exploring the protozoan
parasitic programmed cell death (PCD) pathway not only to find out new molecular targets
but also to understand the evolution of this phenomenon in these primitive unicellular organ-
isms. The cascade of events taking place in wild type and oxyanion variant L. donovani
promastigotes upon treatment with antimicrotubule drugs has been reported. Drugs targeting
tubulins like sodium arsenite and paclitaxel have been shown to induce PCD in wild type and
arsenite resistant strain at their respective ICs0.38#3 Unique features like, PARP-dependent
apoptosis in wild type against PARP-independent apoptosis in arsenite variant, was observed.
PARP cleavage was not observed on paclitaxel treatment.” But in all the cases the regular
features of metazoan apoptosis like, circularization of cells, DNA fragmentation with TUNEL
positive cells was observed. Trifluralin, another anti-microtubule drug did not induce PCD in
L. donovani. But at the same time the combination of paclitaxel and trifluralin was able to
induce PCD in L. donovani promastigotes.

Development of chemotherapeutic strategies based on above antimicrotubule agents against
drug resistant Leishmania parasites merits further investigations both in vivo and on the
amastigote forms of the parasite since variations in the basal levels of tubulins between the
promastigotes and amastigotes has already been reported.?>? Havens et al®® have reported
many-fold increased susceptibility of amastigotes to taxol as compared to promastigotes of
Leishmania. Further extension of these investigations to determine the effects of the
antimicrotubule agents on strains resistant to other clinically used drugs may provide useful
information.
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Topoisomerases

DNA topoisomerases are the enzymes that remove torsional stress in DNA by introducing
transient protein-bridged DNA breaks on one (type I) or both DNA strands (type m.7 By
regulating DNA topology during replication, transcription, recombination, repair of DNA
and also for chromosome (de)condensation and sister chromatid segregation, they play an
essential role in the maintenance of genetic material integrity.*’ Topoisomerases has been iden-
tified as one of the major targets in cancer and bacterial chemotherapy.®®#’ Protozoan parasites
has unique requirement of topoisomerases, especially topoisomerase II owing to presence of
complex intercatenated network of thousands of minicircle and few dozens of maxicircle in
kinetoplastid’s mitochondria (kDNA).>® Apart form DNA amplification of chromosomal re-
gions, alteration in the nucleic acids of mitochondrial DNA i.e., kinetoplast DNA has been
reported in Leishmania on arsenite pressure.’'>> Arsenite has been reported to induce changes
in sequence of maxicircle DNA,”! dominance and selection of particular class of minicircle®
and changes in structural organization of kinetoplast in L. mexicana.”® Though the physiologi-
cal consequence of these alterations is still not clear but possibility of topoisomerase II to be
victim of arsenite insult cannot be ruled out, as it is involved in maintaining the integrity of
nucleic acid material. Drug specific up- or down-regulation of topoisomerase II is an estab-
lished fact in mammalian cells. Changes in expression of topoisomerase II have been associated
with appearance of antitumor drug resistance.” Topoisomerase II has been reported to be
over-expressed and observed to show increase in activity in arsenite resistant L. donovani.”>*°
These raise the possibility of topoisomerase II being the part of multifactorial effect of arsenite.
More than 3-fold increase in topoisomerase II specific activity and nearly 2-fold increase in
topoisomerase II expression level were observed in crude nuclear extract of arsenite resistant
variants as compared to wild type.*®

Immense topological problems posed by kDNA presents potential site for topoisomerase
I activity. The essentiality of topoisomerases for maintaining genetic integrity and vitality for
cell survival lead them to be targeted by several clinically important antibacterial and antican-
cerous drugs like fluroquinolones, etoposide, camptothecins and novobiocin.*® Effect of novo-
biocin, a coumarin class of antibiotic and known catalytic inhibitor of DNA gyrase, has been
investigated on topoisomerase II of the arsenite resistant and parent cell line in L. donovani. It
has been shown that novobiocin differentially inhibit the topoisomerase II activity in two
strains.*® Significant differences have been observed between the responses of wild type and
resistant promastigotes to novobiocin treatment with arsenite resistant strain being cross-resistant
to novobiocin.>® Requirement of higher drug concentrations, to inhibit topoisomerase II activ-
ity and cell growth in arsenite resistant L. donovani variant, again advocate the presence of
unique or excess topoisomerase II activity in resistant phenotype. Higher inhibition observed
in arsenite resistant falls well in line with earlier reports from our group that showed arsenite
resistant strain to be cross-resistant to pentamidine.!! Studies on topoisomerase II targeted
drug interaction will aid in further development of chemotherapeutic strategies based on
anti-topoisomerase II agents against drug resistant Leishmania parasites. To the best of our
knowledge, for the first time the topoisomerase II has been implicated in arsenite resistance.
Drug targeting topoisomerase II like topoisomerase II inhibitor novobiocin have also been
observed to induce PCD in wild type and arsenite resistant L. donovani at different concentra-
tions.*® The metazoan features of apoptosis like externalization of phosphatidyl serine, release
of cytochrome C, activation of cellular proteases, DNA laddering and oligonucleosomal frag-
mentation was observed as a part of anti-topoisomerase Il agents induced apoptosis in L. donovans.

Conclusion

In conclusion, above studies provide valuable insights into multifactorial nature of oxyanion
(arsenite) resistance in Leishmania. Several metabolic pathways and membrane transporters are
implicated in the resistance phenotype. A recent report utilizing transcript profiling of arsenite
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and antimony resistant mutants with microarrays pinpointed altered expression of number of
genes in mutants. The genes include the ABC transporter PGPA, the glutathione biosynthesis
genes gamma-glutamylcysteine synthetase (GSH1) and the glutathione synthetase (GSH2)
which further strengthened the belief that drug resistance can be a complex phenomenon in
the protozoan parasite Leishmania.®® Apoptosis in protozoan parasites represent a philanthropic
device adopted by these parasites to furnish the best population to be transmitted to the next
host and unraveling the pathway in parasite presents us the potentiality of finding newer and
specific targets. The advent of proteomics has opened a new chapter in understanding not only
the parasitic biology but the actual holistic effect of drug resistance.®' Taken together, the above
findings provide valuable information in further development of chemotherapeutic strategies
based on overexpressing enzyme systems (glutathione/typanothione metabolism; topoisomerase
II) and antimicrotubule agents against drug resistant Leishmania parasites. The success of these
prospective antileishmanial agents on amastigotes form and in vivo await further investigations.
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CHAPTER 2

Unique Characteristics of the Kinetoplast
DNA Replication Machinery Provide
Potential Drug Targets in Trypanosomatids

Dotan Sela, Neta Milman, Irit Kapeller, Aviad Zick, Rachel Bezalel,
Nurit Yaffe and Joseph Shlomai*

Reevaluating the Kinetoplast as a Potential Target

for Anti-Trypanosomal Drugs

inetoplast DNA (kDNA) is a remarkable DNA structure found in the single
B mitohondrion of flagellated protozoa of the order Kinetoplastida. In various parasitic
pecies of the family Trypanosomatidae, it consists of 5,000-10,000 duplex DNA
minicircles (0.5-10 kb) and 25-50 maxicircles (20-40 kb), which are linked topologically into
a two dimensional DNA network. Maxicircles encode for typical mitochondrial proteins and
ribosomal RNA, whereas minicircles encode for guide RNA (gRNA) molecules that function
in the editing of maxicircles’ mRNA transcripts. The replication of kDNA includes the dupli-
cation of free detached minicircles and catenated maxicircles, and the generation of two prog-
eny kDNA networks. It is catalyzed by an enzymatic machinery, consisting of kDNA replica-
tion proteins that are located at defined sites flanking the kDNA disk in the mitochondrial

matrix {for recent reviews on kDNA see refs. 1-8).

The unusual structural features of kDNA and its mode of replication, make this system an
attractive target for anti-trypanosomal and anti-leishmanial drugs. However, in evaluating the
potential promise held in the development of drugs against mitochondrial targets in
trypanosomatids, one has to consider the observations that dyskinetoplastic (Dk) bloodstream
forms of trypanosomes survive and retain their infectivity, despite the substantial loss of their
mitochondrial genome (recently reviewed in ref. 9). Survival of Dk strains has led to the notion
that kDNA and mitochondrial functions are dispensable for certain stages of the life cycle of
trypanosomatids. This view has been challenged by Schnaufer et al,'® who demonstrated that
knock-down of RNA ligase in bloodstream forms of Trypanosoma brucei, was lethal to the
parasite. Furthermore, in a recent report!! they have demonstrated tha silencing the expres-
sion of the a-subunit of mitochondrial F1-ATP synthase complex, was lethal to bloodstream
stage Trypanasoma brucei, as well as to the dyskinetoplastic species Trypanaosoma evansi. Schnaufer
et al have suggested” that the lethality resulting from the loss of kDNA, or the lack of expres-
sion of its encoded genes, could be due to several possible reasons. One possibility is that
several kDNA genes may have an essential role in the bloodstream stage of the parasite. In
accord with this notion is the case of silencing the F;-ATP synthase, where the lethal effect has
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apparently resulted from the collapse of the mitochondrial membrane potential.!! As mito-
chondrial division and cytokinesis are highly coordinated, it is also possible that cell lethality
results from the requirement for kDNA in order to conduct a normal process of cell division,
which is mediated through specific checkpoints linking the cell cycle to kDNA segregation. >4
It is also possible that the lack of kDNA results in triggering of a series of events that lead to
programmed cell death.!>16

These observations, suggesting that mitochondrial functions are not dispensable in blood-
stream parasites, raise interest in mitochondrial targets for the development of drugs against
pathogenic trypanosomatids. The following chapter describes recent advances in the study of
kDNA replication, emphasizing the unique features of this system.

The kDNA Network and Its Monomeric Components

One of the most extensively studied kDNA networks is that of the species Crithidia fasciculata.
The kDNA network (approximately 10 by 15 wm in dimensions’’) is condensed in the mito-
chondrial matrix into a disk-like structure of about 1 by 0.35 um.'® Several histone-like pro-
teins are involved in the structural organization of the condensed network.'%?> The kinetoplast
was shown by biochemical and molecular studies to be physically attached to the basal
body. 3142627

The C. fasciculata KDNA netwotk consists of ~5,000 minicircles of 2.5 kb and ~25 maxicircles
of 37 kb. Minicircles in the network are relaxed and singly interlocked to each other®? form-
ing a two dimensional DNA network. Maxicircles form independent topological catenanes,
that are threaded into the minicircles network and are embedded in different patterns within
kDNA networks in the various trypanosomatid species, to form ‘network within a network’. !

Maxicircles, the trypanosomal equivalent of mitochondrial genomes in other eukaryotic
cells, are approximately identical in size within a given species, but vary in size (19-39 kb) in
different trypanosomatids.*>** They consist of a conserved coding region and a nontranscribed
variable region. Maxicircles genome encodes typical mitochondrial products, such as riboso-
mal RNA and protein subunits of the re36piratory chain,?* but not for mitochondrial tRNAs,
which are encoded by nuclear genes.>> Their transcripts undergo a remarkable process of
post-transcriptional editing that includes insertions and deletions of uridine residues, to create
functional ORFs (recently reviewed in refs. 7,8,37).

Whereas it has long been known that maxicircles’ genome contains typical mitochondrial
genes, the function of kDNA minicircles, the major constituent of the network, has remained
a puzzle for many years. Currently, their only known genetic function is to encode guide RNA
(gRNA) molecules that provide the specificity for RNA editing of maxicircles’ transcripts.?®
Studies, suggesting that kDNA minicircles may encode for other RNA and protein products in
various trypanosomatids, have also been reported.**? Minicircles within the network of a
given trypanosomatid species are virtually identical in size, but are heterogeneous in their nucle-
otide sequence, in an apparent correlation with the extent of RNA editing in the various
trypanosomatid species.>*3% Despite this substantial heterogeneity, they all contain conserved
regions of 100-200 bp, whose location and copy number vary in different species.*>2 These
regions contain a common sequence motif * that consists of three short conserved sequence
blocks (CSBs) that are present in the same order and spacing in all species studied. A 12-mer
sequence (CSB-3), known as the universal minicircle sequence (UMS), and a 10-mer sequence
(CSB-1), were proposed to contain the replication initiation sites for the minicircle light (L)
and heavy (H) strands, respectively.*®>” Minicircles in most trypanosomatid species contain an
additional common structural motif of a region forming a local bend in the DNA double
helix, %62 whose biological function is yet unknown.

Unique Characteristics of the kDNA Replication System
The unusual topology of the kDNA network and its unique mode of replication, division
and segregation, pose several major challenges to the trypanosomatid cell. These are addressed
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by a replication machinery that carries out a replication scheme with no precedent in any other
replication system studied. Some of the individual kDNA replication proteins, such as DNA
polymerases, ligases and topoisomerases are similar in function and structure, to various de-
grees, to the respective enzymes in other replication systems. Others, such as the proposed
minicircle origin binding protein UMSBP (see below), are unique in structure and function to
the kDNA replication machinery. However, the unique features of KDNA and of the process of
its replication, provide potential targets for the development of anti-trypanosomal and
anti-leishmanial drugs. The general outlines of the kDNA replication scheme and several unique
features of the kDNA replication machinery are discussed in the following paragraphs.

Unlike the replication of mammalian mitochondrial DNA that takes place throughout the
entire cell cycle (for review see refs. 63-66), replication of kDNA networks occurs during a
discrete S-phase of the cell cycle.” Kinetoplast S phase initiates immediately before that of the
nuclear S phase, but it is considerably shorter and the kinetoplast segregation is completed
before the onset of mitosis.5” 7% kDNA replication includes the duplication of minicircles and
maxicircles and the division of the replicated network into two progeny networks that subse-
quently segregate into the two daughter cells.

A model that provided the basic concepts for understanding the replication of kDNA net-
works’"7? had been proposed by Paul Englund almost three decades ago (reviewed in ref. 73)
and has since been updated and refined. According to this model, minicircles are not replicated
while attached to the network. Instead, covalently closed minicircles are released from the
network, prior to their replication, through the action of a type II DNA topoisomerase, and
replicate as free DNA circles.”® The resulting progeny minicircles, which are nicked and gapped,
reattach to the network, by the action of another DNA topoisomerase I1.7# Following topo-
logical remodeling of the network (see below) and the repair of gaps and nicks in the
newly-replicated minicircles, the network splits and subsequently segregates during cell divi-
sion into the two daughter cells.

kDNA replication proteins were localized to defined sites in the mitochondrial matrix,
flanking the kDNA disk. Several of these proteins are clustered at these sites during S-phase, in
correlation with the progress in the cell cycle and the process of kDNA replication.”>7® Fluo-
rescence microscopy studies have localized replication proteins to three distinct regions within
the mitochondrial matrix (Fig. 1): (i) at the kineto-flagellar zone (KFZ), which is located be-
tween the kDNA disk and the flagellar basal body; (ii) at two antipodal sites flanking the
kDNA disk; and (iii) throughout the entire network. It is speculated that proteins that are
clustered at overlapping location in the mitochondrial matrix are likely to interact with each
other during minicircles replication, to form functional complexes that catalyze related replica-
tive activities. KFZ has been proposed as the site where replication of free minicircles occurs
(Fig. 1). It contains (i) the universal minicircle sequence binding protein (UMSBP)76 (Fig. 2),
proposed to function as the origin binding protein;76’79'84 (ii) DNA primase, that can catal
the synthesis of RNA primers, is localized close at the two faces the kDNA disk;”®% (iii) DNA
polymerases Pol IB and Pol IC, shown by RNAI analysis to be requited for kDNA replica-
tion;% and (iv) the kinetoplast associated protein 1 (KAP1), a histone-like protein, which
surrounds the kDNA disk, overlapping with DNA primase.®> Historically, replication proteins
clusters were first detected at two sites flanking the kDNA disk (Fig. 1), 180° apart on its
circumference.”® The partial repair of newly-replicated minicircles, as well as their reattach-
ment to the network, occurs at these sites. These sites contain (i) DNA topoisomerase 1174 that
catalyzes the topological interconversions of free minicircle and catenane networks®” and has
recently been shown, by RNAi analysis, to be essential for the post-replication reattachment of
minicircles;®® (i) DNA polymerase B'® (Fig. 2A), whose catalytic properties, including its
dRP-lyase activity,%*? suggest a function in the gap-filling of newly replicated minicircles; (i)
a structure-specific endonuclease 1 (SSE1),”” whose proposed function in primer-excision is
supported by its catalytic properties,”>*® as well as by a recent RNAI analysis;** and (iv) the
recently discovered DNA ligase kB,”>*¢ whose involvement in the sealing of nicks in the
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Figure 1. Intramitochondrial tocation of kDNA replication proteins, and kDNA-replication
model. The scheme is based on studies of both Crithidia fasciculata and Trypanosoma brucei.
The kDNA disk, organized with minicircles stretched parallel to its axis, is surrounded by
replication proteins. Covalently closed minicircles are released from the network into the
KFZ, in which they initiate replication as 8 structures [this process probably involves UMSBP,
primase, DNA polymerases (Pols) 1B and IC, and other proteins]. The progeny free minicircles
then migrate to the antipodal sites at which the next stages of replication occur {primer
removal by SSE1, gap filling by DNA polymerase f and the sealing of most of the nicks by DNA
ligase kB). The minicircles (still containing at least one nick or gap) are then linked to the
network periphery by topoisomerase Il (Topo II). DNA polymerase B-PAK and DNA ligase ka
are probably involved in the repair of the remaining minicircle gaps when replication is
completed. The figure shows the filament system linking the kDNA to the flagellar basal body.
Reprinted from: Liu B et al. Fellowship of the rings: The replication of kinetoplast DNA. Trends
Parasitol 2005; 21(8):363-9; ©2005 with permission from Elsevier.*

newly-replicated minicircles was supported by its coimmunoprecipitation with the mitochon-
drial DNA polymerase B.% Finally, the proteins dispersed throughout the entire kDNA disk,
are enzymes involved in the final repair of gapped and nicked progeny minicircles (Fig. 1), and
histone-like proteins (KAPs) that are most probably involved in the condensation of the net-
work in the mitochondrial matrix. These include (i) DNA polymerase B-pak,97 which was
suggested to function during the late stage of gap-filling of the reattached minicircles;” {ii) the
recently discovered DNA ligase ka, whose essential role in the repair of reattached kDNA
minicircles was demonstrated recently by RNAi analysis;’® and (iii) The histone-like proteins
KAP2, KAP3 and KAP4.*

Another unique feature of the kDINA replication machinery is the mechanisms it utilizes to
overcome the major topological challenges in the course of the network replication. Forming a
giant topological catenane, which consists of several thousands DNA circles and yer remains
confined to a defined space within the mitochondrial matrix, kDNA has to go through dy-
namic changes in the network topology, termed “remodeling” of the network.” Prior to



kDNA Replication Machinery 13

replication, each minicircle in the network is interlocked to the average of three other minicircles,
yielding a valence of 3. At the end of S-phase, the replicated network contains twice the num-
ber of minicircles in the same surface area. As a result, the density of the network increases and
its valence is now 6. During G2 phase a remarkable process of topological remodeling of the
network occurs, in which the network size increases and its topological valence returns to its
prereplication value of 3. This process is followed by the completion of the final steps in the
gap-filling and sealing of the topologically linked newly-replicated minicircles.'”

The subsequent stage of scission of the covalently-sealed, double-size network, demon-
strates another remarkable aspect of the kDNA replication machinery. Based on the catenane
nature of the network it is presumed that a type II DNA topoisomerase is involved in this
process. Since division of the double-size network is almost symmetrical, yielding two daughter
networks of approximately the same size,>**1%! scission of the network has to be a highly
precise process. Performance of such a highly accurate scission has to be tightly controlled by a
mechanism that directs the action of the operating topoisomerase to unlink the correct pairs of
interlocked minicircles along the virtual line that divides the network into two equal daughter
networks. At present, neither the mechanism used for the scission, nor the mode of its regula-
tion is known.

Finally, the segregation of the divided network during cytokinesis is yet another unique
feature of the kDNA replication machinery. The molecular connections between the kineto-
plast and the basal body has been demonstrated by biochemical and molecular studies, as well
as electron microscopy.'*1%%1% It was found that segregation of the basal body drives the
separation of the replicated kDNA progeny network, through a microtubules-mediated pro-
cess, 1% resulting in their segregation into the two daughter cells. Segregation of the network
was found to be highly coordinated with the process of cytokinesis.!Z4

Replication of Free kDNA Minicircles and Catenated Maxicircles

Early studies have suggested that replication of the minicircle light (L) strand is continuous,
while that of its heavy (H) strand is discontinuous and proceeds through the synthesis of short
Okazaki fragments. The conserved sequences at CSB-3 (UMS) and CSB-1 were implicated in
minicircle replication initiation, as the functional replication origins for the synthesis of the L
and H strands, respectively. Replication of free minicircles initiates by the synthesis of an RNA
primer at the conserved UMS site on the H-strand template. The primer is elongated continu-
ously and unidirectionally by a replicative DNA polymerase, displacing the parental L-strand.
Subsequently, the discontinuous synthesis of the H-strand is initiated, at the CSB-1 region,
and proceeds unidirectionally, using the displaced parental L-strand as a template.”*>” The
mechanism used for priming the synthesis of the minicircle H-strand is yet unknown.

Advances over the past twenty years in the characterization of kDNA replication proteins,
their intramitochondrial localization and their role in kDNA replication, have shaped our
current view of the process of minicircle replication. According to the refined replication model
(Fig. 1), minicircle replication begins by the vectorial release of covalently sealed prereplicated
minicircles to the KFZ.'% This region, which accommodates UMSBP (Fig. 2) and DNA
primase, as well as the DNA polymerases Pol IB and Pol IC (Fig. 1), also contains minicircle
replication intermediates during S phase.'% It has been suggested that assembly of a minicircle
replication-initiation complex takes place at the KFZ, triggering the priming of the minicircle’s
leading (L) strand synthesis, and the assembly of the replication fork (reviewed in refs. 3,4). It
has been further speculated that synthesis of the minicircle leading and lagging strands, as well
as segregation of the daughter minicircles, occur in the KFZ, and that the progeny minicircles
migrate from the KFZ to the antipodal reattachment sites. Free minicircle replication interme-
diates have been detected at these two sites during S-phase (Fig. 2B).%'®78 The mechanism that
controls the migration of the newly replicated kDNA minicircles to the antipodal sites is yet
unknown. While at these sites, prior to their catenation onto the network by the type Il DNA
topoisomerase,”#® the newly replicated minicircles are partially repaired, by the excision of the
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Figure 2. The intra-mitochondrial localization of UMSBP, DNA polymerase g and centers of
minicircles replication intermediates (R1). Fluorescence microscopy, demonstrating the lo-
calization of replication proteins and minicircle replication intermediates (RI) in the mito-
chondrial matrix, surrounding the kDNA disk. A) Localization of DNA polymerase g (pol 8)
and UMSBP: An overlay presentation of DAPI staining (blue) of the kDNA disk, and
immunostaining of pol g (red), showing its localization at the two antipodal sites, and of
UMSBP (green), at the kineto-flagellar zone (KFZ). B) Antipodal localization of minicircle
replication intermediates (R1): An overlay presentation of DAPI staining (blue), Alexa-dUTP
fluorescence (red), and UMSBP (green). Minicircle replication intermediates (R1), which are
gapped, were selectively labeled in situ by incorporation Alexa-dUTP using terminal
deoxynucleotididy! transferase.”® Reproduced from: Abu-Elneel K et al. Intramitochondrial
localization of universal minicircle sequence-binding protein, a trypanosomatid protein that
binds kinetoplast minicircle replication origins. J Cell Biol 2001; 153(4): 725-34; by copy-
right permission of The Rockefeler University Press.”® A color version of this figure is avail-
able online at www.Eurekah.com.

remaining primers, filling of the gaps and sealing of nicks, through the action of SSE1,”-?
DNA polymerase B (Fig. 2A),'®% and ligase k.”**® Complete repair of discontinuities in the
newly replicated minicircles, a process that is carried out in other replication systems during
DNA synthesis, is delayed here until all minicircles have been duplicated and reattached to the
network. It has been suggested that the final repair of gaps and nicks in the minicircle, which
precedes the division of the network, involves the action of DNA polymerase p-PAK’” and
ligase ka.”® The reason for the delayed repair of newly replicated minicircles is yet unknown. It
has been proposed that the presence of one or more nicks and gaps in the reattached minicircles
may serve in a ‘book-keeping’ mechanism, marking replicated minicircles to insure the replica-
tion of each minicircle molecule only once per generation. %617

Much less is known about the replication of KDNA maxicircles, which occurs during S-phase,
concurrently with the replication of minicircles. Unlike minicircles, that replicate as free de-
tached DNA circles, maxicircles replicate while attached to the network. %1% Maxicircles
replication initiates from a replication origin, located in their noncoding (variable) region and
proceeds unidirectionally through theta (8) structure intermediates.'®® Involvement of RNA
polymerase in maxicircles replication was also reported.''

Regulation of kDNA Replication

Considerable progress has been made in recent years in our understanding of the enzymatic
machinery that catalyzes the assembly of kDNA networks in trypanosomatids. Nevertheless,
our understanding of the mechanisms that regulate kDNA replication in the cell remained
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poor. The following paragraphs outline several aspects of the control of kDNA replication,
including the activation of the replication origins, regulation of the origin binding protein
action, and the control of expression of kDNA replication proteins.

Kinetoplast DNA replicates in the trypanosomatid cell during a discrete S phase. The kine-
toplast S phase (Si) and kDNA segregation precedes the nuclear S phase (S,) and mitosis.>%
Kinetoplast segregation is presumably well-coordinated with mitosis.* However, studies on the
mechanism of cell cycle control'''"'"7 indicated an apparent uncoupling between the kineto-
plast and the nuclear cycle. As the kDNA network replicates at a discrete S-phase, the thousands
of origins present in its minicircles and maxicircles have to be regulated by a mechanism, which
allows the activation of these origins only during the S phase of the cell cycle. The licensing of
chromosomal origins in eukaryotes involves the action of MCM proteins (recently reviewed in
refs. 118,119). MCM proteins encoding genes are also present in the trypanosomatids genomes,
yet the mechanism that functions in the licensing of kDNA replication origins is unknown.

Regulation of chromosome replication in cells and their subcellular organelles is mediated
by interactions of origins of replication with their counterparts, the trans-acting proteins.'? In
kDNA minicircles, two short sequences were associated with the process of replication initia-
tion, a dodecameric sequence GGGGTTGGTGTA (CSB-3, UMS) and a hexameric sequence
ACGCCC (within the (CSB-1). Although the mode of activation of kDNA replication origins
is unknown, recent studies on the regulation of UMSBP activity through redox signaling (see
below), may shed light on the process of activation of minicircle replication initiation.

UMSBP binds specifically the two sequences conserved at the minicircle replication ori-
gins, the UMS dodecamer and a 14-mer sequence that contains the core hexamer. Based on its
binding to the conserved origin sequences, UMSBP was suggested to play a role during minicircle
replication initiation at the replication origin. However, its precise function has yet to be stud-
ied. The protein has been purified from C. fasciculata and its encoding gene and genomic locus
were cloned and analyzed.”*8!838412! The 116 amino acids protein contains five randemly
arranged CCHC-type zinc-finger motifs. Inmunofluorescence analyses demonstrated the dy-
namic nature of UMSBP localization within the kinetoplast, reaching its maximal level durin,
S-phase, in correlation with the progress in kDNA replication.”® Structure-function analyses®
revealed that UMSBP oligomerizes in solution, but binds the origin sequence only in its mo-
nomeric form. Furthermore, these analyses indicated that zinc fingers that are involved in the
binding of DNA differ from those mediating protein-protein interactions that lead to UMSBP
dimerization. Both UMSBP binding to DNA and its dimerization are sensitive to redox poten-
tial. Oxidation of UMSBP results in the protein dimerization, mediated by its N-terminal
domain, with a concomitant inhibition of its DNA binding activity. UMSBP reduction yields
monomers that are active in the binding of DNA, through the protein C-terminal region. C.

fasciculata tryparedoxins (GATXNI and I1'2%1%) were shown to activate in vitro the binding of

an oxidized UMSBP substrate to the DNA (Fig. 3). These results may imply that a cellular
redox signaling mechanism may control the binding of UMSBP to the minicircle replication
origin. Based on these observations, one may speculate that redox signaling may be involved in
the triggering of replication initiation at the minicircle replication origin.

Cycling of the level of expression of kDNA replication proteins with the progress in cell
cycle, may serve an important regulatory function during kDNA replication. Dan Ray and his
colleagues have observed that the mRNA levels of several nuclear and kDNA replication genes
in C. fasciculata cycle, as cells progress through the cell cycle,'?1?! reaching their maximal
levels at the beginning of S phase, and then decline sharply as DNA sgnthesis is completed.
They showed that cycling is controlled prior to mRNA maruration,'>® and that an octamer
sequence [(C/A)AUAGAA(G/A)), located at either the 5' or the 3' untranslated regions (UTRs)
of the mRNAs, was involved in the regulation mechanism. Two protein complexes, designated
CSBP I and CSBP I, bind specifically to this sequence.’® This phenomenon has been ob-
served also in Leishmania infansum'>® and Leishmania major'® and is presumably shared by
other trypanosomatid species.
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Figure 3. C. fasciculata tryparedoxins activate in vitro the binding of UMSBP to UMS DNA.
A reactions, which leads from NADPH, through the action trypanothione reductase (TR), to
the reduction of trypanothione disulfide (TS,) to trypanothione (T[SH];) and subsequently to
the reduction of tryparedoxin (TXN), was coupled in vitro to the binding reaction of UMSBP
to DNA. The binding of preoxidized UMSBP to an oligonucleotide, representing the
origin-associated universal minicircle sequence (UMS), was monitored. Generation of nucle-
oprotein complexes in the coupled reactions is demonstrated in the electrophoretic mobility
shiftanalyses (EMSA). The two C. fasciculatatryparedoxins (CfTXN land CATXN 11122125 were
used. The tryparedoxin reaction included either increasing concentrations of CfTXN I (lanes
c-g: 0.01, 0.02, 0.04, 0.06, and 0.1 uM) or CfTXN 1i (lanes j-n: 0.1, 0.25, 0.5, 0.75, T uM).
Binding reactions, using 0.6 ng UMSBP that was preoxidized by diamide, were conducted in
the presence of 12.5 fmol 32P-labelled UMS DNA. In lanes a and h: no UMSBP and tryparedoxin
added; lanes b and i: no tryparedoxin added. Reproduced from: Onn [ et al. Redox potential
regulates binding of universal minicircle sequence binding protein at the kinetoplast DNA
replication origin. Eukaryot Cell 2004; 3(2):277-87;82 ©2004 with permission of American
Society of Microbiology.

Concluding Remarks

The significant advances achieved in recent years in the understanding of the enzymatic
system that catalyzes the assembly of the kDNA network in trypanosomatids, was greatly en-
hanced by using the powerful combination of classical enzymology, coupled with molecular
genetics, genomic and proteomic strategies. Nevertheless, several of the basic questions, con-
cerning the structure, function, replication and segregation of kDNA remained unsolved. An
intriguing problem is the functional advantage that led to the evolution of this unusual topo-
logical catenane. Other interesting mechanisms are the systems that control the accurate scis-
sion of the replicated network, the regulation of minicircles’ segregation, the functional role of
the clusters of replication proteins surrounding the kDNA disk, and the mechanism that ‘li-
censes’ kDNA origins to fire and initiate a new round of replication during S phase. Many
other questions regarding the details of the replication scheme remained unansweted. Among
these are the identity of the topoisomerase II that functions in the prereplication release of
minicircles into the KFZ, the mechanism that directs the migration of newly replicated
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minicircles from the KFZ to the two antipodal attachment sites, the functional rationale for
the delayed repair of replicated minicircles, and the mechanism of replication of catenated
maxicircles. These and other basic questions on the replication of kDNA will continue to
intrigue investigators in this field in the coming years. However, the knowledge gained on the
replication mechanisms, proteins, and intermediates, as well as the recent data suggesting that
kDNA and mitochondrial functions are not dispensable in the parasites’ life cycle, opens new
possibilities for the selection of specific targets and the rational designing of drugs against
pathogenic trypanosomatids.
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CHAPTER 3

Drugs and Transporters
in Kinetoplastid Protozoa

Scott M. Landfear*

Abstract
inetoplastid protozoa express hundreds of membrane transport proteins that allow them
B to take up nutrients, establish ion gradients, efflux metabolites, translocate compounds
from one intracellular compartment to another, and take up or export drugs. The
combination of molecular cloning, genetic approaches, and the completed genome projects for
Trypanosoma brucei, Leishmania major, and Trypanosoma cruzi have allowed detailed fanctional
analysis of various transporters and predictions about the likely functions of others. Thus many
opportunities exist to define the biological and pharmacological properties of parasite trans-
porters whose genes were often difficult to identify in the pregenomic era. A subset of these
transporters that are essential for parasite viability could serve as targets for novel drug thera-
pies by identifying compounds that interfere with their uptake functions. Other permeases
provide routes for uptake of selectively cytotoxic compounds and can thus be useful for deliv-
ery of drugs. Drug resistance may develop in strains where such drug uptake transporters are
nonfunctional or in parasites that over-express other permeases that export a drug. A summary
of recent work on Leishmania transporters for glucose and for purines is provided as an ex-
ample of permeases that are being studied in molecular detail.

Introduction

“Transporters’, ‘cartiers’, or ‘permeases’ are polytopic membrane proteins that mediate the
translocation of various compounds across biological membranes. Although some molecules,
especially those that are small and relatively nonpolar such as oxygen, nitrogen, and carbon
dioxide, can pass through lipid bilayers by diffusion without mediation by proteins, most mol-
ecules of biological importance are too large and/or hydrophilic to diffuse across membranes at
rates sufficient to support the metabolic needs of cells. Consequently all cells express proteins
in various membranes that facilitate the passage of specific substances through the membrane
barrier. Most cells need to control the transport of a plethora of compounds across their plasma
membranes. Hence ion gradients are often created or modulated, organic and inorganic nutri-
ents must be taken up, products of metabolism sometimes must be exported, and potendally
toxic compounds that may have entered the cell can be excreted by specific permeases. Given
the large number of tasks that must be performed by transporters, it is perhaps not surprising
thar the number of proteins dedicated to transport by an organism is relatively large. Thus
approximately 5% of the proteins encoded by the genome of the yeast Saccharomyces cerevisiae
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(www.yeastgenome.org) and about 2-2. 5% of the proteins encoded by parasitic protozoa such
as Leishmania and Trypanosoma species' have been annotated as transporters.

Proteins that mediate transport are often classified into several classes depending upon their
mode of action. Consequently, ‘channels’ are specific potes that allow the flux of large numbers
of permeants during the open mode. Channels for ions such as potassium, sodium, calcium,
and chloride have been studied extensively,? especially in higher euka.ryotes In addition, chan-
nels can mediate the flux of uncharged substrates, such as the aquaporins and aquaglyceroporins®
that allow water and glycerol to pass through membranes at rates much higher than that of
nonmediated diffusion. Another class of transport proteins includes those referred to as ‘facili-
tative’ or equ1hbrat1ve transporters’. These permeases are thought to function in an ‘alternating
access’ mode? in which they shuttle between conformations that present permeant binding
sites alternately to the opposite sides of a membrane; their classification as facilitative or
equilibrative indicates that they do not concentrate their substrates but simply mediate flux
down a thermodynamic gradient. Members of a separate class of carriers are designated ‘active
transporters’. These proteins couple a source of energy to transport to allow the accumulation
of a substrate against a concentration gradient and often play critical roles in allowing cells to
attain higher concentrations of molecules inside than outside the plasma membrane, or vice
versa. Active transporters may be classified as primary, utilizing chemical energy directly, e.g.,
by enzymatic cleavage of a high energy compound such as AT or secondary, those that couple
the thermodynamically favorable downhill flux of one substrate such as sodium ions or protons
to the concentrative flux of another substrate such as glucose. Secondary active transporters
therefore use energy that has been stored in a concentration gradient that was typically estab-
lished by a primary active transporter.

Research on a large number of transporters and the completion of increasing numbers of
genome projects has led to the realization that many permeases from distinct organisms are
related and can be grouped into approximately 550 distinct families based upon sequence
similarity and related membrane topology profiles. Thus facilitative glucose transporters from
humans are related in sequence and almost certainly in structure to sugar transporters from
bacteria and many other organisms. The development of the Transport Classification Database
(www.tcdb.org)® has provided a valuable resource for cataloging these transporter families and
for classifying and analyzing newly discovered permeases.

The explosion of information of membrane transport proteins in general has been accom-
panied by our increasing knowledge of transporters and their function among the kinetoplastid
protozoa. The objective of this chapter is not to provide an exhaustive review of transporters in
these parasites but to provide a general overview supplemented by several more detailed ex-
amples from research in the laboratories of the author and his collaborators. Given the focus of
this monograph, particular emphasis will be given to the interaction of parasite carriers with
drugs and to permeases as potential drug targets.

Roles of Membrane Transport Proteins among the Kinetoplastida

Drug Uptake and Resistance

Parasite permeases have attracted considerable interest with regard to their roles in drug
delivery and resistance. Transporters can contribute to drug resistance in two fundamentally
different ways: by serving as specific conduits for import of drugs and by exporting toxic drugs
from the parasite. In the former case, decreased expression or function of the transporter gen-
crates the drug resistant state. In the latter case, it is increased expression or activity of the
relevant permease that leads to increased resistance to the drug.

Transporters Involved in Drug Uptake
One striking example of transporters that mediate drug uptake involves the TbAT1 adenos-
ine/adenine permease of T. brucei. Studies on intact parasites identified a transport activity
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designated P2 that mediated the uptake of adenosine, adenine, and arsenical drugs such as
melarsoprol.® Subsequent studies by the same group revealed that diamidine drugs such as pen-
tamidine were also transported by the P2 permease.” Although initially it was not clear why a
nucleoside/nucleobase transporter should utilize these disparate drugs as substrates, a common
structural motif was identified in 6-amino purines, melaminophenyl! arsenicals, and pentami-
dine, and it has been proposed that this motif is responsible for interaction with the P2 trans-
porter.® Subsequently, the T6AT gene was cloned by functional expression of adenosine trans-
port activity in yeast and was shown to confer sensitivity to melaminopheny! arsenicals and
encode the P2 transporter.’ A ThAT1-null mutant was generated by targeted gene replacement
and shown to be deficient in adenosine-sensitive uptake of pentamidine and melaminophenyl
arsenicals.'® However this null mutant was only marginally resistant to these two drugs, and the
authors provided kinetic evidence that two other pentamidine transporters exist, HAPT1 and
LAPT1, and that HAPT1 may also mediate the residual uptake of the arsenicals.

Purine analo%s including pyrazolopyrimidines such as allopurinol,! a hypoxanthine analog,
and formycin B,'? an inosine analog, are selectively toxic to Leishmania parasites, because they
can be utilized efficiently as substrates for the parasite but not the host purine salvage enzymes.
Allopurinol is taken up by a nucleobase transport activity in L. major,® and this allopurinol
transporter has been identified recently at the molecular level (unpublished work of D. Ortiz
and S. Landfear) as the LmaNT3 purine nucleobase transporter. 4 Similarly, formycin B is taken
up by the LANT?2 inosine/guanosine transporter of L. donovani,' and the cytotoxic adenosine
analog tubercidin is transported by the LANT1 adenosine/pyrimidine nucleoside permeases.'®
Overall, studies on the purine transporters of kinetoplastid parasites reveal that permeases with
physiological functions in nutrient uptake can mediate the import of drugs that are either ana-
logs of the natural substrates or that bear minimal structural similarity to these nutrients.

Another recent example of a natural uptake system that confers drug sensitivity has emerged
from studies on the aquaglyceroporin channels of L. major.'” The LmAQP1 channel not only
catalyzes flux of water and glycerol across the plasma membrane but also mediates uptake of
Sb(III), thought to be the active agent in vivo of antimonial drugs such as Pentostam and
Glucantime, and As(I1I). Overexpression of this channel in various Leishmania species stimu-
lates transport of Sb(III) and As(III) and confers hypersensitivity to these metalloids, while
deletion of one allele of the LmAQP! gene confers increased resistance to these substances.
Similar channels have been characterized in 77 brucei,'® T cruzi,'® and Plasmodium falciparum,®
where they may also show promise as targets for chemotherapy.!

Transporters Involved in Drug Efflux

Transporters that efflux drugs are also able to confer resistance to cytotoxic compounds.
Notable among these permeases are the ATP-Binding-Cassette (ABC) transporters.”? These
proteins typically consist of two membrane domains, encompassing six putative transmem-
brane helices each, as well as two cytosolic hydrophilic nucleotide binding domains, one of
which separates the two membrane domains while the other constitutes the COOH-terminal
domain of the protein. ABC transporters have been well studied in humans, where the
P-glycoprotein ABC transporter, encoded by the MDR! gene, mediates resistance to a variety
of anti-cancer drugs. In addition, other members of the family are designated Multidrug
Resistance associated Proteins (MRPs). ABC transporters constitute large families of proteins
in many organisms, and the genomes of 7. brucei and L. major are predicted to encode 18 and
36 ABC transporters respectively.! A number of groups have studied these carriers in various
kinetoplastid species over the past decade or more, and the results have been comprehensively
reviewed by Klokouzas et al.2> The PGPA and PGPE proteins® have been studied in several
Leishmania species and shown to mediate resistance against As(III) and Sb(III), at least in
some cases by promoting export of metal thiol conjugates. MDR1 homologues have been
identified in several Leishmania species and shown to confer resistance to organic compounds
such as vinblastine.?>?® Recently, the MDR1 protein from L. enriettis was localized to various
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intracellular organelles that are components of the secretory apparatus,” suggesting that the
protein pumps substrates into secretory compartments that allow export from the parasite. In
T brucei, overexpression of the ABC transporters TbOMRPA and TBMRPE results in increased
resistance to melarsoprol and berenil respectively. In general, the role of ABC transporters in
drug resistance in nature remains to be determined.

Nutrient Transporters

As for other organisms, a plethora of transporters known or suspected to be involved in
uptake of nutrients exists among the kinetoplastid protozoa.! Particularly prominent among
these are several families of amino acid transporters,”®? but to date only a few of these per-
meases have been characterized at both the molecular and functional levels.*3' Glucose and
related hexoses are major nutrients for kinetoplastid parasites, and the glucose transporters
from several species of trypanosomes and Leishmania have been characterized at the molecular
level. Purines are essential nutrients for all known kinetoplastid parasites, as these and other
parasitic protozoa are not able to synthesize the purine ring de novo and must salvage purine
nucleosides or nucleobases from their hosts.*? A variety of purine transporter genes have been
cloned and functionally expressed from Leishmania and trypanosomes. All such carriers are
members of the Equilibrative Nucleoside Transporter (ENT) family (SLC29 family in the
Human Genome Organization Database, heep:/fwww.bioparadigms.org/slc/intro.asp, or 2.A.57
family in the Transporter Classification Database) that is widely distributed among eukaryotes,
but no parasite transporters have been identified that are members of the Concentrative Nucleo-
side Transporter (CNT) family, sodium or proton coupled permeases present in mammals and
bacteria.” A large number of other nutrient transporters exist, most of which have not yet been
explored in detail. One strategy with therapeutic potential would be to identify among these
transporters those that take up essential nutrients and then attempt to develop inhibitors that
block the function of these carriers. One example of such an approach comes from the malaria
field, where efforts are already underway to develop inhibitors of the single hexose transporter
from P, falciparum. One high affinity inhibitor of this permease has been shown to be toxic for
P berghei forms within the erythrocyte.”

Metabolite Exporters

A variety of metabolites generated by catabolic pathways must be exported from cells 1o
maintain homeostasis. One notable example is afforded by the bloodstream forms of T. brucei.
This stage of the parasite lives in a high glucose environment and metabolizes glucose via the
glycolytic pathway to pyruvate. Since the mitochondrion is largely nonfuncrional in the blood-
stream form and the Krebs cycle is not active, pyruvate is not further metabolized and would
build up to toxic levels if it could not be exported from the cell body. A pyruvate transport
activity was identified in bloodstream trypanosomes some years ago,”® and inhibition of this
transporter by compound UK5099 caused intracellular pyruvate to accumulate, resulting in a
drop in cytosolic pH and parasite lysis.”’ These results demonstrate the principle that inhibi-
tion of an essential export permease can be toxic to parasites and that such transporters could
serve as drug targets.

Other Transporters

Many other permeases exist among the kinetoplastida, and some of these have also been
studied in reasonable detail. A few exam;les include ion pumps that concentrate ions across
the plasma or organellar membranes,®> sugar-nucleotide transporters that translocate these
precursors for glycoconjugate biosynthesis into the Golgi apparatus,®® and folate and pteridine
transporters some of which also take up the drug methotrexate.1#2 The above represent only a
few examples among the hundreds of transporters encoded within the genomes of these parasites,
and the array of relatively unstudied permeases remains a promising field of inquiry relevant to
both the basic biochemistry and physiology of these protozoa and to drug development.
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In the following sections I present a synopsis of research on two families of permeases that
my laboratory has studied, those for glucose and purines, and of their potential relevance as
drug targets or routes for drug uptake.

Leishmania Glucose Transporters

The u take of glucose and other hexoses has been studied in several species of kinetoplastid
parasite,®” due in part to the importance of these sugars as nutrient sources. Glucose is a par-
ticularly important nutrient for bloodstream trypanosomes that are exposed to a high concen-
tration of this sugar and are dependent upon it for surv1val Classical biochemical studies on
various Leishmania species revealed that glucose is taken up*? and metabolized* most robustly
in the promastigote stage of the life cycle that lives in the insect vector and is exposed to high
conccntratlons of glucose and fructose from the cleavage of sucrose present in the sandfly sugar
meals.*® Glucose is not however an essential nutrient for promastigotes, as these hfe cycle forms
can take up and oxidize amino acids such as proline to generate metabolic energy.“ In contrast,
intracellular amastlgotes are probably in a relatively sugar poor environment within the mac-
rophage phagolysosome.?’ Indeed, they transport and metabolize glucose at an -20-fold lower
level compared to promastigotes and appear to oxidize fatty acids as a principal energy source. **

The glucose transporters of L. mexicana are encoded by three clustered genes (Fig. 1), LmGT1,
ILmGT2, and LmGT3, that encode distinct isoforms.® These proteins are related in sequence
and predicted topology (Flg 2) 1o facilitative glucose transporters (SLC2 or 2.A.1.1 family)
from other eukaryotes, and the isoforms differ from each other in sequence most markedly,
but not exclusively, in the NH»- and COOH-hydrophilic domains that are located on the
cytosolic side of the membrane. Several important distinctions exist with regard to these three
isoforms. The mRNAs for LmGTI and LmGT3 are expressed at similar levels in both
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Figure 1. The glucose transporter gene locus in L. mexicanaencompasses three genes, GT1, GT2
and GT3, whose open reading frames are designated by the labeled boxes. The entire gene cluster
was deleted by targeted gene replacement using a linear DNA construct containing sequences
immediately upstream (US) and downstream (DS) of the cluster and a puromycin acetyl trans-
ferase (PAC) selectable marker. A second round of targeted gene replacement employing a
nourseothricin resistance marker generated a null mutant at this locus. Sites for the restriction
enzymes EcoR | (RI), Sal 1 (S), EcoR V (RV) and Bgl Il (Bg) are shown. This figure has been
reproduced from reference 51 with permission, ©2003, National Academy of Sciences, U.S.A.
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Figure 2. Topology of facilitative glucose transporters in the membrane. The numbered open
rectangles represent transmembrane domains, the gray rectangle represents the plasma mem-
brane, and the NH, and COOH termini are indicated. Curved black lines represent hydrophilic
loops that connect transmembrane domains.

promastigotes and amastigotes, but the mRNA for LmG T2 accumulates to an ~15-fold higher
level in promastigotes compared to amastigotes. In promastigotes, LmGT2 and LmGT3 are
localized to the pellicular plasma membrane surrounding the cell body, but remarkably LmGT1
and its homolog from L. enriestii ISO1 or LeGT1° are preferentially targeted to the flagellar
membrane.”! All three isoforms are able to transport glucose, fructose, mannose, and galactose,
although the last is a very low affinity ligand. LmGT2 and LmGT3 are high affinity glucose
transporters with Kp, values of ~100 uM and ~200 pM respectively, whereas LmGT1 has a
higher K, of ~1 mM. In summary, there are significant differences in function, location, and
expression of the three hexose permeases.

To identify biological functions for the L. mexicana glucose transporters, the cluster encod-
ing the three genes was deleted by two rounds of homologous gene replacement (Fig. 1) to
generate a glucose transporter null mutant designated Almgr.>! This null mutant was viable in
the promastigote stage of the life cycle, although it grew to a lower density in glucose contain-
ing medium and to populated the sandfly gut with a significantly lower number of parasites
compared to the wild type strain. Remarkably and unexpectedly, the glucose transporter null
mutants were not viable as amastigotes. Thus the null mutants were unable to establish infec-
tions in primary murine macrophages (Fig. 3) or in BALB/c mice (unpublished data of R.
Burchmore, G. Coombs, and S. Landfear), and they could not grow as axenic amastigotes in
tissue culture medium at pH 5.5 and 32.5°C. These results were initially surprising, as they
imply that the glucose transporters are required in the life cycle stage in which they are ex-
pressed at the lowest level and in which glucose is used least as an energy source. However,
glucose is also utilized as a biosynthetic precursor for making glycoconjugates and complex
carbohydrates, and ongoing studies indicate that some of these biosynthetic processes, Barticu—
larly the accumulation of the storage carbohydrate and virulence factor 8-mannan,*? are re-
duced in the glucose transporter null mutant (unpublished data of D. Rodriguez-Contreras
and S. Landfear). In addition, glucose is metabolized through the pentose phosphate path-
way>> to produce NADPH, that in conjunction with the enzyme trypanothione reductase™
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Figure 3. Growth of wild type (WT), glucose transporter null mutant (A/mgt) and the null mutant
complemented with each of the 3 glucose transporters genes on an episome ([pGT1], [pGT2]
and [pGT3]). Filled bars represent percent of macrophages infected, and open bars represent
parasites per 100 macrophages for the same microscopic fields. Primary peritoneal macroph-
ages were infected with stationary phase promastigotes, and the number of intracellular
amastigotes (n = 3, average + standard deviation) was quantitated 6 days after infection. This
figure was reproduced from reference 51 with permission, ©2003, National Academy of
Sciences, U.S.A.

maintains the intracellular reducing environment, and ribose phosphate, that is required for
the synthesis of nucleotides.3® We are also studying the effect of deleting the glucose trans-
porter genes on these metabolic pathways.

The observation that glucose transporters are required in the life cycle stage that causes
disease suggests that selective inhibitors of these permeases might be of therapeutic value in
treating Leishmania infections. The fact that the Leishmania permeases are quite divergent in
sequence from the human homologs® suggests that it should be possible to identify inhibitors
of the parasite carriers that do not adversely affect the host transporters. This suggestion is also
consistent with the fact that inhibitors of the mammalian facilitative glucose transporters, such
as phloretin and cytochalasin B, do not efficiently inhibit the Leishmania counterparts. As
noted above, it has been possible to identify glucose analogs that selectively inhibit the malaria
hexose transporters,” and in principle a similar strategy may be applied to the Leishmania or T.
brucei hexose permeases.

Leishmania Purine Transporters

The observation that kinetoplastid parasites, unlike their vertebrate hosts, do not synthe-
size purines de novo but must salvage them using enzymes with distinct substrate specifici-
ties suggests that this fundamental distinction between host and parasite might be targeted
for therapeutic intervention.?? The observation that purines and their analogs are imported
by a specific set of transporters® suggests that this first step of the purine salvage pathway
might be one point of attack. Two potential strategies are (i) to employ the purine permeases
to take up cytotoxic purine analogs such as allopurinol or formycin B that will selectively kill
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Figure 4. Topology of ENTs in the membrane. The numbered open rectangles represent trans-
membrane domains, the gray rectangle represents the plasma membrane, and the NH, and
COOH termini are indicated. This figure has been reproduced with modifications from refer-
ence 55 with permission, ©2003, American Society of Microbiology, U.S.A.

the parasites, or (i) to identify which of the purine permeases are essential and to target
them for development of specific transport inhibitors.

Molecular cloning studies in Leishmania and trypanosomes have revealed that all known
purine transporters in these parasites are members of the ENT family described above. These
proteins have 11 predicted transmembrane domains with the NH;- and COOH termini
located on the inside and outside of the plasma membrane respectively (Fig. 4), and this
topological model has been tested for the human equilibrative nucleoside transporter
hENT1.% Four Leishmania ENT permeases have been characterized, NT1 (represented by
two isoforms, NT1.1 and NT1.2), NT2, NT3 and NT4, with the majority of the work on
NT1'%575% and NT2!>606! being performed using the genes from L. donovani and the
majority of the work for NT3'# and NT4 (unpublished work of D. Ortiz, M. Sanchez, and
S. Landfear) arising from studies on the L. major genes. These four transporters are the only
members of the ENT family found in the L. major genome project (www.genedb.org) and
are the only known purine permeases in these parasites. Functional expression has demon-
strated that NT1.1 and NT1.2 are adenosine/ pyrimidine nucleoside transporters, NT2 is an
inosine/guanosine transporter, and NT3 is a hypoxanthine/xanthine/guanine/adenine (pu-
rine nucleobase) transporter. Ongoing work on NT4 (unpublished results of D. Ortiz, M.
Sanchez, and S. Landfear) suggests that it is a low affinity adenine permease that might have
other as yet unidentified ligands.

Studies on these cloned transporter genes have begun to reveal residues and structural
domains that are essential for transport function for both NT1 and NT2.57%-6! I addition,
electrophysiological experiments have confirmed that these parasite permeases, unlike the
mammalian ENTs, are secondary active transporters that couple the thermodynamically fa-
vorable influx of protons to import of purines.’® This arrangement presumably allows the
parasite to compete effectively for purines with its host and concentrate these essential nutri-
ents in its cytosol. ’
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Drug transport properties of these permeases have been characterized and are those that
would be predicted on the basis of their known substrate specificities. Thus NT1.1 and
NT1.2 transport the cytotoxic adenosine analog tubercidin,’® NT2 takes up the inosine
analog formycin B,'® and NT3 mediates the uptake of the hypoxanthine analog allopurinol
(unpublished results of D. Ortiz, M. Sanchez, and S. Landfear). Indeed mutants deficient in
the NTI genes are tubercidin-resistant and those deficient in the N72 gene are resistant to
formycin B (unpublished results of W. Liu and B. Ullman).

The process of identifying essential N7 genes by targeted gene deletion is ongoing but
currently suggests that the nucleobase but not the nucleoside permeases are required for
parasite viability. Thus it has been possible to generate a viable double null mutant of the
nucleoside transporter genes, Antl/Ans2, in L. donovani (unpublished results of W. Liu and
B. Ullman). In addition, null mutants in either nucleobase transporter gene from L. major,
Ant3 and Ant4, were viable. However, extensive efforts to generate a double null mutant of
the nucleobase transporter genes, Anz3/Ant4, resulted only in strains that had undergone the
correct targeted integrations but had duplicated a copy of the last gene targeted (unpub-
lished data of D. Ortiz, M. Sanchez, and S. Landfear). This genotype is characteristic of
attempts to delete essential genes,%? as the only parasites that can survive the final gene
deletion are those that have acquired an additional copy of the targeted sequence, e.g., by
aneuploidy of the targeted chromosome. These observations suggest the possibility that de-
veloping selective inhibitors of the NT3 and NT4 permeases might be useful as a combina-
tion therapy that could be toxic for the parasites.
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CHAPTER 4

Selective Lead Compounds
against Kinetoplastid Tubulin

R.E. Morgan and K.A. Werbovetz*

Abstract

inetoplastid parasites are responsible for the potentially fatal diseases leishmaniasis,
KAfncan sleeping sickness and Chagas disease. The current treatments for these diseases

are far from ideal and new compounds are needed as antiparasitic drug candidates.
Tubulin is the accepted targert for treatments against cancer and helminths, suggesting that
kinetoplastid tubulin is also a suitable target for antiprotozoal compounds. Selective lead com-
pounds against kinetoplastid tubulin have been identified that could represent a starting point
for the development of new drug candidates against these parasites.

Introduction

Tubulin is an established target in the chemotherapy of many diseases, as dru§s which
interact with tubulin are available as treatments for cancer and helminth infections.> Perhaps
the most famous of these tubulin binding drugs is Taxol, which is renowned for both its chemi-
cal complexity and remarkable biological effects.*” Tubulin is essential to all eukaryotes, as
such there may be many infectious diseases where the development of treatments could be
guided by the selection of tubulin as a drug target. chtoplastld parasites threaten hundreds of
millions of people worldwide, causing leishmaniasis,® African sleeping sickness’ and Chagas
disease.'® Given the inadequate therapeutics avallable against kmetoplasud parasites, the need
for new and effective lead compounds is great.!’ Tubulin is thus a promising target with the
potential to provide a new type of therapeutic to aid the treatment of these neglected diseases. 12

Tubulin

Tubulin is a heterodimeric protein consisting of « and § subunits which polymerises to
form microtubules. These microtubules have a number of functions within eukaryotic organ-
isms including chromosome segregation, motility and the maintenance of cellular morphol-
ogy. The asscmbly—dlsassembl;r Erocess (see Fig. 1) is critical for the proper functioning of
microtubules within the cell.!

The polymerization is environment dependent and requires GTP. Polymer formation is
favored at phystological temperatures, while microtubule disassembly occurs at 4°C. The tem-
perature sensitivity of the assembly has been used in order to isolate assembly competent tubu-
lin from a number of species,'®!” including from Leishmania.'®
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Figure 1. Ribbon diagram of tubulin and a schematic representation of the microtubule. Figure
reproduced with permission from: Werbovetz KA. Tubulin as an antiprotozoal drug target. Mini
Rev Med Chem 2002; 2:519-529.'2 ©2005 Bentham Science Publishers Ltd.

Tubulin from Protozoan Parasites

In protozoan parasites, tubulin has unique roles.”” In Toxoplasma gondii, for example, an
apical organelle known as the conoid is constructed from tubulin.”® Within kinetoplastid para-
sites, tubulin is involved in chromosomal segregation and motility, forming the major compo-
nent of the flagellum.?' The shape of the parasite is maintained by a network of microtubules
which underlie the plasma membrane (the subpellicular microtubules). Tubulin has been iden-
tified as being critical for parasite growth, as the addition of anti-tubulin antibodies to 7" brucei
cultures inhibits growth of the parasite.2

Tubulin Binding Sites

Known antimitotic agents (see Fig. 2) bind to a number of characterized sites on the tubu-
lin protein. The most well characterized sites include the taxol binding site, the vinca alkaloid
domain and the colchicine site.

The taxol (1) binding site has been identified for mammalian tubulin through the use of
photoaffinity labelling® ! and was later confirmed by electron crystallography. > Other com-
pounds have been shown to bind to the same site on mammalian tubulin, including
epothilonc27’28 and eleutherobin.??** Taxol (1) has been tested against L. donovani and T. cruzi
and was found to block replication in these species, as well as inducing assembly in tubulin
isolated from Leishmania.'®31-33 This indicates that these species also contain a binding site for
taxol (1) which is similar to that of mammalian tubulin.

Vinca alkaloids such as vinblastine (2) are also known to bind tubulin. Competitive re-
agents36 along with fluorescent and fluorescent photoaffinity analogues of vinblastine (2) were
synthesised in an attempt to determine the vinca alkaloid binding site.”8 Residues 12, 201,
211, 175-213, and 363-379 of B-tubulin were implicated in the binding of this compound as
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Figure 2. Structures for the tubulin inhibitors taxol (1), vinblastine (2), and colchicine (3).

a result.%38 The structure of vinblastine-bound tubulin has since been determined, allowing
confirmation of the interaction of vinblastine with some of these residues.’ Residues 177,
179, 210 and 214 were among those observed to be in contact with vinblastine. Compounds
which bind to the vinca domain have shown activity against kinetoplastid parasites, inhibiting
the formation of the mitotic spindle and causing parasites to accumulate in the GoM cell cycle
phases.>'#° The assembly of kinetoplastid tubulin is inhibited by a number of these com-
pounds.>"*! Identifying new compounds which would bind to the vinca alkaloid domain has
the potential to provide promising antikinetoplastid agents. However, given that these com-
pounds are also active against mammalian tubulin, the challenge will be to identify selective
compounds. In addition, the chemical complexity of vinca domain agents could also preclude
their development as drugs against kinetoplastid parasites.

Colchicine (3) is a well known tubulin binding compound. This compound and its ana-
logues have been used to determine the colchicine binding site through the use of direct, affin-
ity and photoaffinity labelling. 245 Peptide fragments consisting of B-tubulin residues 1-46
and 214-241 were directly labeled when colchicine (3) was UV irradiated in the presence of
tubulin,®® and cysteine residues 239 and 354 of B-tubulin were modified by colchicine affinity
analogues containing chloroacetyl groups.***> The recent structural determination of
colchicine-bound tubulin has shown that the colchicine binding site is buried in the interme-
diate domain of B-tubulin.®® This binding site allows colchicine to bind to loop T5 of an
adjacent a-tubulin, rationalizing the a-tubulin binding observed in early experiments* as well
as explaining the observed stabilization of the a/B heterodimer by colchicine.” The identified
binding site also correlated with the previously reported importance of the residues surround-
ing 316.% Various compounds have been shown to compete with colchicine (3); these com-
pounds presumably bind to B-tubulin in the same region.!? Colchicine (3) and other com-
pounds known to bind at the cochicine site on mammalian tubulin have litde or no effect on
kinetoplastid parasites. 8%’ The importance of residue 316 for colchicine activity against mam-
malian tubulin has been established. Leishmania tubulin possesses the sequence ASAL rather
than the mammalian VAAV/T in residues 313-316, offering a possible explanation for the ob-
served differences in activity of colchicine. Molecular modeling studies are required to further

explore this possibility.
Isolation of Tubulin from Leishmania

The ability to obtain pure, assembly-competent tubulin from kinetoplastid parasites is es-
sential if this protein is to be pursued as a drug target against these organisms. Although expres-
sion systems for tubulin have been achieved for a small number of protozoan parasites,” to our
knowledge, a system for the expression of pure, assembly-competent, heterodimeric tubulin
from kinetoplastid parasites has not been reported. However the isolation of such tubulin has
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been reported from 7. brucei, L. amazonensis, and Crithidsa fasciculara.'®*>! The susceptibil-

ity of leishmanial tubulin to a number of mammalian antitubulin agents has been determined.'®

L. amazonensis is a causative agent of cutaneous leishmaniasis in humans and as such is
considered a BSL-2 pathogen. The isolation of reasonable quantities of assembly-competent
leishmanial tubulin requires large numbers of parasites, typically in the region ~5 x 10! cells.'®
Large scale culturing of a pathogenic organism is undesirable. Recent work from our group has
demonstrated the successful purification of tubulin from L. tarentolae.>* This Leishmania spe-
cies does not infect humans, its natural host being the Gecko lizard,?® and as such large scale
culture of this organism is more feasible. Additional benefits of isolating tubulin from L. tarentolae
include the ability to obtain higher cell densities using a less expensive growth medium (Brain
Heart Infusion medium versus Schneider’s Drosophila medium). Clearly L. zarentolae is a more
desirable organism from which to isolate tubulin, however assays using this protein must be
comparable to other Leishmania species for this application to be of significance. The amino
acid identity observed for tubulin among Leishmania species is over 96%, and compounds
which are known to inhibit assembly in L. amazonensis were found to have comparable activity
against L. tarentolae.* L. tarentolae tubulin can thus be used in assays to screen compounds for
activity against leishmanial tubulin. This enables drug discovery experiments which would
require large amounts of leishmanial tubulin to be pursued with renewed interest.

Oryzalin as a Lead Compound against Kinetoplastid Tubulin

Trifluralin (4) (see Fig. 3) was known to inhibit microtubule formation in plants and to be
selective for plants over mammals.> The antileishmainial properties of trifluralin (4) were first
identified by Chan et al,”* who examined the effect of this compound on partially purified
leishmanial tubulin and discovered that radiolabled trifluralin (4) showed specific binding to
leishmanial tubulin when compared with rat tubulin. Since that initial report, further work has
been carried out to examine the effect of trifluralin (4) on homogeneous Leishmania tubulin
(see below).!®

Given the similarity between Leishmania and trypanosome tubulin,'? it is not surprising
that trifluralin has also been shown to inhibit trypanosome growth.”® Chan et al tested triflura-
lin (4) against T. brucei and discovered that proliferation of procyclic trypomastigotes was in-
hibited by 50% at 6-7 uM concentrations of the compound, with the observed parasite mor-
phologies consistent with tubulin inhibition.”® Perhaps the most encouraging results from Chan
et al were the testing of trifluralin against murine cutaneous leishmaniasis.*® Trifluralin (4) was
applied to the mice using a topical formulation twice a day. The topical formulation consisted
of 15% (wiw) trifluralin and 85% carrier. L. mexicana lesions were closed after 45 days, with
untreated lesions showing an average size of 180 mm? In the case of L. major, after 30 days
80% of lesions were closed with the remaining showing a 60% reduction in size compared to
the group receiving the carrier only. However not all of the treated lesions remained closed, so
the results, although promising, are as yet far from optimal.
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Figure 3. Structures for trifluralin (4), chloralin (5) and oryzalin (6).
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A precursor to and occasional contamination in trifluralin (4) is chloralin (5), which has
been shown to have improved in vitro antileishmanial properties and also inhibits tubulin
polymerisation. This cast understandable concerns over the nature of the activity of trifluralin
(4). Investigations into the relative reactivity of these two compounds by Callahan et al showed
that chloralin (5) is 100 times more active than trifluralin (4) against Leishmania.”” Experi-
ments to test both trifluralin (4) and chloralin (5) against leishmanial tubulin assembly using
purified protein showed chloralin (5) is active against tubulin assembly with an ICsp = 22
uM.!8 However, chloralin (5) showed similar activity against rat brain (ICsp = 27 uM) and
leishmanial tubulin assembly. Trifluralin (4) was found to be inactive against tubulin assembly
and less active towards Leishmania growth when compared with chloralin. Concerns were raised
over the effect of solubility on these results, considering that trifluralin (4) has been shown to
have poor solubility properties.”®

Oryzalin (6) is an analogue of trifluralin (4) where the trifluoromethyl group is replaced with
asulfonamide group. This functional group replacement aids aqueous solubility, making oryzalin
(6) a more attractive lead compound. Oryzalin (6) has been shown to inhibit the assembly of 7.5
uM leishmanial tubulin assembly by approximately 54% at a concentration of 25 uM.>

SAR Investigations Concerning Oryzalin Analogues
and Kinetoplastid Parasites

The synthesis of a number of analogues of oryzalin (6) has been completed, offering a
wealth of information as to the structure activity relationship (SAR) surrounding this com-
pound (see Fig. 4 for summary).>>® Initial investigations focused mainly on determining the
effect of substitutions at position V4, with additional compounds providing preliminary infor-
mation as to the requirement of the sulfonamide and nitro groups at both positions 3 and 5.%°
Reducing the length of the N4 substituent either as the ethyl analogue or the mono-atkylated
analogue caused a slight decrease in activity. Correspondingly, increasing the length of the N4
substitution through the introduction of a butyl, pentyl or hexyl group caused between a 3 to
8 fold increase in potency against L. donovani amastigotes. However, substituting with
morpholino or pyrrolidino groups caused a decrease in activity, suggesting both that there is a
limit to the type of substituent which is tolerated in this position and that restriction of the
chain reduces potency.

Replacing the sulfonamide group with either an amide, amidoxime or cyano group causes a
loss in activity. Functionalizing the nitrogen of the sulfonamide (NV1), however, improves the
potency of these compounds. The derivative where V1 is substituted with a phenyl ring (7) is
much more potent than oryzalin (6} against leishmanial tubulin and greater than 10-fold more

n<2: less active n=3; more active
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Figure 4. Summary of the SAR data surrounding oryzalin (6).
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Figure 5. Compounds synthesised and tested for antileishmanial and antitubulin properties.
GB-II-5 (7) and GB-11-46 (8).

active against L. donovani amastigotes. Synthesis and testing of a derivative with only one nitro
group indicated that both nitro groups were required for activity.

Having identified compounds which showed increased potency against leishmanial tubulin
and L. denovani, compounds 7 and 8 (see Fig. 5), known as GB-1I-5 (7) and GB-1I-46 (8) were
further investigated along with oryzalin for their level of selectivity."' Interestingly, GB-I1-5 (7)
is more active against the African trypanosome than L. donovani, with an ICso value of 0.41
uM against T 4. brucei variant 221, compared with 5.0 uM against L. donovani. GB-11-46 (8)
and oryzalin also show greater activity against T brucei compared to L. donovani, although
these compounds are less potent. GB-II-5 (7) showed the greatest selectivity for kinetoplastid
parasites against ]774 macrophages and PC3 prostate cell lines, being 71- and 85-fold more
active against 7. 4. brucei variant 221 than these two mammalian cell lines, respectively. Com-
plete inhibition of 15 uM leishmanial tubulin assembly was observed with 10 uM and 20 uM
GB-II-5 (7) (see Fig. GA), while the assembly of 15 uM porcine brain tubulin was inhibited by
only 17% at a GB-I1-5 concentration of 40 uM (see Fig. 6B).

The antiparasitic mechanism of action of these compounds was further investigated by
observing their cellular effects on kinetoplastid parasites. An ICsy concentration of GB-II-5 (7)
was observed to increase the number of L. donovani in G,M and cause the appearance of
organisms containing four times the amount of DNA compared to G phase parasites (see Fig.
6C,D). Similar results were observed in 7. bruce: exposed to an ICsq concentration of GB-II-5
(7). Treatment with GB-II-5 (7) also caused an increase in the number of Leishmania parasites
with multiple nuclei and kinetoplasts as assessed by DAPI staining (see Fig. 6E-H). These
experiments are entirely consistent with the hypothesis that the antiparasitic mechanism of
action of GB-I1-5 (7) is tubulin inhibition. However the same mechanistic hypothesis is not
supported for oryzalin (6) and GB-11-46 (8), as similar cell cycle effects were not observed with
these compounds. Further mechanisms may be contributing to the antiparasitic activity of
oryzalin (6) and GB-11-46 (8), which warrant further investigation.

Given the antikinetoplastid potency and selectivity of GB-II-5, further research sought to
achieve optimisation of antiparasitic and antimitotic properties by examining the effect of
different substituents in position N1.%* A collection of 32 compounds was synthesised, 28 of
which varied from oryzalin (6) only by the substitution at the N1 atom. Within that collection
werc a number of analogues containing substituted aromatics. Of these 11 derivatives, none
displayed greater potency against L. donovani than GB-II-5 (7), although two, a 3'-chloro
derivative 9 and a 3',4"-dichloro derivative 10 (see Fig. 7), showed similar activity. However
one compound, 3',5"-dichloro derivative 11, showed potency of the same magnitude as GB-11-5
(7) against leishmanial tubulin. Interestingly, of the two compounds with equivalent activity
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Figure 6. Investigations into the activities of GB-II-5 (7). A) The assembly of 15 uM leishmanial
tubulin, assessed at 30°C at 351 nm in the presences of four different concentrations of GB-Ii-5
(7). O =5, 8 =10, 0 =20 uM, ® = control. B} Assembly of porcine brain tubulin in the
presence (O) or absence (®) of 40 uM GB-II-5 (7), assessed at 30°C at 351 nm using 15 pM
porcine tubulin. C,D) Cell cycle analysis of L. donovani after 48 hour treatments with 1%
DMSO, Cand GB-II-5(7), D. E,G) Bright-field microscopy images of L. donovani promastigotes
afterincubation with 1% DMSO, E or GB-1I-5(7), G.F,H) DAPI stained L. donovanipromastigotes
after incubation with 1% DMSO, F or GB-II-5, (7) H, kinetoplast (k), nucleus (n). Figure
reproduced with permission from Werbovetz KA et al. Selective antimicrotubule activity of
N1-Phenyl-3,5-dinitro-N4,N4-di-n-propylsulfanilamide (GB-lI-5) against kinetoplastid para-
sites. Mol Pharmacol 2003; 64:1325-1333.51 © 1998-2005, Molecular Pharmacology Online
by American Society for Pharmacology and Experimental Therapeutics. http://
www.molpharm.aspetjournals.org/.

against L. donovani, 9 and 10, 9 showed mediocre antitubulin activity but 10 had no observ-
able effect. This suggests that other mechanisms in addition to tubulin inhibition are respon-
sible for the observed activity of compounds 9 and 10.
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Figure 7. Chlorinated derivatives of GB-II-5 (7).
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Examining the effect of the V1 aromatic ring substitution pattern revealed that in general
derivatives which are meta substituted are more potent than their para substituted counter-
parts. This was observed for both the antikinetoplastid and antitubulin activity for chloro,
methoxy and methyl substituted derivatives.

Substitution with two phenyl rings at N1 caused a substantial reduction in antikinetoplastid
acrivity, suggesting that there are steric restrictions at the tubulin binding site for these com-
pounds. The loss of activity could not solely be attributed to the absence of the sulfonamide
proton, as a derivative possessing both a methyl and a phenyl group at N1 retained activity,
although some reduction in activity was observed. Analogues with an N1 alkyl subsituent as
opposed to an aromatic ring showed a uniform decrease in activity compared with GB-II-5 (7).
However, there was an increase in activity compared to oryzalin (6) for the majority of the
N1-alkyl analogues. Analogues with hexyl chains lost all activity, which again suggests there is
a steric limit at the tubulin binding site.

Combining the two successful substitutions of the phenyl ring at position N1 and the
dibutyl chains at position N4 gave 12, known as GB-II-150 (see Fig. 8). GB-II-150 (12)
was the only compound to have potency of the same order of magnitude as GB-II-5 (7)
against both L. donovani amastigotes, 2.6 uM verses 5.0 uM and leishmanial tubulin 104%
inhibition verses 89%.

The activity observed against T 6. brucei does not mirror exactly the activity against L.
donovani. However, GB-I11-150 (12) was also the most potent against 7. &. brucei, possessing an
ICsg value of 0.12 uM against African trypanosomes compared with 0.41 uM for GB-I1-5 (7).
GB-II-5 (7), GB-11-150 (12) and 13 showed selectivity towards both L. donovani and T. &.
brucei over J774 macrophages and PC3 prostate cell lines. GB-II-150 (12) displays the most
impressive selectivity, with a 100 fold difference in the ICs values for 7. b. brucei over J774
macrophages and PC3 prostate cell lines.

GB-11-150 (12) is the most successful derivative identified thus far, with both improved
potency and selectivity. This compound also causes the G;M accumulation of T 4. brucei when
the parasite is exposed to near ICsy concentrations of 12, consistent with the hypothesis that
the likely target for GB-11-150 (12) in kinetoplastid parasites is tubulin.

GB-11-5 (7) and GB-II-150 (12) were tested against T &. brucei in mice. The compounds
were given at a dose of 20 mg/kg/day i.p. for 4 days. No significant increase in survival rate or
toxicity was observed. One possible explanation for the poor results in vivo could be poor
bioavailability and/or rapid metabolism of the compounds.
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Figure 8. Compounds with the greatest antikinetoplastid selectivity—GB-11-5 (7), GB-il-150
(12) and 13.
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Metabolism Studies and New Analogues

Recent studies with GB-11- 150 (12) have shown that the compound is extensively metabolised
in male Sprague-Dawley rats.®* The oral bioavailability of the compound was shown to be zero.
When administered intravenously, GB-1I-150 (12} had a half life of 170 min and a clearance of
315 ml/rnm/ kg. Together with the data obtained in the animal model of African trypanoso-
miasis,* these results suggested that metabolism could be a serious issue with these compounds.
This hypothesis is further supported by in vitro studies showing that less than 5% of GB-II-150
(12) remained intact after a 60 min incubation with rat liver S9 fractions. The metabolism of
GB-II-150 (12) included N1-ring oxidation, N4-alkane oxidation, NV4-oxidation and nitro
reduction. Eighteen metabolites were identified from in vitro studies and eleven distinct me-
tabolites were observed from in vivo studies. Synthesis of three of the proposed metabolites,
M17 (14), M18 (15) and M29 (16) (see Fig. 9), followed by LCMS analysis confirmed their
identity and biological assays showed that they were significantly less active than the parent
compound. Thus, there are clear indications that metabolism of these types of compounds is
an obstacle to their further development as antiparasitic drugs.

Ongoing work focuses on the stabilization of such compounds to metabolic inactivation
while maintaining antiparasitic potency and selectivity. Seventeen new dinitroaniline sul-
fonamide and eleven new benzamide analogs of these leads have recently been reported.®?
Although the benzamides showed little activity, nine of the new sulfonamides displayed in
vitro ICsg values under 500 nM against African trypanosomes, and the most active
antikinetoplastid compounds also inhibited the in vitro assembly of purified leishmanial
tubulin with potencies similar to that of GB-II-150 (12). The absence of N4 alkyl groups
{compound 16) or the presence of bulky dibenzyl substituents at the N4 position (com-
pound 17, see Fig. 10) stabilize the analogues to metabolism compared with GB-11-150 (12).
Unfortunately, 16 and 17 display low activity against kinetoplastid parasites. Several of the
potent compounds, such as 18, are rapidly degraded by rat liver 9 fractions in vitro. How-
ever, TG-II-36 (19) displays an ICsq value of 260 nM against African trypanosomes in vitro
and is more stable than GB-II-150 (12) in the in vitro metabolism assay. The placement of
the OH group in the meta position on the N1 aromatic ring may allow for a critical hydro-
gen bonding interaction at the tubulin binding site, minimizing any unfavorable steric inter-
actions. Based on in vitro antikinetoplastid activity, selectivity, and metabolic stability,
TG-II-36 (19) emerges as a candidate for further evaluation against kinetoplastid parasites.
Taken together, these results highlight the importance of the N1 and N4 substitutions to
antimirotic antikinetoplastid activity and the susceptibility of the N4 alkyl substituents to
metabolism. Increased hydrophilicity of the compounds, as in TG-11-36 (19), may lower
their affinity for cytochrome P450 enzymes and lead to improved in vivo properties.
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Figure 9. Identified metabolites of GB-11-150. M17 (14) and M18 (15) were identified from the
in vitro investigations, while M29 (16) was identified from the in vivo studies.
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Figure 10. New analogues of GB-11-5 (7) and GB-II-150 (12). TG-1i-36 (19) displays both potent
antimitotic antikinetoplastid activity and increased in vitro metabolic stability compared to
GB-11-150 (12).

Binding Studies with Tubulin from Other Protozoan Parasites

Although the focus of this chapter is on the kinetoplastid parasites, research on T gondii,
another protozoan parasite, has been performed which is of interest and could prove to be
particularly useful in the progression of these compounds as leads against parasitic tubulin.*!
Morrissette et al used information gained from mutation studies in combination with mo-
lecular modeling to identify the likely binding site of oryzalin (6) on T. gondii tubulin.

Oryzalin (6) resistant Toxoplasma lines were found to have numerous point mutations in
the single a-tubulin gene which conferred resistance. This suggests that oryzalin (6) binds to
a-tubulin. More specifically, using docking simulations the binding site was identified as
being beneath the N loop of a-tubulin and composed of Arg2, Glu3, Val4, Trp21, Phe24,
His28, Ile42, Asp47, Arg64, Cys65, Thr239, Arg243 and Ph244. Several of the observed
mutations were in this region (at Phe24, His28, Thr239 and Arg243). Other mutations at
the core of a-tubulin were also observed and were proposed to affect the dinitroaniline bind-
ing site by changing tubulin’s conformation. This binding site model provides a possible
rationale of the mechanism of oryzalin (6) and its derivatives. Interactions between the N
loop and the M loop regions of tubulin allow lateral adhesion. The binding of oryzalin (6) to
the area beneath the N loop may disrupt this interaction and so destabilize the microtubules.
Disruption in this region has been identified in the mechanism of another compound, Taxol
(1). Taxol (1) is known to stabilize microtubules by reinforcing M-N loop interactions in
B-tubulin.?® Docking oryzalin (6) to bovine tubulin revealed a significantly lower binding
affinity (>50 fold), which is consistent with the observed selectivity of oryzalin (6) to proto-
z0an parasite tubulin over mammalian tubulin.%*

Identifying this probable binding site of oryzalin (6) in T gondii tubulin enables rational
design approaches to the synthesis of not only analogues of oryzalin (6) but also potentially
new lead compounds against 7. gondjii. Having established the model for T, gondii tubulin,
work is now underway to model leishmanial tubulin with the hopes of facilitating future
drug discovery efforts.

Aromatic Thiocyanates as Lead Compounds

The aromatic thiocyanate 2,4-dichlorobenzylthiocyanate (DCBT) (20) (see Fig. 11) is a
known inhibitor of mammalian tubulin polymcrisaltion.65 DCBT (20) has been shown to
react at a specific cysteine residue of mammalian B-tubulin, Cys239.% Another thiocyanate,
WR85915 (21), has been tested against Leishmania tubulin assembly. Interestingly, initial
studies indicated that although WR85915 (21) inhibits in vitro polymetisation of tubulin in
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Figure 11. Aromatic thiocyanate tubulin assembly inhibitors. DCBT (20) and WR85915 (21).

Leishmania, this compound does not appear to act through a tubulin mechanism in live para-
sites.’! This was concluded from the observation that incubation of WR85915 (21) with L.
donovani did not cause the usual cell types observed with other tubulin inhibitors and the
parasites did not accumulate in GoM phase.?! WR85915 (21) must therefore be acting on
other cellular target(s) besides or in addition to tubulin.

Antikinetoplastid compounds containing a thiocyanate functional group have been re-
ported elsewhere. Thiocyanate containing analogues of fenoxycarb (22) (see Fig. 12) were
identified as inhibitors of T cruzi.”” 23 was identified as a lead compound with an ICsq
value of 2.2 uM against 7. cruzi epimastigotes.”” Synthesis of analogues around 23 identi-
fied the more potent 24, with an ICsy of 0.87 uM. However, the activity of these com-
pounds towards tubulin is unknown and one proposed mechanism of action is via the er-
gosterol biosynthetic pathway.

Given the observed activity of WR85915 (21) and the further indications that thiocyan-
ate containing compounds possess antikinetoplastid properties, a collection of 14 analogues
of WR85915 (21) were synthesised.*® The thiocyanate functional group was essential for
antikinetiplastid activity, consistent with the analogous requirement for the activity of DCBT
(20) against mammalian tubulin.®’ Testing of WR85915 (21) in vivo against BALB/c mice
showed that treatment with 50 mg/kg in five daily oral doses suppressed liver parasitemia by
61%, however a slight weight loss was also observed. Intravenous doses of 5 mg/kg did not
cause any toxic effects with approximately 48% suppression observed. These effects were
similar to those obtained with a five day subcutaneous treatment of 15 mg/kg Pentostam, a
compound currently used in the treatment of leishmaniaisis.

Although DCBT (20) is known to covalently modify mammalian tubulin with selectiv-
ity, the mechanism of action of aromatic thiocyanates against kinetoplastid parasites is un-
clear. WR85915 (21) is an interesting antileishmanial lead compound in its own right given
its oral activity versus L. donovani in vivo. Such studies indicate that aromatic thiocyanates
possess acceptable pharmacokinetic properties. Further work with aromatic thiocyanates may
be useful in identifying compounds that selectively interact with parasite tubulin and inter-
fere with the function of this critical protein in the cell.
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Figure 12. Fenoxycarb (22) and derivatives.
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Generating New Leads

While the lead compounds mentioned earlier offer great promise for the development of
effective antileishmanial agents, there is still the need to identify new compounds which can
function as selective antitubulin agents. High throughput screening is an established technique
for the selection of compounds from large libraries on the basis of a desired property or biologi-
cal activity. Screening a compound library for antitubulin compounds should enable the iden-
tification of novel and selective lead molecules.

Screening against Tubulin from Leishmania

High throughput screens (HTS) have not been used routinely in parasitology.”® With the
majority of the research in parasitology based in academic institutions, it is only now as this
technique is becoming more accessible to the academic that the number of screens in this area
is beginning to increase. Within the last year, two HTS using unbiased compound collections
against protozoan parasites have been published.”"””? One of these screens was carried out
against the kinetoplastid parasite L. tarantole, as St. George et al screened a 15,000 compound
library for in vitro growth inhibition of L. tarantolae.”? The NCI database was used to select
out those compounds known to be cytotoxic and those with physical properties not amenable
to drug development. Secondary assays were then used to further refine the hit set, including
assays for potency, antifungal and antibacterial activities. From these assays 43 compounds
were selected which were then tested against L. major-infected murine macrophages. Three
compounds were identified as potent at clearing infected macrophages.

Screening for compounds which induce mitotic changes has been very successful,>7* with
the identification of monastrol being one example.”* The concept of screening against mamalian
tubulin has been proposed in the literature, although no actual screen as been published.” In
addition to discussions around screening against tubulin assembly,” another assay which used
tubulin-dependent changes in cellular morphology to identify tubulin polymerization inhibi-
tors has been presented.” The principle of this assay involved the study of rat cells treated with
dibutyryl-cAMP (db-cAMP). db-cAMP causes an altcration in the morphology of C6 cells,
prior to addition they exhibit glial (fibroblastic) morphology with elongated stoma with two or
more processes. After addition of db-cAMP they become spherical, at which point they can be
easily aspirated off culture plates. This alteration in morphology is caused by tubulin polymer-
ization and compounds which inhibit tubulin polymerization stop these morphological changes.
Taxol and latrunculin were used as controls in this assay and both did not inhibit db-cAMP
induced alteration in the cellular morphology. Treatment of rat glioma cells with vinblastine,
vincristine, colchicine and curacin A inhibited the morphological changes, resulting in the cells
remaining attached to the 96 well plate surface. This assay could potentially be used in the
context of a high throughput screen as proposed by the authors.

Development of a high throughput screen against leishmanial tubulin offers the opportu-
nity to identify new and exciting anti-leishmanial lead compounds. With the availability of
tubulin from the nonpathogenic, more readily cultured L. zarentolae the large scale production
of protein required for a high throughput screen becomes more feasible. Challenges still re-
main in order to optimize the assay for a large scale high throughput approach, but we feel that
such a screen employing this assay has the potential to make a significant impact on
antikinetoplastid drug discovery and development.

Conclusion

The demonstrated susceptibility differences between kinetoplastid and mammalian tubulin
make this protein not only an attractive but also a feasible target for antikinetoplastid com-
pounds. Oryzalin derivatives GB-1I-5 (7), GB-II-150 (12), and TG-II-36 (19) are promising
lead compounds showing potent and selective antimitotic effects against kinetoplastid para-
sites. The development of a model for the dinitroaniline binding site on leishmanial tubulin
would permit the application of structure-based drug discovery techniques in order to identify
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novel compounds that bind selectively to parasite tubulin. With the ability to isolate large
quantities of tubulin from the nonpathogenic L. tarentolae, investigations into this promising
antikinetoplastid target may soon include high throughput screening. Given the critical func-
tions of tubulin in eukaryotic cells, the known differences between mammalian and kinetoplastid
proteins in susceptibility to ligands, and the existing opportunities to carry out traditional
medicinal chemistry, structure-based drug discovery, and high throughput screening on this
target, the exploration of tubulin for the development of new antikinetoplastid drugs appears
to be an extremely promising approach.
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CHAPTER 5

Fishing for Anti-Leishmania Drugs:
Principles and Problems
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and James W. Goding

Abstract

o date, there are no vaccines against any of the major parasitic diseases including

leishmaniasis, and chemotherapy is the main weapon in our arsenal. Current drugs are

toxic and expensive, and are losing their effectiveness due to parasite resistance. The
availability of the genome sequence of two species of Leishmania, Leishmania major and Leish-
mania infantum, as well as that of Trypanosoma brucei and Trypanosoma cruzi should provide a
cornucopia of potential new drug targets. Their exploitation will require a multi-disciplinary
approach that includes protein structure and function and high throughput screening of ran-
dom and directed chemical libraries, followed by in vivo testing in animals and humans. We
outline the opportunities that are made possible by recent technologies, and potential prob-
lems that need to be overcome.

Introduction

The 20th century saw huge progress with the discovery and application of antibiotics, which
had a major impact on the burden of infectious diseases. By the late 1960s bacterial diseases
seemed to be under control, and the USA Surgeon General was quoted as saying “We can now
close the book on infectious disease”. Antibiotics became a low priomt?' in most pharmaceutical
companies, and the emphasis shifted to drugs for chronic diseases.” The book is still open.
Antibiotic resistance, newly emerging and reemerging diseases and the threat of blo-terrorlsrn
are leading to an increased realization that major public health risks are looming, '

The great success of antibiotics in the fight against bacterial infections suggested that a
similar approach should be possible against other infectious diseases, but success against para-
sitic diseases has been limited. Much of the world’s poorest populations suffer from one or
more parasitic diseases, but in contrast to bacterial diseases, the pharmaceutical industry seems
to have shown little interest in the search for antiparasitic drugs

As is the case with all parasitic diseases, there are no vaccines against leishmaniasis, and
chemotherapy is the only means of treatment.>”’ Dlsappomungly few drugs are avallable, and
their efficacy is limited due to toxicity and i increasing multlplc drug resistance.>®? New drugs
are needed, but their development will require new strategies, particularly in the choice of
targets. Fortunately, recent technological advances are offering new opportunities for drug de-
velopment. Moreover, there seems to be a welcome change in the attitude of the pharmaceu-
tical industry away from a strictly profit-oriented approach to drug development and a greater
pursuit of drugs against nonprofitable diseases.'®
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Figure 1. The DALY estimates determine the level of WHO/TDR funding for research; the higher
the burden of disease, the higher the budget for its research and development. Modified from:
Bergquist NR et al. Trends Parasitol 21(3):112-7;%* ©2005 with permission from Elsevier.

The Disease Burden of Leishmaniasis

Leishmaniasis is a public health problem throughout most of the tropical and subtro}pical
world,*!! and is a growing concern in war-torn countries such as Afghanistan,'? Sudan'? and
Iraq."¥"16 It is caused by protozoan parasites of the genus Leishmania, and consists of a spec-
trum of diseases ranging in severity from a self-healing skin ulcer to fatal visceral disease. Leish-
maniasis may be incrcasin§ its spread; it has been detected for the first time in East Timor'” and
in kangaroos in Australia.'® Worldwide, there are 2 million new cases of symptomatic disease
each year, and the incidence of infection is undoubtedly much greater if undiagnosed and
subclinical infections are taken into account.'*!® It has been estimated that one tenth of the
world’s population is at continuing risk of infection. 222

In many regions leishmaniasis and HIV infections overlap. In Africa, South America and
the Mediterranean basin, and immunosuppression from HIV often results in a change from
controlled subclinical infection to one that is overwhelming and life threatening,?” The World
Health Organization has classified leishmaniasis as a category 1 disease, emerging and uncon-
trolled, reflecting the fact that control programs have largely failed.” The burden of leishmania-
sis expressed in disability-adjusted life years (DALYs) is estimated to be over 2 million (ref. 14
and Fig, 1). Unfortunately, the large DALY and the WHO classification of disease severity have
not been reflected in an appropriate budget allocation for leishmaniasis research.*

Transmission and Epidemiology

Like other kinetoplastids, Leishmania are transmitted by blood-feeding insects. Flagellated
Leishmania promastigotes are transmitted to humans by the bite of sandfly vectors, and are
taken up by receptor-mediated phagocytosis to become obligatory intracellular pathogens of
macrophages and other phagocytic cells. In the macrophage, the parasites undergo a major
differentiation program and transform into nonflagellated forms known as amastigotes, which
are released from macrophages and spread the infection to other cells.

There are more than 20 Leishmania species that are pathogenic to humans, and about 70
sandfly species have been implicated as vectors which transmit the parasites.” There are two
main epidemiological entities; the zoonotic type which includes animal reservoirs, and the
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anthroponotic type where humans are the only host. The Leishmania species have defined
geographical ranges, which often reflect a combination of the parasite species and the presence
of particular species of sand flies.”?

Disease Manifestations

Although any Leishmania species is capable of causing more than one form of the disease,
there is a strong tendency for particular species to cause a particular disease phenotype (Table 1).

The type and severity of leishmaniasis depends on the species and strain of the parasite,
the genetics of the host and environmental factors.?”?® Infection with parasites causing cuta-
neous leishmaniasis in the Old World such as L. major or L. tropica usually causes a curane-
ous ulcer of 6-12 months duration. However, the disease severity varies considerably, with
some L. tropica-infected individuals develozging noncurable leishmaniasis recidiva in which
there is progressive local tissue destruction.” In these individuals there are very few parasites
in the affected tissues, and most of the tissue damage is caused by potent T cell-mediated
host responses.? It is most likely that this form of disease reflects a particular host genotype
that determines disease outcome. New World cutaneous leishmaniasis caused by the
L. braziliensis complex can also lead to recurrent lesions, but these occur at sites distant from
the initial site of infection.*® In contrast, L. donovani and L. infantum usually cause visceral
leishmaniasis, with no obvious lesion at the point of entry of the parasite. Infection with
these organisms can remain asymptomatic or can cause massive splenomegaly and hepatome-
galy It is Widelg believed that the genotype of the host plays a major role in determining
disease severity.?! 3

Asymptomatic infections have also been described for the cutaneous leishmaniases, and
these cases seem to be associated with the ability of the host to mount particularly effective
antiparasite immune responses.>* Nonetheless, these mild and largely asymptomatic cases do
not seem to involve complete eradication of the parasite (“sterile immunity”) because the

Table 1. Geographical distribution and disease phenotypes caused by Leishmania

Species Clinical Manifestations Geographical Distribution
L. mexicana Cutaneous leishmaniasis and Central and northern parts of
complex rare cases of mucocutaneous South America; rare cases

L. braziliensis
complex

L. major

L. tropica
L.aethiopica
L. donovani
L. infantum

L. chagasi

and diffuse cutaneous leishmaniasis
Cutaneous leishmaniasis with

some developing mucocutaneous
leishmaniasis later

Cutaneous leishmaniasis

Cutaneous leishmaniasis and rare

cases of leishmaniasis recidiva
Cutaneous leishmaniasis and rare

cases of diffuse cutaneous leishmaniasis
Visceral leishmaniasis with rare cases
of post kala azar dermal leishmanoid
Cutaneous or visceral leishmaniasis
depending on strain

Visceral leishmaniasis and some
atypical cutaneous leishmaniasis

in southern USA
Central America and parts of
South America

The Middle East, North and Central
Africa, Southern Asia
The Middle East and Southern Asia

Ethiopia

East Africa, sub Saharan Africa,
Southern Asia including india
Southern Europe, The Middle East,
North Africa

Brazil, Venezuela and Colombia
with isolated cases throughout
South and Central America
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parasites can often be detected if sufficiently sensitive techniques are used, and the disease may
flare up in immunocompromised individuals.

Recovery from leishmaniasis is thought to depend on the induction of Th1 type immune
responses and the production of a suite of pro- inflammatory cytokines.> However, the picture
emerging from the study of the human response to infection is not as clear as that described for
some mouse models of disease, where the induction of Th1 immune responses is necessary and
sufficient for resistance to infection.”’

Management and Control of Leishmaniasis

The main control strategy for leishmaniasis consists of diagnosis and treatment of infected
individuals, vector control using pyrethroid insecticides or impregnated pyrethroid bednets,
and control of the animal reservoir where feasible. Reservoir control performed with poisoned
baits and culling of domestic dogs is very expensive and has not been particularly successful.
Spraying with insecticides, often performed primarily for eradication of mosquitoes transmit-
ting malaria has sometimes been successful, but the effect is usually transient,'*> which is
hardly surprising given the enormous geographical spread of the insect vectors.

Treatment of leishmaniasis varies depending on the type of infection, the philosophy guid-
ing the attending physicians, and the local availability of drugs. For cutaneous leishmaniasis,
the options are not to treat and allow lesions to self-heal, to treat with a topically applied drug,
or with an injectable drug. Visceral leishmaniasis must be treated systemically.>**® The chemo-
therapeutic arsenal is small. The front line drugs are pentavalent antimonials, sodium
stibogluconate (Pentostam) and meglumine antimoniate (Glucantime). The second line drugs
include pentamidine, azole derivatives and amphotericin B, but these are toxic and require
long-term parenteral administration (refs. 6,7 and Fig. 2). Miltefosine is a new and orally
administered drug, which was originally developed for the treatment of cancer and has been
approved for use in visceral leishmaniasis in India.*® Two new drugs that are currently in
clinical trials are the aminoglycoside antibiotic paromomycin and the 8-aminoquinoline de-
rivative sitamaquine.

Surprisingly, despite their use for over a quarter of a century, the mechanism of action and
the identity of the actual biologically active molecules of most leishmaniasis drugs are not
completely understood (for a recent review, see ref. 37). It does seem clear that, as is the case
with most antibiotics, they work best in conjunction with the host’s ability to mount appropri-
ate immune responses. In leishmaniasis, the induction of IL-10, a Th2 type cytokine, has been
associated with poor response to chemotherapy.”-*® This may be an important consideration
in the context of drug development, because some forms of leishmaniasis are associated with
deleterious host responses.

In the 1970s there was much enthusiasm for the use of immunotherapy as an adjunct to
chemotherapy, in particular for cutaneous and mucocutaneous leishmaniasis in South
America.”>* This approach, while successful in some situations, has not been widely accepted
or implemented.® An interesting development stemming from basic immunological studies on
the role of the innate immune response to infection with Leishmania, has been the treatment of
cutaneous leishmaniasis with an immunomodulating compound, imiquimod (Aldara™), which
has been shown to act on dendritic cells and macrophages via the Toll like receptor-7, inducing
secretion of pro-inflammatory cytokines that promote healing. Although not active on its own,
imiquimod has led to a significant cure rate in patients resistant to other treatment when
delivered in combination with meglumine antimoniate.!

A somewhat surprising observation has been the recent discovery that radiowave-induced
heat treatment of cutancous lesions can lead to the healing of treated as well as untreated
lesions on different sites on the same individual.®>*? The observation that the treatment in-
duced the systemic production of pro-inflammatory cytokines suggested an immunological
mechanism for the therapeutic effect.*?
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New classes of antibiotics in clinical practice

Pentamidine 1939

Antimonials 1950 Amphotericin B 1965 Miltefosine 2002

Sulfa Drugs 1936
f-Lactams 1940

Oxazolidinones 2000

Chiloramphenicol

Tetracyclines 1949 Ketolides 2001

Lipopeptides 2004
Aminoglycosides 1950

Macrolides 1952

Glycopeptides 1958

Quinolones
Streptogramins 1962

Figure 2. Existing antimicrobial and anti Leishmaniadrugs in clinical practice and the year of their
development.

The Impact of New Technologies on Drug Discovery

The major factors that seem to drive the development of new drugs are advances in basic
science, new technologies, and the dialogue between chemists and biologists.** Since the vast
majority of drug targets are proteins, molecular biology has exerted a profound influence on
drug discovery, initially through gene cloning and expression of potential drug targets.* How-
ever, the most important contribution of molecular biology to drug development may come
from the analysis of the genome sequence of the important pathogens, which is revealing new
points of attack based on novel enzymes and receptors. This knowledge, together with the
relative ease of deleting and over-expressing genes, should lead to the identification of new
drug targets. Knowledge of the complete sequence of the human genome will greatly facilitate
this process by identifying genes that are unique to the parasite or sufficiently dissimilar to
provide a basis for selective toxicity.

The other major factor that dominates the search for new drugs is the search for small
molecules with therapeutic potential. Over the last few years, the pharmaceutical industry
seems to have come to the realization that conventional strategies for finding new lead com-
pounds for drug development have reached the limit of their effectiveness. In order to expand
the diversity of potential libraries of chemical compounds, and to speed up the identification of
new drug candidates, automation and “the magic of large numbers” are being incorporated
into the pharmacological R&D programs.*¢ This has resulted in an explosive increase in the
number of new organic molecules available for bicassays. Coupled with new opportunities for
target identification through genomics, proteomics and pharmacogenomics, high throughput
enzyme and cell-based screening assays and large scale three dimensional structure determina-
tion of proteins, a new era for drug discovery is emerging.

High Throughput Screening
High throughput screening of large chemical libraries has become one of the most com-

monly used techniques for drug discovery in pharmaceutical research.**> Automated robotic
systems allow large numbers of potential drug targets to be tested in vitro for their effects on
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living cells or isolated cellular components such as enzymes or receptors. Tens or even hundreds
of thousands of compounds can be tested in one day.

A complementary approach involves the use of more-focused libraries. Computational fil-
tering methods have been employed to predict and eliminate molecules with unfavourable
characteristics relating to absorption, distribution, metabolism and excretion (ADME), and
other properties which may be associated with poor selectivity, promiscuous binding or poor
uptake by cells.®* To date, despite much promise, this approach has been somewhat disap-
pointing, and has not eliminated the need for extensive empirical testing. However, it is pos-
sible that this will change in time with refinements of predictive algorithms and better selection
and validation of the targets.*’

Structure-Based Drug Discovery

Progress in structural biology both in NMR spectroscopy and X-ray crystallography and
the huge increase in computing power have greatly facilitated the determination of the 3D
structure of proteins. The feasibility of large-scale crystallization, at least for well-behaved soluble
proteins, is now a reality as reflected in the rapid increase in the size of the database of available
structures. The Structural Genomics of Pathogenic Protozoa (SGPP) consortium (hetp://
depts.washington.edu/sgpp/) aims to express large numbers of proteins from a variety of para-
sites, including Leishmania, and to determine their three-dimensional crystal structures. These
structures are available to all researchers and should provide targets for structure-based drug
discovery. Unfortunately, this approach has mainly concentrated on the “low hanging fruit”,
because the majority of randomly chosen proteins do not crystallise easily and even if they do,
the crystals often fail to diffract to sufficiently high resolution. Moreover, the crystallization of
integral membrane proteins is still difficult and not amenable to the same style of “factory”
approach used for soluble proteins. Since membrane proteins may comprise some 30% of all
cellular proteins and include numerous potential drug targets, this is a serious bottleneck to
progress.

In principle, the availability of the 3D structure of dru§ targets should enable the use of
“virtual screening” of large databases of compounds in silico,”” and promising candidates could
then be tested for biological activity. In silico screening involves prediction of compound dock-
ing based on a target protein’s structure, followed by searching for molecules which are similar
to any compound identified in the screen. The computational docking approach was instru-
mental in the identification of 40 parasite-specific inhibitors of the L. mexicana
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).®®

Proteomics

Proteomics may be defined as the attempt to analyse all proteins from a given source in
terms of structure, function, expression, activity and interaction with other molecules. The
hope has been that such a global approach may identify novel metabolic pathways and proteins
which could be targeted by drugs. Global analysis at the protein level rather than gene tran-
scription (“transcriptome”) is particularly attractive for the identification of drug targets in
Leishmania because the control of gene expression is post transcriptional and relies on the
processing or stability of the mature mRNAs.

The most common proteomics approach uses two-dimensional gel electrophoresis to sepa-
rate cellular proteins, followed by in-gel tryptic digestion of the protein spots and identifica-
tion of the peptide sequences by mass spectrometry.*>® There are significant problems with
this approach, which so far, have limited its usefulness for drug target discovery. A number of
protein classes such as integral membrane proteins, positively charged and hydrophobic pro-
teins are difficult to separate. There are often selective losses of individual proteins, for reasons
that are not well understood, so the claim for a global picture is not entirely accurate. The
approach is semi-quantitative at best. Importantly, low abundance proteins may not be de-
tected.”"> However, newer approaches are constantly being developed.’3>* Approaches which
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do not involve 2D gels may have the advantage of fewer selective losses, and the reduced reso-
lution of 1D SDS gels may be compensated by additional chromatographic steps such as
microbore reverse phase HPLC and capillary electrophoresis.’>>

The application of proteomics to Leishmania has generated some information on the
promastigote stage of the parasite, but few data are available for the amastigote form.>¢%8
Expression profiling of amastigotes has been hampered by the difficulty to obtain sufficient
material of sufficient purity for analysis. This problem has been bypassed by the use of the
so-called axenic amastigotes, which in some Leishmania species can be derived from
promastigotes by culturing at 30-37°C and pH 5.0% although there is some doubt about
how closely they mimic amastigotes produced from infected macrophages in vivo. The pro-
file of the amastigote protecme is important because comparison of the transcriptomes of
axenic and lesion-derived amastigotes has shown that axenic amastigotes are distinct from
the lesion-derived amastigotes.®* Comparison of the metabolites produced by the axenic and
tissue-derived amastigotes also showed significant differences (McConville, personal com-
munication).

The approaches described above involve denatured and fragmented proteins, and they
aim to identify proteins based on electrophoretic mobility and amino acid sequence. A more
directed approach aimed at inferring function for potential drug targets, involves the identi-
fication of protein-protein interactions. One approach has been the use of solid phase
microarrays of proteins in their native conformation.®"? Disruption of such interactions
would constitute a potential drug target. Identification of interactions between proteins can
also be performed by the use of the yeast two-hybrid system, although this system is prone to
false positives. Any putative interactions must be validated by some independent means (see
below).%3%* The yeast two- grbrid approach has recently culminated in putative comprehen-
sive “interactome” maps.®®” However, detailed comparison of the interactions that were
identified in putative “interactome” maps has shown a remarkable lack of agreement be-
tween different studies. The yeast two-hybrid system may also be limited by the fact that
many protein-protein interactions in Leishmania may require unusual post-translational
modifications which may not occur in yeast.

Monoclonal Antibodies

The application of human or “humanized” mouse monoclonal antibodies as therapeutic
agents is steadily increasing, but it has not yet been applied to parasitic diseases. Although
monoclonal antibodies can be targeted to very specific structures, they do not in general
penetrate cell membranes, and their effect on Leishmania infection has not been tested suffi-
ciently. Further disadvantages of monoclonal antibodies include the necessity to administer
them by injection, extremely high cost, and the fact that even when “humanized” they may
induce immune responses in their own right, including the possibility of life-threatening
anaphylaxis.

Natural Products

The isolation and purification of the active ingredients of medicinal plants was one the
major forces that led to the birth of the pharmaceutical industry in the 19th century.* Aftera
long period of neglect, there is renewed interest in the analysis of “natural products” for the
presence of inhibitors of enzymes essential for replication, cell cycle regulation or production of
virulence factors.®® The vast group of gla.nt metabolites has already been shown to contain
products with leishmanicidat activity.69' 'The Drugs for Neglected Diseases Initiative (DNDJ)
is screening and investigating natural products (http://www.dndi.org/). Among the
anti-Leishmania lead compounds are licochalcone A, extracted from the root of Chinese liquo-
rice’? and the propylquinolones chimanines A and D derived from the Bolivian plant Galipea
longiflora.%® So far, no mechanism of action has been described for any of the identified com-
pounds and none has progressed from the laboratory to the clinic.”
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Target Selection and Validation

It appears that the majority of current therapeutic targets have been enzymes or cell surface
receptors because of the relative ease of modulating their function by small molecules.* The
knowledge of the genome sequence of Leishmania and two other kinetoplastids, Zbrucei and
T cruzi holds the promise of a rich source of new drug targets. How realistic is this promise, and
what should we be looking for? The central aim of anti-microbials must be selective toxicity. To
achieve this requires identification of structures and mechanisms that are either unique to the
pathogen or sufficiently different to allow the development of drugs that are selective for the
parasite, with minimal toxicity for the host.

Knowledge of individual enzymes and receptor-ligand interactions now provides the op-
portunity for a more directed approach to drug discovery and development. The “rational”
mode of anti-microbial drug discovery has started to bear fruit with the identification of small
molecule inhibitors of the anthrax lethal factor,”® and the structure-guided discovery of a new
inhibitor of RNA translation in bacteria.”*

However, it must be acknowledged that many useful drugs have emerged from pragmatic
screening without any concept or concern regarding their mechanism of action. Indeed, the
mechanism of action of many useful drugs is still poorly understood.

Proteins and Metabolic Pathways Unique to the Parasite

Sterol biosynthesis in trypanosomatids is an attractive target because it differs from the
mammalian host in that the final product is ergosterol rather than cholesterol.”” One of the
Leishmania targets already under investigation is the enzyme squalene synthase (SQS), which
catalyzes the first step in this biosynthetic pathway by coupling two molecules of
farnesylpyrophosphate to form squalene.”

The uniqueness of the trypanothione pathway in trypanosomatids has provided the oppor-
tunity to design highly selective anti-trypanosome drugs and also has promise for anti-Leishmania
drugs.”” Not only is trypanothione absent in humans, but it is essential for parasite survival
because of its crucial role in regulating the cellular redox potential, and because the parasites do
not have an alternative mechanism to protect against oxidative stress.”® The enzymes that catalyse
the last two steps in the biosynthesis of trypanothione are also important targets because they
are absent in humans. These ATP-dependent C:N ligases catalyse the conjugation of the
polyamine spermidine with two molecules of glutathione to generate trypanothione.”

The enzyme trypanothione reductase is another anti trypanosome drug target under cur-
rent investigation, and represents a useful proof of concept for anti Leishmania drugs. Unlike
the enzymes described above, it has a human counterpart, glutathione reductase, which has an
amino acid sequence and structure similar to the parasite enzyme. However, the substantial
differences in substrate specificity between the two enzymes has allowed the design of specific
antiparasite inhibitors.*” Among these are two natural products, cadabacine and lunarine.%°

Another potential drug target involves the trafficking of proteins unique to the parasite into
essential organelles, such as the mitochondrion/kinetoplast or glycosomes. In our laboratory,
we have exploited the potential of mitochondrial proteins as drug targets. In trypanosomatids,
the division of the kinetoplast is closely coordinated with the division of the flagellar basal
body, the flagellum, and the cell itself.®""*? The rationale behind this approach is that disrup-
tion of any part of this process might prevent cell division and lead to parasite killing.*

Since some of the targeting sequences which direct the import of cytosolic proteins into the
Leishmania mitochondria are known and relatively conserved in kinetoplastids, we have used
these sequences to identify a mitochondrial protein called miX (mitochondrial protein X) that
occurs exclusively in Leishmania and Trypanosomes® and is absent from the mammalian ge-
nome. MiX is expressed throughout the Leishmania life cycle and appears to be essential for
viability. Deletion of one allele of miX produces parasites with morphological and mitochon-
drial abnormalities, while deletion of both alleles seems to be lethal. In addition, the single
allele knockout parasites display reduced infectivity in macrophages in vitro and reduced viru-
lence in vivo, suggesting that miX may indeed be a good drug target.®
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Proteins Essential for Parasite Survival and Virulence Factors

Leishmania synthesize a variety of mannose-rich glycoconjugates which have been shown to be
virulence factors. These glycoconjugates comprise glycoinositol phospholipid (GPI)-anchored gly-
coproteins, GPI-anchored lipophosphoglycan (LPG), free glycoinositolphospholipids (GIPLs) and
proteophosphoglycans (PPG).% A prerequisite for the biosynthesis of glycoconjugates in Leish-
mania, as in all eukaryotes, is the conversion of monosaccharides to activated sugar nucleotides
and dolicholphosphate derivatives. The activation of mannose comprises several enzymatic steps
performed by phosphomannose isomerase (PMI), phosphomannomutase (PMM), GDP-mannose
pyrophosphorylase (GDP-MP) and dolicholphosphate-mannose synthase (DPMS). The consecu-
tive action of PMM and GDP-MP transform mannose-6-phosphate to GDP-mannose
(GDP-Man), which is used as the mannose donor for all mannosylation reactions. Ilg and co-
workers demonstrated that the deletion of the gene encoding PMM or GDP-MP, but not PMI or
DPMS rendered the parasites avirulent, but still viable in culture.*° Because of the importance
of mannose-containing glycoconjugates to the parasite survival in the mammalian host, PMM
and GDP-MP constitute attractive targets for anti Leishmania drug development.”!

PMM (E.C. 5.4.2.8) is a phosphotransferase with a conserved phosphorylated motif
DxDx(T/V).*? The L. mexicana PMM is a member of the haloacid dehalogenase (HAD) fam-
ily of proteins.”>*> Our laboratory has solved the 3D structure of the L. mexicana PMM and
shown that it has significant similarity to the human counterpart.”**> An interesting feature of
the parasite PMM is the fact that it forms stable dimers.” It is not yet known whether dimer-
ization is required for enzyme activity, but if it is, disruption of dimerization by small molecule
inhibitors could distupt its function. Since the mode of interaction between the subunits dif-
fers between the parasite and the human enzymes, this site may be an attractive drug target.

A second potential drug target in the mannose biosynthetic pathway is GDP-mannose
pyrophosphorylase (GDP-MP) (E.C. 2.7.7.13), a member of the nucleotidyl transferase fam-
ily of enzymes. Deletion of the gene in Candida and S. cerevisiae is lethal”® Like the PMM
knockout patasites, the GDP-MP null parasites lack all mannose-containing glycoconjugates
including the newly discovered f 1-2 mannan which is considered important in protection
from stress.”®! There are two GDP-MP genes in humans, but little is known about their
activity. No natural mutants have been observed in mammals including humans, suggesting
that its loss is incompatible with life. Initial characterization of the leishmanial enzyme demon-
strated that GDP-MP self-associates to form a stable hexamer.”*® Based on its biochemical
characteriztion and structural similarities to other GDP-MPs, it has been proposed that the
leishmanial hexamer is composed of a dimer of trimers, polymerisation being driven by
noncovalent interactions between adjacent amino-terminal domains.”® These interactions can
be disrupted by relatively mild changes in pH and ionic strength, suggesting that it might be
possible to design drugs that inhibit the assembly of the hexameric form of the enzyme.””?

Target Validation

Any potential drug target must be expressed at the relevant stage in the parasite life cycle.
For Leishmania, the relevant stage is the amastigote inside the macrophage. Assuming that this
point can be demonstrated, the next step is to show that the modulation of expression of the
target affects the survival of the parasite in macrophages in vitro and in animal models of
disease. Most species of Leishmania that cause disease in humans also infect laboratory animals,
but ultimate demonstration of usefulness requires clinical trials in humans.

The use of parasites with specific gene deletions provides a rapid and informative way to decide
whether disrupting a pathway by drugs is likely to be an effective therapy. In Leishmania, this can
be achieved by homologous recombination. However, complete knockout of gene function does
not mimic the effects of drugs, which usually do not completely abrogate function. Leishmania are
diploid, providing the opportunity to examine heterozygous “knockdown” parasites in which
only one copy of the gene has been disrupted. To a first approximation, one may expect a 50%
reduction in protein expression, although regulatory mechanisms may change this figure. De-
pending on the gene in question, a heterozygous loss can sometimes result in a clear phenotype
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(haploinsufficiency). This situation pertains to the miX protein in Leishmania, where heterozy-
gous deletion results in morphologically abnormal parasites and reduced virulence, suggesting
that even partial inhibition of this protein’s function by drugs may have therapeutic effects.®

Unlike the situation in trypanosomes, RNAi does not seem to be operative in Leishmania.
However, protein expression can be reduced by antisense RNA. This is usually achieved by trans-
fection of parasites with an appropriate gene construct. Antisense RNA has been used to reduce the
expression of the membrane protease gp63 and the amastigote-specific protein A2. Loss of either of
the two proteins was shown to reduce parasite virulence, making them attractive drug targets. 1!

Another approach for validation of potential drug targets for Leishmania, which seems ro be
tich in multi copy genes that are difficult to delete, is the use of “dominant negative “ mutants
which may exert their effects by competing with the wild type protein for interacting partners
or by inhibiting the formation of multimeric complexes. This approach led to the demonstra-
tion that the glycosomal protein GIMI1 is essential for parasite survival.'"

Concluding Remarks

The penultimate step in drug development is the testing of the drug candidate in animal
models of disease, where all the complex interactions that underlie pathophysiological mecha-
nisms take place. It is important that animal models not only manifest the relevant disease
phenotype observed in humans, but that the underlying innate and adaptive immune responses
are similar to the human disease. In the case of leishmaniasis, there are reasonably good animal
models for some, but not all of the cutaneous forms. The animal models for visceral leishma-
niasis are less satisfactory. Nonetheless, the animal models for leishmaniasis are considerably
better than those for other parasitic diseases.

The final step in drug development inevitably involves clinical trials, with all their associ-
ated expense, logistical difficulties, risk and ethical problems. It is to be hoped that the power-
ful tools that are now at our disposal will result in a new generation of safer and more effective
treatments in the near future.
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CHAPTER 6

Sterol 14-Demethylase Inhibitors

for Trypanosoma cruzi Infections
Frederick S. Buckner*

Abstract

hagas disease is caused by infection with the protozoan pathogen, Trypanosoma cruzi.
‘ The only approved therapeutics for treating Chagas disease are two nitroheterocyclic

compounds (benznidazole and nifurtimox) that are suboptimal due to poor curative
activity for chronic Chagas disease and high rates of adverse drug reactions. Sterol
14-demethylase inhibitors include azole antifungal drugs such as ketoconazole, fluconazole,
itraconazole, and others. The first reports of potent activity of azole antifungal drugs against
Trypanosoma cruzi came out about 25 years ago. Since then, a sizeable literature has accumu-
lated on this topic. Newer triazole compounds such as posaconazole and D0870 have been
shown to be effective at curing mice with chronic Trypanosoma cruzi infection. Small clinical
studies with ketoconazole or itraconazole in humans with chronic Chagas disease have not
demonstrated significant curative activity. However, there is good reason for optimism that
newer compounds with greater potency and improved pharmacokinetic properties might be
more efficacious. Data have been published demonstrating synergistic activity of azole drugs
with various other compounds, indicating that combination chemotherapy may be an effec-
tive strategy as this field moves ahead. In light of the near absence of adequate therapeutics
for curing patients with chronic Chagas disease, additional effort to develop better drugs
needs to be a priority.

Introduction

In 1981, Docampo et al reported potent activity of the imadazole-containing antifungal
drugs, miconazole and econazole, against Trypanosoma cruzi cultures.! Subsequently, consider-
able effort has gone into investigations of a variety of other imidazole or triazole compounds as
potential therapeutics for Chagas disease. Most of these compounds, collectively referred to as
azoles, have been derived from antifungal drug development programs. They act by inhibiting
the sterol 14-demethylase enzyme, and they have been shown to block sterol biosynthesis in
Trypanosoma cruzi. Some compounds are sufficiently active to cure mice of chronic 7. cruzi
infection. Unfortunately, this class of compounds has not been extensively studied in the clini-
cal setting, and as a result the role of sterol 14-demethylase inhibitors for treatment of Chagas
disease is not established. In this chapter, I will review biological basis for drug-targeting the
sterol 14-demethylase enzyme of 7. cruzi, and I will review the laboratory and clinical investi-
gations of sterol 14-demethylase inhibitors for treatment of T, cruzi infections.

*Frederick S. Buckner—Department of Medicine, University of Washington, Seattle,
Washington, USA. Email: fouckner@u.washington.edu
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Figure 1. Chemical structures of nitroheterocycle compounds, benznidazole and nifurtimox, in
clinical use for treatment of Chagas disease.

Chagas Disease

Also known as American trypanosomiasis, Chagas disease is endemic in 21 countries in
the American hemisphere. Sixteen to 18 million people are infected, and 100 million people
are at risk (http://www.who.int/ctd/chagas/burdens.htm). The etiologic agent, 7. cruzs, is
transmitted to humans primarily by blood feeding reduviid bugs that live in areas of poor
housing or by blood transfusion. The epimastigote form replicates in the insect gut and
transforms into infective metacyclic trypomastigotes. Trypomastigotes enter a variety of hu-
man cells, replicate intracellularly as round amastigotes, and transform to the motile
trypomastigote form, which lyse the host cell. Trypomastigotes circulate, invade other host
cells, or infect reduviid insects. Once infected with 7. cruzi, the mammalian host remains
infected for life. Chagas disease is manifested in three phases: acute, indeterminate, and
chronic. The acute phase is the initial replicative phase for the organism in which demon-
strable parasitemia and influenza-like symptoms occur. In the very young, direct invasion of
parasites can cause fatal myocarditis or meningoencephalitis. The indeterminate phase is
characterized by a lack of signs and symptoms. The chronic phase typically occurs 10-20
years after contracting the parasite and affects 10-30% of those infected.? It is manifested
most commonly as debilitating or fatal cardiomyopathy or pathological dilations of the esopha-
gus or colon. It is debated whether the pathogenesis of chronic Chagas disease is from in-
flammation directed to tissue parasites versus autoimmune phenomena.® Recent clinical evi-
dence showed that aggressive antiparasitic therapy (using benznidazole) had a beneficial effect
on cardiomyopathic progression,® suggesting an important role for etiologic treatment in
the management of patients infected with T cruzi.” The most widely used antiprotozoan
treatments include benznidazole and nifurtimox (Fig. 1). In acute disease, nifurtimox results
in parasitologic cure in about 70% of cases and decreases mortality. For children with
indeterminant-phase of Chaégas disease, benznidazole administered for 60 days has resulted
in ~50% parasitologic cure.® Unfortunately, Chagas disease is usually diagnosed during the
chronic phase when patients present with cardiac or GI symptoms, and treatment is less
effective in this setting. One set of guidelines recommends etiologic treatment with
benznidazole for 60 days for adults with chronic Chagas disease.” However, many practitio-
ners are reluctant to use nifurtimox or benznidazole in chronic Chagas patients because of
the unfavorable risk-to-benefit profile of these drugs, which are notorious for side effects
such as vomiting and neuropathy.’

Drug Development for Chagas Disease

Any plans to make new therapeutics for Chagas disease need to bear in mind the character-
istics of a drug that would allow it to succeed in clinical use. Essentially all the data in animal
models and the dlinical experience with humans indicate that long courses of treatment are
required to produce cures. The situation is analogous to tuberculosis infection and systemic
mycoses in which extended periods of drug pressure are necessary to kill off all the organisms.
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Based on experience with benznidazole or nifurtimox, treatment courses of 8 weeks or longer

will probably be necessary. A new drug should ideally have the following characteristics:

Orally administered (any parenteral drug would be too difficult to give for long courses in

resource limited settings)

¢ Once daily administration: this will greatly improve compliance and help insure continual
drug pressure on tissue parasites for effectiveness and to reduce the chances of breeding

resistant organisms.

* Low toxicity: clearly the major obstacle to delivering anti-Chagas therapy to infected popu-
lations has been intolerable toxicity of the benznidazole and nifurtimox

* Safe in children and women of reproductive age

* Low cost of goods: The drugs will mostly be used in poor populations in S. America.

*  Stability: the drug will need to have a long shelf life in tropical temperatures

Sterol Biosynthesis—Overview

Azole antifungal compounds act by inhibiting the sterol 14-demethylase enzyme of the
sterol biosynthetic pathway (Fig. 2). Sterols are essential lipid components of eukaryotic
membranes. Sterols are important regulators of membrane permeability and fluidity. In ad-
dition, sterols have roles in aerobic metabolism, completion of cell cycle, sterol uptake, and
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Figure 2. Sterol biosynthesis pathway as it is understood in yeast: biochemical products, en-
zymes, and inhibitors (double arrows represent more than one step).
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sterol transport.® The final products of sterol blosynthesns vary among eukaryotes with mam-
mals producing cholesterol, plants producing a variety of phytosterols, and fungi producing
ergosterol.

The biosynthetic steps to produce ergosterol or cholesterol are the same in yeast and mam-
malian systems through the synthesis of 4,4-dimethylzymosterol (see Fig. 2). Despite identical
reactions in the pre-zymosterol steps, differences in fungal and mammalian enzymes that cata-
lyze these reactions have led to selectxvely active antifungals drugs such as azoles and terbinafine.
Azole antifungal drugs have selective activity for the fungal sterol 14-demethylase enzyme over
the mammalian ortholog.”

Many of the enzymes in the sterol biosynthesis pathway have selective inhibitors (Fig.
3). These include some extremely important classes of drugs such as “Statins”, used to treat
high cholesterol, bisphosphonates, used to treat osteoporosis, allylamines (e.g., terbinafine)
and azoles used to treat fungal infections, and morpholines which are used as fungicidal
agrochemicals.
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Figure 3. Structures of imidazole and triazole antifungal compounds under investigation or in
clinical use.
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Sterol 14-Demethylase (CYP51) and Azole Inhibitors

Synthesis of the major animal sterol (cholesterol), the fungal ergosterol, and the plant sito-
sterol, requires removal of the 14a-methyl group from sterol precursors. The reaction is cata-
lyzed by a microsomal cytochrome P450, the sterol 14-demethylase. In mammals and yeast,
where the substrate is lanosterol, the enzyme is frequently called the lanosterol 14a-demethylase.
The removal of the methyl group occurs through three successive oxidations resulting in
decarbonylation, releasing formic acid (Fig. 410

Sterol 14-demethylase (CYP51) is a member of the cytochrome P450 superfamily of
mixed-function oxidases that metabolize a structurally diverse group of exogenous and endog-
enous organic substrates.!! CYP51 is found in animals, plants, fungi, euglenozoa (e.g.,
trypanosomatids), and actinobacteria (e.g., Mycobacterium tuberculosis). Interestingly, the sterol
14-demethylase of Trypanosoma brucei (a closely related protist to 7. cruzz) appears to use obtusifoliol
as substrate rather than lanosterol.!? The presence of the large ;)hcnylalanine side chain in the
active site seems to lead to preferred processing of obtusifoliol.” The active site of T cruzi con-
tains an isoleucine in place of the Phe, consistent with lanosterol being the preferred substrate.'*

Inhibition of cytochrome P450 enzymes by azole drugs results from coordination of the azole
nitrogen to the heme iron, with the lipophilic ligand attached to the azole occupying the binding

NADPH, O,

140-DM
HO'
Lanosterol

NADPH, O,
14a-DM

NADPH, O,

e
140-DM
HO'
HCO, H

4 4-dimethylcholesta-8,14,24-trienol

Figure 4. Mechanism of sterol 14-demethylase using lanosterol as substrate. This NADPH and
O, dependent P450 enzyme oxidatively removes the 14-methyl group of lanosterol to form
4,4-dimethyicholesta-8,14,24 trienol. Adapted with permission from: Fischer RT, Trzaskos JM,
Magolda RL et al. Lanosterol 14 alpha-methyl demethylase. Isolation and characterization of
the third metabolically generated oxidative demethylation intermediate. J Biol Chem 1991;
266(10):6124-32.
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site for lanosterol. These inhibitors prevent both binding of the substrate and oxygen activation.®

During catalysis, the active-site heme iron is oxidized (from ferrous, Fe'*, to ferric, Fe***), and it
is subsequently regenerated to its reduced form by a P450-reductase enzyme utilizing NADPH.

Sterol 14-demethylase (CYP51) is also present in humans, raising the obvious question of
why sterol 14-demethylase inhibitors are not more toxic in mammals. As mentioned, azole
antifungals (ketoconazole and itraconazole) have higher ICsqs against the human sterol
14-demethylase than against that of Candida albicans by a factor of ~30.? In addition, yeast
cells have dramatically lower P450 enzyme content than mammalian cells. This combination
makes yeast cells more sensitive to azole drugs.’® One also needs to consider that cholesterol
homeostasis in humans involves much more than just endogenous synthesis of cholesterol
within each cell. The availability of cholesterol in the body is influenced by dietary intake and
regulated absorption/excretion of cholesterol. This multidimensional system for maintaining
cholesterol balance buffers the effect of inhibiting a single component of the system. Conse-
quently, sterol biosynthesis inhibitors such as HMG-CoA reductase inhibitors (statins) or ste-
rol 14-demethylase inhibitors (azoles) only partially lower the availability of cholesterol to cells
in mammals, and thus are not highly toxic.

The main toxicities of azole compounds in humans are related to inhibition of P450 (CYP)
enzymes. Humans have 57 sequenced CYP genes, and, like other mammals, contain CYP
genes belonging to 15 families.”” The functions of these CYP gene products primarily relate to
metabolism of xenobiotics (and drugs) and to steroidogenesis. As can be surmised, inhibition
of CYP enzymes is largely manifested as drug-drug interactions (by competition or induction
of drug metabolizing enzymes) or as consequences of inhibiting steroid hormone biosynthesis.
These effects limit the usefulness of ketoconazole, which is a promiscuous CYP inhibitor.
Ketoconazole is notorious for potently inhibiting CYP3A4 and consequently causing elevated
plasma concentrations of drugs metabolized by this important P450 enzyme. In addition,
ketoconazole given to men at 200-400 mg/day transiently blocks testosterone and cortisol
synthesis.'®20 This is associated with hypogonadism in men and adrenal insufficiency in some
cases. Ketoconazole also inhibits vitamin D metabolism in man.?

Newer generation azole antifungal drugs such as fluconazole and itraconazole (Fig. 3) have
substantially few side effects in humans, and this is believed to be due to diminished activity
against mammalian cytochrome P450 enzymes while retaining potent activity against fungal
CYP51. These widely used and highly effective drugs establish a convincing precedent that it is
possible to make selective inhibitors of microbial cytochrome P450 enzymes withour causing
dangerous cross-talk with mammalian cytochrome P450 enzymes.

Based on the large differences in amino acid sequences of the human and Candida albicans
sterol 14-demethylase (39% sequence identity), it is not surprising that selective inhibitors for
Candida were discovered. The T cruzi sterol 14-demethylase protein is even more dissimilar to
the human sterol 14-demethylase (31% identical) than is the C. albicans ortholog. It should also
be pointed out that the T cruzi and C. albicans CYP51 sequences are also very dissimilar (28%
identity), suggesting that it is fortuitous that antifungal drugs are relatively potent against the 7/
cruzi CYP51. These data suggest there is an opportunity to develop drugs that are more specific
for T. cruzi and that have greater potency against 7. cruzé than existing antifungal azole drugs.

Sterols of T. cruzi

T, cruzi is most similar to fungi in its sterol composition, with ergosterol and ergosterol-like
sterols being major membrane components.2#> The sterol biosynthesis pathway of T. cruzi pre-
sumably parallels that of yeast, although the full 7. cruzi pathway has not been fully characterized.
Clearly some differences exist late in the pathway due to the presence of sterol species with un-
usual alkyl variants attached at the Cy4 position. When grown with serum, approximately 25% of
the membrane sterol is cholesterol.2 Radiolabeled mevalonate is incorporated into the mature
(4-desmethyl) sterols of T cruzi epimastigotes that are grown with serum.” This demonstrates
that de novo sterol biosynthesis is occurring. Azole antifungal drugs inhibit 7" cruzi growth in
vitro and alter the sterol composition of the cells.”**?> Specifically, epimastigotes grown in the
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presence of ketoconazole or itraconazole have near comglete suppression of the endogenous
140-desmethyl sterols and accumulate 14a-methyl sterols.? These changes in membrane sterols
are associated with profound ultrastructural alterations that lead to cell disintegration.?

The sterols of the replicative mammalian stage of T cruzi (amastigotes) have also been
described.” Exogenous sterol of host origin (cholesterol) account for approximately 80% of
the weight of the total sterols in 7. cruzi amastigotes.”” Despite the fact the parasites incorpo-
rate sterols of host origin, they remain highly susceptible to sterol biosynthesis inhibitors. In
facr, the antiproliferative potency of ketoconazole and other C-14 demethylase inhibitors is
much greater against intracellular stages of 7. cruzi compared with epimastigotes (see Table
1).2% It has been suggested that this higher sensitivity is related to a smaller preformed sterol
pool and/or a higher turn-over rate of sterols in these cells.”” It also may be that a minimum
amount of endogenous sterol with specific chemical characteristics is required for either struc-
tural purposes or for other reasons, such as cell cyce control.

Activity of Azole Compounds against T, cruzi

In Vitro

From published data, azole antifungal drugs are the most potent of all studied compounds
with respect to in vitro potency against 7. cruzi cultures. Several of these compounds have ICsg
values in the picomolar range, specifically posaconazole, ravuconazole, and TAK-187 (Table 1).
Since direct comparisons of IC50 can be difficult when assays are performed with different
strains in different laboratories, we show data collected in our laboratory using the Tulahuen
strain (Table 2). The compounds are ranked in terms of potency, demonstrating that posaconazole
is the most potent and fluconazole is the least potent of those tested. The poor activity of fluconazole
is noteworthy. Comparison of the structures suggests that the compounds with large sidegroups
have greater activity. The potent in vitro activity of azole compounds is striking when compared
to the clinically used drugs, benznidazole with an ICsg in the low micromolar range (Table 2).
Despite the relatively weak in vitro activity of benzndizole, it is very active in animal models and
remains the leading drug for treating humans infections. The reason(s) for the discordance be-
tween in vitro and in vivo activity of benznidazole is not understood. As already mentioned, the
utility of benznidazole (and nifurtimox) is hindered by serious side effect profiles.

Enzyme Inhibition

Recombinant sterol 14-demethylase has been expressed in baculovirus (Buckner)®! and more
recently in E. coi.>* The purified protein was shown to bind ketoconazole as evidenced by a
shift in the aborbance spectrum of the enzyme.?! A P450 enzyme type II binding spectrum was
observed consistent with ketoconazole’s imidazole moiety coordinating with the heme-iron in
the active site. Similarly, a series of new synthetic bis-imidazole compounds with anti-T, cruzi
activity were also shown to bind the recombinant enzyme.?®> The development of a
high-throughput assay to screen compounds for binding affinity to the 7. cruzi sterol
14-demethylase will enable investigators to broaden the search for more potent compounds.

Animal Studies

By far, the most widely used animal model for Chagas disease is murine infection with
T cruzi. Table 3 and 4 are summaries of the published data on the effectiveness of azole
compounds for treating mice with 7. cruzi infection. From these data, some general com-
ments can be made:
* Mice with chronic T cruzi infection are more difficult to cure using azole compounds than
mice with acute infection.
* A subset of azole compounds (i.e., posaconazole, D0870, TAK-187) are more effective than
others
* Azole compounds are not equally effective against all 7. cruzi strains.
*  Some azoles work synergistically with other drugs.
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Table 2. In vitro activity of selected sterol 14-demethylase inhibitors (and
benzndizole) against 1. cruzi (Tulahuen strain) grown in murine 373

fibroblasts

Intracellular Amastigotes Mouse Fibroblasts
1Cs50 (M) 1Cso (M)

Posaconazole 0.0005 5

Ketoconazole 0.001 30

Itraconazole 0.001 1

Voriconazole 0.004 30

Miconazole 0.02 10

Benznidazole* 1.5 >20

Fluconazole 8 100

*Reference compound. From unpublished data, F.S. Buckner.

Azole compounds have been tested in the mouse model of Chagas disease in numerous
laboratories. Direct comparisons between studies can be difficult because of the use of different
protocols, different strains of 7. cruzi, and different outcome measurements. A particularly
problematic challenge with all of these studies is the test of cure of the animals. The tests
include hemoculture, xenodiagnosis, serology, PCR, tissue analysis, and combinations of these.
The reader is referred to the original papers for details.

Many of the azole compounds are able to cure mice with acute T cruzi infection. These
studies are generally performed by infecting mice with T cruzi then initating chemotherapy
starting 24 hours post-infection. Compounds including ketoconazole, itraconazole,
posaconazole, D0870, ravuconazole, and TAK-187 are able to cure mice acutely infected with
certain strains of T, cruzi. Fluconazole did not cure acutely infected mice which is perhaps not
surprising given its relatively poor in vitro activity against 7 cruzi (Table 2). The poor activity
of fluconazole is unfortunate since it is a widely used drug with a good safety record, and it is
now a generic product.

The situation is different when compounds were used to treat mice with chronic 7. cruzi
infection. In general, “chronic” studies use mice that were infected at least 6-8 weeks before the
initiation of treatment. Three methods were commonly used: (1) mice were infected with low
enough numbers of parasites to allow most individuals to survive the initial parasitemic phase
of infection, (2) mice were treated briefly with an and-T. eruzi compound during the acute
phase to prevent early mortality, or (3) certain T. cruzi strains were used that are able to estab-
lish chronic infection without causing much acute mortality. From these types of studies, it
became evident that ketoconazole and itraconazole were unable to cure chronically infected
mice.**% Similarly, ravuconazole did not lead to parasitological cure of chronically infected
mice.” It is thought that ravuconazole’s relatively short serum half-life in mice (-4 hours)
might be responsible for its poor activity in the chronic mouse model.?”

The most impressive compounds for treating chronic 7. cruzi infection are D0870 and
posaconazole. D0870 cured 95% of mice chronically infected with the Bertoldo strain.
Posaconazole cured 50-57% of mice chronically infected with CL, Y, or Colombiana strains.
The studies on mice infected with the Columbiana strain are of note because this strain is
benznidazole resistant. TAK-187 is another triazole compound with good activity against the
Columbiana strain.”® (TAK-187 was also shown to prevent cardiac damage in mice with 7,
cruzi infection®). These findings illustrate the important point that sterol 14-demethylase
inhibitors have the potential to work against benznidazole-resistant strains. However, as dis-
cussed below, there are strains that resist both classes of compounds.
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Ketoconazole is active against the benznidazole-sensitive strain, CL, as well as against the
benznidazole-resistant strains, SC-28 and YuYu. However, it is not active against the
benznidazole-resistant strains, VL-10 or Colombiana.®’ Detailed studies with itraconazole
further illustrate the differences in susceptibilities of different T cruzi strains. A paper by
Toledo et al*! showed that 7. cruzi strains of genotype 20 are widely resistant to itraconazole
as well as benznidazole. These strains were collected from the Sao Paulo, Potosi, Sucre, and
Cochabamba regions. It is interesting that these strains resist both itraconazole and
benznidazole which do not share a common mechanism of action. The mechanism(s) of
resistance to these drugs has not been established. The observation with genotype 20 strains
illustrates the important point that variability in strain susceptibility is an important issue
that cannot be ignored in the development of sterol 14-demethylase inhibitors, or, for that
matter, any anti-7 cruzi drug.

Assingle large animal (dog) study has been performed investigating the activity of a sterol
14-demethylase inhibitor against 70 cruzi. Albaconazole (Fig. 3) was investigated in part
because of its long in vivo half life in dogs and primates. Treatment was started 12-22 days
post-infection, immediately after the appearance of parasitemia. Dogs were infected with the
partially resistant Y strain and treated with albaconazole at 1.5 mg/kg/day for 60 or 90 days.
All the treated animals survived (50% of controls died) and parasitemia resolved in 25% and
100% of dogs in the respective groups. Interestingly, dogs infected with the Berenice-78
strain (which is more sensitive to benznidazole than is the Y strain) did not do as well. When
administered for 60, 90, or 150 days, none of the dogs was parasitologically cured. In con-
trast, benznidazole administered at 7 mg/kg b.i.d. for 60 days led to parasitologic cures in all
dogs infected with either 7. cruzi strain.

Some very important studies in mice have been performed looking at sterol 14-demethylase
inhibitors in combination with other compounds (summarized in Table 4). Ketoconazole
plus benznidazole led to high cure rates in mice chronically infected with the CL or Y strains.®3
This combination (in the higher dosing scheme) also led to a 31% cure rate against the
resistant Colombiana strain. In the acute I cruzi model, ketoconazole had synergistic activ-
ity with terbinafine (another sterol biosynthesis inhibitor acting on squalene epoxidase).* In
contrast, lovastatin (an HMG-CoA reductase inhibitor) did not enhance the benefitial effect
of ketoconazole in the acute mouse model of 7. cruz infection.* Finally, posaconazole was
used in combination with the anti-arthythmic drug, amiodarone.*® The authors showed that
amiodarone has its own intrinsic activity against 7. cruzi by interfering with parasite calcium
homeostasis and by blocking ergosterol biosynthesis. Posaconazole and amiodarone worked
synergistically in vitro against 7. cruzi. In the acute infection model using groups of 10 mice,
posaconazole alone resulted in 60% cures, amiodarone alone resulted in 0% cures, and
posaconazole + amiodarone resulted in 80% cures.

Clinical Studies

Only two azole antifungal drugs have been investigated in humans for treatment of Chagas
disease: ketoconazole, and itraconazole. Ketoconazole was given to 8 patients with chronic
Chagas disease for 10-14 weeks with no evidence of parasitologic cure as measured by
hemoculture and serology. “* The ketoconazole was given orally at the standard dose range (4.5
-8.8 mg/kg/day). The patients were Brazilian from the Minas Gerais state. The strains of the
infecting parasites were not reported.

Two studies using itraconazole have been reported. One was performed by investigators at
University of Sao Paulo, Brazil, involving 18 patients with chronic Chagas disease. Patients
were given itraconazole at 100 mg/day or 200 mg/day for 12 weeks. There were no parasito-
logic cures.

The other, larger study on itraconazole was led by investigators in Santiago, Chile.* Pa-
tients (ages 9-50) with chronic Chagas disease were recruited from urban and rural parts of
Chile and Argentina. A total of 505 patients were divided into three treatment groups receiving
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itraconazole (400 mg/day for 120 days) or allopurinol (8.5 mg/kg/day for 60 days) or placebo.
Adverse drug events in the itraconazole or allopurinol groups did not differ significantly from
the placebo group. Follow-up at 4 years showed no changes in antibody titers using conven-
tional methods (IE ELISA, or Western blots), although 14 patients in the treatment groups
had decreased antibody titers by IHA (9 treated with allopurinol, 5 treated with itraconazole, 0
treated with placebo). Xenodiagnosis was used to help establish parasitological cure. The analy-
sis was complicated by the fact that large numbers (400) of patients had negative xenodiagnos-
tic cultures at the beginning of the study. However, of the patients with baseline positive xeno-
diagnostic cultures, a significantly larger number converted to negative in the itraconazole
group {38 of 43, 88%) or the allopurinol group (18 of 29, 62%) compared to the placebo
group (4 of 16, 25%).

The patients were followed up 11-years post-treatment. Only patients treated with
itraconazole or allopurinol were included in this analysis (apparently because most of the
placebo-treated patients were subsequently treated with one of the drugs). The follow-up stuc(iig
focused on a subset of 109 patients from a region without ongoing T cruzi transmission.
Only 21 (19.3%) of patients were negative in all the parasitologic tests and all patients remained
seropositive by IFAT and/or ELISA. Thus, it does not appear that the treatment with itraconazole
(or allopurinot) led to significant numbers of parasitologic cures in this patient population. An
analysis of ECGs from baseline and at 11-years indicated that a substantial number of patients
had ECGs that remained normal over time, or changed from abnormal to normal (51% in
itraconazole-treated patients and 67% in allopurinol treated). Without a comparison to a pla-
cebo group, however, it is not possible to confidently say that these findings were due to thera-
peutic benefit of the treatments.

The current clinical studies have not established a clear role for using either ketoconazole or
itraconazole for treatment of patients with Chagas disease, although it is possible that there
may be a marginal therapeutic benefit with itraconazole. Based on the encouraging data with
newer azole drugs in animal models (clearly with superior activity than ketoconazole or
itraconazole), one has to be hopeful that additional clinical studies will be performed with
mote active sterol 14-demethylase inhibitors in the near future.

The Development Status of Sterol 14-Demethylase Inhibitors

Of the compounds described in Tables 1-4 and Figure 3, only ketoconazole, fluconazole,
itraconazole, and voriconazole are FDA approved for clinical use (as of March, 2006). These
drugs are all approved as antifungal agents. As was discussed, ketoconazole and itraconazole
have been subjected to limited studies in patients with Chagas disease. To my knowledge, no
published clinical research on Chagas disease with either fluconazole or voriconazole is avail-
able. Since fluconazole is relatively inactive against 7. cruzs, a clinical study with this drug is
probably not warranted. D0870 was found to be associated with cardiotoxic side effects during
clinical studies for application as an antifungal drug, and its development was discontinued.
The remaining compounds including posaconazole, ravuconazole, TAK-187, and albaconazole
are in various stages of clinical or preclinical development as antifungal drugs. If they are ap-
proved for human use, they may become candidates for a second-use application for Chagas
disease. It remains to be seen whether a business entity or another funding agency would spon-
sor the necessary clinical trial(s) to establish the utility of one or more of these compounds for

Chagas disease.

Can a Better Sterol 14-Demethylase Inhibitor Be Developed
against 1. cruzs?

All of the compounds shown in Figure 3 came from pharmaceutical research programs to
develop antifungal drugs. These compounds were developed and optimized for activity against
fungi. Consequently, the use of these compounds for treating 7. ¢ruz infections is a second-use
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application. There are obvious practical and economic reasons for this approach. However, it
cannot be ignored that the investigators dedicated to finding therapeutics for Chagas disease
are largely dependent on luck whether or not these antifungal compounds will also have
activity against 7. cruzi. As was discussed above, it is very fortunate that so many antifungal
compounds do have good T. cruzi activity knowing that the overall amino acid sequence
identity of the sterol 14-demethylase enzyme of Candida albicans and T. cruzi is only 28%.
The substantial differences of the enzymes strongly suggests that a directed effort to develop
specific anti-7 cruzi sterol 14-demethylase inhibitors might yield even more potent and
biologically active compounds than those that have been discovered by “piggy-backing” onto
antifungal drug development programs. Two new classes of imidazole-containing compounds
have been reported recently that could potentially serve as starting points for medicinal chem-
istry efforts to develop inhibitors specifically tailored to 1nh1b1t the 7. cruzi sterol
14- demethylase These mclude a series of disubstituted imidazoles®® and derivatives of the
anticancer drug, tipifarnib.!® The authors report a structural model of the 7. cruzi sterol
14-demethylase enzyme based on the known structure of a prokaryotic CYP51 ortholog,
and propose a rational drug design program to synthesize compounds with optimized activ-
ity against the 7. cruzi sterol 14-demethylase.

Summary

As monotherapy in mice, the best sterol 14-demethylase inhibitors appear to be at least as

effective as benznidazole or nifurtimox for treating T eruzi infections. Three azole com-

pounds deserve special notice are posaconazole, ravuconazole, and TAK-187. A fourth com-
pound, D0870 had excellent activity, but was discontinued from clinical development due
to serious side effects in clinical trials for fungal infections.

¢ The triazole antifungals are generally better tolerated and safer than the nitroheterocycle
compounds (Fig. 1) which are notorious for severe side-effects

* Sterol 14-demethylase inhibitors have not been extensively investigated for treatment of
human Chagas disease, thus it is not yet possible to judge whether this chemical class clearly
has or will have a role in treating human cases. It is evident that prolonged courses of
therapy with drugs such as itraconazole are much better tolerated than treatments with
nitroheterocycle compounds.

¢ Sterol 14-demethylase inhibitors with more potent activity and/or more optimal pharma-
cokinetic properties than ketoconazole and itraconazole need to be investigated in clinical
trials to evaluate their potential for treating humans with Chagas disease

* The use of sterol 14-demethylase inhibitors in combination with other compounds needs
to be more extensively investigated for the following reasons:

—No single drug (including azole compounds) may have sufficient activity to effect
parasitologic cure in chronically infected humans, thus combination therapy may
be absolutely necessary

—Synergy studies in mice with sterol 14-demethylase inhibitors and other classes of
compounds (e.g., terbenifine, benznidazole, amiodarone) indicate that synergistic
or additive effects are possible

— Combination therapy could potentially shorten the course of therapy necessary to
effect cure

—Combination therapy could potentially allow for the use of lower doses of drugs
with reduced side effects

— Combination therapy could potentially reduce the risk of promoting resistant strains
of T cruzi

*  New sterol 14-demethylase inhibitors that are specifically designed for activity against 7
cruzi may open the opportunity for even more potent therapeutics than those compounds
obtained from antifungal drug development programs
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CHAPTER 7

Histone Deacetylases

David Horn*

Abstract
eacetylation of histones is required for gene regulation and cell cycle progression and
D the mediators, the histone deacetylases, are being vigorously pursued as drug targets
for cancer chemotherapy. The deacetylases are also potential drug targets against in-
fectious diseases and genome sequencing revealed proteins of this class in each of three
kinetoplastid parasites. These enzymes are now being characterised and assessed for chemo-
therapeutic potential.

Introduction

Many proteins rely upon post-translational modification for activity, subcellular localisation
or to alter their structure and/or stabiltiy and some of these modifications are reversible. Re-
versible acetylation for example requires the combined action of acetylases (aka acetyltransferases)
and deacetylases which work together to maintain the appropriate acetylation level. It was only
just over ten years ago when these enzymes were first identified and in the case of the first
deacetylase an inhibitor of the enzyme was used as a probe to p\mfy the protein itself.! Revers-
ible protein acetylation has been the subject of intense investigation ever since. Although re-
search has focussed on histone (de)acetylation and its consequences, it is important to consider
alternative in vivo substrates. Human ‘histone’ deacetylase 6 (HDACH) is a tubulin deacetylase
for example (see ref. 2).

A large number of putative histone acetylases and deacetylases have now been identified
based on similarity to proteins with confirmed activity. Indeed, the completion of genome
sequencing for protozoan parasites, including the three kinetoplastids, Trypanosoma brucei,
Trypanosoma cruzi and Leishmania major, subsequently referred to as the Tritryps (see ref. 3),
revealed that the conserved domains in these enzymes are pervasive among eukaryotes. Al-
though studies on protein acetylation are at an eatly stage in kinetoplastids, work in other
systems and current clinical studies suggest that putative (histone) deacetylases can be consid-
ered serious potential drug targets for the range of diseases caused by these parasites.

The Deacetylases

A number of histone modifications have been demonstrated but acetylation appears to be
one of the most dynamic. Acetylation is most commonly on the ¢ amino groups of lysine
residues near the histone N-termini within ‘histone tails' that extend from the core of the
nucleosome and beyond the DNA wrapped around the outer face of the histone octamer. The
location of these modifications allows histone deacetylases to modulate chromatin structure
and interaction® or remove binding platforms for regulatory factors (reviewed in ref. 5). The
deacetylases themselves may be regulated by phosphorylation® and, in the case of the class II
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enzymes, shuttling between the cytoplasm and nucleus.” They are recruited to chromatin within
multi-component complexes some of Wthh contain additional catalytic components respon-
sible for distinct histone modifications.® Histone acetylation can have targeted or more wide-
spread effects when recruited to spec1ﬁc promoters or heterochromatin rcspectlvely for ex-
ample and roles in cell cycle progression’ and differentiation have been demonstrated.” In fact,
all DNA-templated processes may depend upon appropriate histone modification patterns.

Five putative histone acetylases and seven deacetylases were revealed following Tritryp ge-
nome sequencing (see Table S4 in ref. 3). For comparison, Saccharomyces cerevisiae has ten
deacetylases and humans have eighteen. These deacetylases are divided into three classes or
super families (I-I1I) all of which are also found in bacteria. Classes I and II are structurally
related and are distinct from the Sir2-related, NAD*-dependent class III enzymes (reviewed in
ref. 10). The trypanosomatid deacetylases comprise two, two and three proteins from classes
LI respectively. Small molecule modulators of class III enzyme activity have been identified
(reviewed in ref. 11) but these compounds are not currenty in clinical trials. I will cherefore
focus below on the four deacetylases from classes I and I1 and the inhibitors that target this class
of enzymes, several of which are currendy in clinical trials as anticancer agents. It is worth
noting here that the acetylases may also emerge as targets for chemotherapy but small-molecule
inhibitors of these enzymes have not yet been reported.

A phylogenetic analysis of the Tritryp Class I and II deacetylases (DACs; Fig. 1) reveals a
number of interesting features. First, trypanosomatids branched very early from the eukaryotic
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Figure 1. The phylogenetic relationship among the trypanosomatid deacetylases and other
class I/l deacetylases. Related proteins were identified by BLAST analysis. The unrooted
neighbour-joining tree was generated using Clustal 1.8X and TreeView. The two classes and
the trypanosomatid enzymes (DACT1-4) are highlighted and all accession numbers are shown.
Tb, T. brucei; Tc, T. cruzi; Lm, L. major; Hs, Homo sapiens; Sc, S. cerevisiae; Gl, Giardia
lamblia; Eh, Entamoeba hiostolytica; Pf, Plasmodium falciparum.
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lineage and the class I DACs clearly reflect this divergence. Second, the relationship between
the 7. brucei, T. cruzi and Leishmania proteins indicates the presence of putative DAC1, DAC3
and DAC4 homologues in all three parasites while L. major DAC2 does not cluster with trypa-
nosome DAC2. This protein lacks several critical catalytic residues and was the only class I/
DAC in T brucei that was dispensable and had no impact on cell cycle progression.'

The Inhibitors

The histone deacetylase inhibitors (HDi) are a structurally diverse group of paturally occur-
ting and synthetic compounds (reviewed in ref. 13) that can induce growth arrest, differentia-
tion and apoptosis of cancer cells ex vivo and in vivo. Some HDj are discussed below but for a
more comprehensive description of the range of HDi see Table 4 in ref. 14. The first potent,
small molecule HDi were described in 1995 (reviewed in ref. 15); trichostatin A from Strepto-
myces is a hydroxamic acid and a noncompetitive inhibitor of mammalian deacetylases that is
effective in the nanomolar concentration range; trapoxin is a fungal cyclic tetra peptide and an
irreversible inhibitor of mammalian deacetylases. Deacetylases were considered promising che-
motherapy targets since the discovery of these first HDi and the subsequent demonstration of
selectivity against several types of transformed cells.'® Indeed, HDAC deregulation has been
linked to cancer and several compounds have activity against a spectrum of tumours at doses
that are well tolerated. Following positive results in a number of animal models, HDi are now
one of the most promising classes of new anticancer agents and there are several different
structural classes in clinical trials (reviewed in ref. 13). For example, the reversible inhibitor,
suberoylanilide hydroxamic acid (SAHA) is in phase II clinical trials. HDi have also been con-
sidered potential chemotherapeutic agents against infectious protozoa (see ref. 16 and below)
and have been extremely useful not only for identifying the first histone deacetylase (see above)
but also for determining the consequences and importance of protein deacetylation in vivo.

Transformed and undifferentiated dividing cells are susceptible to HDi while nondivid-
ing cells appear to be resistant. Acetylated histones accumulate in normal nondividing cells
but this appears to be tolerated. HDi may influence mammalian cell growth and division
through a range of different pathways. Clearly, inhibition leads to the accumulation of inap-
propriately hyper-acetylated histones and other proteins thereby interfering with growth or
cell cycle progression but the molecular consequences of deacetylase inhibition are not fully
understood. HDi are generally thought to disrupt transcription control. For example his-
tone hyper-acetylation may disrupt heterochromatin (reviewed in ref. 17) leading to up (or
down)-regulation of a proportion of genes'® with the associated secondary effects. The ef-
fects may be more pleiotropic however and histone hyper-acetylation may also compromise
centromere function' or monitoring by the DNA repair and/or checkpoint machinery may
lead to cell cycle arrest. Inappropriate acetylation could also impact upon the deposition of
adjacent modifications® and the range of nonhistone targets may be significant. Indeed,
HDi therapy may be more powerful than drugs that target a single molecular pathway be-
cause they affect several molecular programmes.

Intense interest in the potential applications of HDi has lead to the detailed characterisation
of a range of compounds and the synthesis of a large number of derivatives. Among the known
HDi and their derivatives, there ate likely to be several compounds active against kinetoplastids.
Not all deacetylases are equally sensitive to the different HDi so ‘pan-specific’ HDi may find
utility against kinetoplastid parasites or kinetoplastid-isoform-specific compounds may emerge
from the large chemical libraries now available.

Current Research

There is significant interest in using HDi against protozoan parasites. As described above,
class I/II deacetylases have been identified in kinetoplastids but what about identifying HDi
with activity against this group of otganisms? The fungal metabolite, apicidin is a potent, revers-
ible HDi active against the Apicomplexan parasites that cause malaria and toxoplasmosis.'5%!
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Although this particular HD:i is inactive against kinetoplastids (see ref. 16) an apicidin analogue
has been reported to have potent and selective activity against the African trypanosome, 7
brucei.” In addition, one of the hydroxamate inhibitors displays a MICsg (minimum inhibitory
concentration) of 1 uM in a four-day T brucei growth assay (Charles Marson and DH, unpub-
lished) and it seems likely that these compounds target DAC1, DAC3 or both (see below). It
will now be important to further characterise the enzymes and to establish methods for assessing
relative HDJ activity.

As depicted in Figure 1, Tritryp genome sequencing revealed four class I/II deacetylases in
each trypanosomatid. The genes encoding these enzymes (DAC1-4) have been analysed in 7
brucei. This analysis revealed that two of the genes (DAC1 and DAC3) are essential for growth
and another (DAC4) is required for normal cell cycle progression.'? For comparison, both
canonical class I (Rpd3) and class Il HDACs (Hdal) are dispensable in S. cerevisiae.”® Thus,
DAC1 and DAC3 can be considered genetically validated as potential chemotherapy targets.
These enzymes may also represent possible chemotherapy targets in other trypanosomatids
(see Fig. 1). DAC4 may be considered a secondary target but cells lackin; this gene display only
a mild growth defect and a delay in the Go/M phase of the cell cycle.'” The structures of two
HDi-bound deacetylases have been determined.?*?> Using such structures as a template, mo-
lecular modelling of one of the essential proteins (T brucei DAC1; Fig. 2) reveals the conserved
substrate/inhibitor-binding pocket. Such models may facilitate the identification and/or de-
sign of more effective inhibitors.

The evolutionary divergence of trypanosomatids is reflected in molecular mechanisms that
appear unusual compared to those characterised in humans and model organisms. Consistent
with this trend, the transcription machinery and mechanism appear to be relatively simple
(see ref. 3). Although histone acetylation is likely to be a pervasive feature of transcription

Figure 2. Molecular modelling of ThDAC1. ThDAC1 was modelled against the structure of an
HDi-bound deacetylase (see the text) using Swiss-Model and the Swiss-Pdb Viewer® and the
resulting space-filling model was viewed using RasMol.?" Light residues are shared with human
HDACT (see Fig. 1). Trichostatin A mimics the structure of acetyl-lysine and complexes with a
zinc ion involved in acetamide cleavage at the active site (middle) and this HDi was manually
docked into the substrate/inhibitor-binding pocket (left). Three close-up views of this region are
shown on the right. This particular HDi may be inactive against DAC1 due to steric hindrance
at the pocket entrance (see dark residue below the pocket in the image on the left) but it should
be noted here that HDi and possibly natural substrates can aiter protein structure in the vicinity
of the pocket (see ref. 25).
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regulation in eukaryotes, further analysis will be required to characterise DAC1-4 and to ex-
plore their role in transcription, replication, recombination and repair. The T brucei DACs are
currently being further characterised in my laboratory (Sam Alsford, Taemi Kawahara and
DH, unpublished) and the lack of redundancy of DAC1 and DAC3 function facilitates this
analysis. Conditional RNA interference is available to ‘knock-down’ specific mRNAs in T
brucei and not only confirms that these proteins are essential for growth but also provides
material for the analysis of specific DAC function. These cells should allow roles in cell-cycle
progression and in regulating gene expression to be defined. Regulated transcription has not
been widely reported in kinetoplastids but we recently reported telomeric gene silencing in T2
brucei.®® Tt will be interesting to test the role of the class I/IT DACs in this process especially
since the canonical S. cerevisiae HDACs have a role in telomeric silencing® and HDi disrupt
telomeric silencing in human cells.”” Kinetoplastid histone N-terminal tails are sufficiently
diverged relative to other eukaryotes such that most of the available histone modification-specific
antisera will not cross-react (see ref. 28) but the strains described above may also allow the
identification of specific (histone) substrates for each DAC once the appropriate antisera are
available. In addition, determination of sub cellular localisation may indicate nuclear localisation
consistent with histone substrates or cytoplasmic localisation possibly pointing to tubulin as a
substrate for example (see ref. 2).

It will be particularly important to establish in vitro activity assays which can be used to
assess candidate HDi. Commercial kits are available to facilitate such assays but it may be
necessary to isolate certain DACs within native trypanosome complexes since cofactors may be
required for activity (see ref. 29). It will then be possible to identify the enzymes targeted by a
particular HDi and then to correlate that activity with T brucei growth inhibition. HDi with
increased potency may be identified using this approach and compounds active against
T brucei for example will be good candidates for testing against other kinetoplastids. It may
even be possible to identify effective compounds already registered for use in humans.

Summary

HDi are a relatively new class of therapeutic agent but they currently show great promise as
effective cancer therapies. Some existing compounds show activity against parasitic protozoa
including kinetoplastids and additional, more potent and/or specific compounds may emerge
from new or existing libraries. Molecular modelling of the essential kinetoplastid proteins (see
Fig. 2) should facilitate the selection or design and synthesis of improved compounds and HDi
may subsequenty be developed as effective therapies for infectious diseases. In addition to
therapeutic potential, small-molecule HDi will be useful chemical probes for further
characterisation of the kinetoplastid DACs. Experimental analysis has only just begun for
kinetoplastids however and it will be important to fully characterise the DACs and assess can-
didate compounds using a combination of pharmacological and biochemical assays.
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CHAPTER 8

Targeting Glycoproteins or Glycolipids
and Their Metabolic Pathways
for Antiparasite Therapy

Sumi Mukhopadhyay nee Bandyopadhyay and Chitra Mandal*

Abstract

arbohydrate-based therapy, known as glycotherapeutics, is a2 new and emerging field
‘ that promises to be the future hope for combating kinetoplastid infections more effi-

ciently and effectively. Targeting novel glycoproteins/lipids, which are important dis-
ease determinants of kinetoplastid diseases, have helped in the development of this field. Better
and refined understanding of all the available data would possibly help us in providing a future
direction for rational drug design and better disease management. This review intends to focus
on such lines, which will give us an insight into the future hope for development of novel
therapeutic strategies through glycobiological platform for combating kinetoplastid infections.

An Introduction to the Kinetoplastid Parasites

Today’s Kinetoplastida form a diverse order of flagellated protozoans that have evolved from
an ancient lineage, rooted near the base of the eukaryotic tree. The disease caused by
Kinetoplastida has always plagued mankind, and today most are as prevalent as they have ever
been. Kinetoplastid parasites cause disease in humans, animals and plants, severely affecting
human health. Sleeping sickness (caused by pathogenic subspecies of African Trypanosoma bruces),
Chagas disease or South American trypanosomiasis (caused by Trypanosoma cruzi) and the
Leishmaniases (caused by Leishmania sp) are the major human diseases caused by kinetoplastids.
In addition to their medical importance, kinetoplastid parasites also cost developing nations
millions of dollars in lost agricultural revenues, since other kinetoplastids are pestilences that
strike agricultural produce from crops, to fish to cattle.!

Trypanosomiasis

Trypanosomiasis is a vector-borne parasitic disease. Trypanosoma, the parasites concerned,
are protozoa transmitted to humans by tsetse flies (glossing). There have been three severe epi-
demics in Africa over the last century. At present the disease has reappeared in endemic form in
several foci. According to the World Health Organization (WHO), 60 million people in 36
countries of sub-Saharan Africa are infected. Sleeping sickness has become the first or second
greatest cause of mortality, ahead of HIV/AIDS.
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The complex life cycle of T. brucei involves the alternation between the vertebrate host and
the tsetse fly vector. In the tsetse fly, the parasite resides in the procyclic form or as epimastigote,
here it differentiates into the metatrypansome form, the form that can infect the vertebrate
host. In the host they survive as trypomastigote, extracellularly in the blood, once again picked
up by fly and begin the cycle anew.

T’ cruzi, the trypomastigote form, may remain extracellularly in the blood or may reside
intracellular as amastigote. The rest of the cycle is being same as T brucei. Without treatment,
the disease is fatal.

Four drugs are currently in use. Suramine, discovered in 1921, is used in the initial phase of
treatment of T'b. rhodesiense. Pentamidine, discovered in 1941, is used in treatment of the
initial phase of T'b. gambiense sleeping sickness.

Second phase treatments includes Melarsoprol and Eflornithine, discovered in 1949 and
1990, are available to treat the advanced stage of sleeping sickness, no matter which parasite is
the cause. It is the last arsenical derivative in existence with drug-resistance in 30% patients of
central Africa.

Leishmaniasis

Leishmaniasis, a vector borne disease caused by obligate intracellular macrophage protozoa,
is characterized by complexity and diversity. The disease can present itself in four different
forms in humans: cutaneous, diffuse cutaneous, mucocutaneous, and visceral.

Worldwide, there are 2 million new cases including children (<5 years) each year and 1/10 of
the world’s population is at risk of infection.”® Mortality rate increased from 41,000 to 59,000
deaths from 2000 to 2001.% The true incidence and prevalence of leishmaniasis is uncertain
because many cases go undiagnosed or unreported in the area where the infection is endemic.

The disease is endemic to about 88 countries.” Up to half of the world’s cases of VL (Kala
azar) occur in India and over 90% live in the Indian state of Bihar.® Over the past decade major
epidemics have been reported from eastern India and Bangladesh, Sudan, and northeastern
Brazil.

Coinfection with Leishmania and human immunodeficiency virus (HIV) is emerging as a
new and frightful disease and is becoming increasingly frequent.” WHO estimates that one-third
of HIV infected persons (~17 million) live in the zones of endemic leishmaniasis infection.®

The disease is mainly transmitted by phlebotomine sandflies. Parasitized female sandfly
takes a blood meal from a human host and thus promastigote forms enter in host. They are
ingested by host macrophage and metamorphose into amastigote forms and reproduce by bi-
nary fission. They increase in number until the cell eventually bursts, then infect other
phagocyctic cells and continue the cycle.

Treatment of leishmanisis includes the classical drug, sodium stibolgluconate that hinder
with the carbohydrate energy metabolism of the parasite. Diamidines {pentamidine) inhibit
the trypanothione metabolism by interacting with the DNA minicircle, while Allopurinol in-
hibits the incorporation of the adenoisiner into DNA. Paromomycin inhibit the protein syn-
thetic machinery and Amphotericin B reacts with ergosterol in the membrane, increases the
permeability of plasma membranes to ions and small molecules. Miltefosine, a phosphocholine
analogue, is showing promising results by affecting cell signaling pathway and membrane syn-
thesis.” Unfortunately, all available therapeutic arsenals are injected parenterally. Antimonials
are no longer effective in Northeast India. Traditional second-line drugs (pentamidine and
amphotericin B) are limited by toxicity and availability; and newer formulations of amphoteri-
cin B are effective but simply unaffordable in developing countries. Miltefosine appears effec-
tive in patients with high level of antimonial resistance. Due to fear of drug resistance, the
possible use of combination therapies needs to be explored.'

Considering the wide global prevalence of the kinetoplastid infections and the growing
resistance towards the present drugs in use, it is becoming important to discover newer alterna-
tive drugs. An attempt towards this direction has been the carbohydrate-based drugs. Follow-
ing sections provide a glimpse into this journey.
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Why Target Glycoproteins and Glycolipids?

Glycocojugates (proteins/lipids) present on the protozoal surface have been demonstrated
to play an important role in determining parasite survival and infectivity.'""'? These
glycocojugates can thus possibly serve as candidates for drug targets (Table 1). Glycocojugates
mediate adhesion of pathogen-host cell, therefore, synthetic analogues designed to mimic such

Table 1. Occurrence of glycoconjugates in kinetoplastid parasites

Species Possible Target Properties References
Trypanosoma Variant surface glycoprotein Coat glycoprotein of 16-18
brucei (VSG) bloodstream trypomastigote
Procyclic acidic Coat glycoprotein of procyclic 30
repetitive protein/Procyclins forms
(PARP)
Trypanosoma Mucins Dense and continuous coat 21-25
cruzi composed of a layer of type [
glycosylinositolphospholipids
1. 35-50 kDa Epimastigote and metacyclic
trypomastigote
2. 80-200 kDa Cell culture-derived
trypomastigotes
3. Trans sialidase a2,3-linked sialic acid
residues are transferred from
host glycoconjugates
LPPG Cell surface glycan of 31
epimastigote
Glycosylinositolphospholipids  Cell surface glycolipids 21-22
Leishmania sp  Lipophosphoglycan (LPG) Coat glycoprotein present in 39
promastigote but
downregulated expression in
amasigotes..
Glycosylinositolphospholipids  Protein free glycolipids. Major  61-63
(GIPLs) constituents of the amastigote
surface
gp63 Major cell surface glycoprotein. 43
Expressed in lower level in
amastigotes
secreted acid phosphatase glycosylated proteins Secreted  64-65
(sAP) from the flagella in
promastigotes.
Proteophosphoglycans (PPG)  GPl-anchored present in 66-68
promastigotes and amastigotes.
Phosphoglycan Hydrophilic phosphoglycan 69
consisting of capped
oligosaccharide repeat units
but minus the GP! anchor and
the glycan core
Sialoglycans Sialic acid derivatives present ~ 48-50

both on promastigotes and
amastigotes, but Neu5Gc
present only on the amastigote
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Figure 1, viewed on previous page. Schematic representation of the major surface
glycoconjugates of Trypanosoma brucei. A) Metacyclic. Each molecule of variant surface
glycoprotein (VSG) consists of two GPl-anchored N-glycosylated monomers. B) Procyclic.
The surface is densely covered with procyclic acidic repetitive proteins (PARPs). These are
GPl-anchored polypeptides with polyanionic repeat domains. The repeat domain could be
either glutamate-proline repeats or glycine-proline- glutamate-glutamate-threonine re-
peat sequences. The surface of PARP is attached with MansGlcNAc; oligosaccharide. C)
Trypanosoma cruzi. The cell surface of T. cruzi is covered with a dense layer of
glycosylinositolphospholipids (GIPLs), mucins, and lipopeptidophosphoglycan (LPPG).
Aminoethylphosphonate is AEP.

glycocojugates can be used to prevent the adhesion and subsequent infection. Expression of
glycocojugates is mainly due to up-regulation of certain enzymes (Table 1), hence designing
novel enzyme-inhibitors to block the metabolic pathway also appears a novel proposition.

To fight against drug-induced pathogen-resistance, synthetic analogues offer a major ad-
vantage, as these analogs are similar to their natural ligands, pathogens are less likely to develop
resistance against these analogues and may be an alternative novel therapeutic agent.

In light of the prominent role played by glycocojugates present on the kinetoplastid proto-
zoa, it becomes essential to study their occurrence, metabolism and biological roles. This might
help us in unraveling their role in disease-biology and further in designing effective drugs. A
brief discussion about the disease-biology, current treatment protocols, disease-status, the ma-
jor glycoconjugates and glycoconjugate-based drug development on two major kinetoplastid
infections vz, leishmaniasis and trypanosomes are discussed below.

Glycoconjugates of Trypanosomes

Most of the major cell-surface proteins of these organisms are anchored to the plasma mem-
brane via glycosyl-phosphatidylinositol (GPI) anchors, though a few of the plasma membrane
proteins use trans-membrane polypeptide anchors (Fig. 1).

The cell surface of the metacyclic T bruce trypomastigote is covered with a dense glycocalyx
composed of approximately ten million variant surface glycoprotein (VSG, Fig. 1A). The sur-
face of the procyclic form is densely covered with procyclic acidic repetitive proteins (PARPs).
These are also GPI-anchored polypeptides with polyanionic repeat domains (Fig. 1B). The cell
surface of T, cruzi is covered with a dense layer of glycosylinositolphospholipids (GIPLs), mu-
cins, and lipopeptidophosphoglycan (LPPG) (Fig. 1C).

Biological Relevance of Glycoconjugates in Trypanosomiasis

The VSG glycocalyx provides a diffusion barrier, thus preventing complement-mediated
lysis. The various PARPs serve as lectin-binding ligands within the fly. The surface coat prima-
rily seems to have a protective function and the sialylation of the mucins provide extra ability to
survive in different environments. Sialylation is proposed to reduce the susceptibility of the
parasite to anti-o-Gal antibodies present in the mammalian bloodstream.'* The heavily sialylated
coat may also provide a structural barrier to other lytic agents encountered by the parasite as
well as promote adherence to the macrophage and modulate the production of NO and
cytokines.?

Taking into consideration the pivotal role played by these glycoconjugates, substantial work
on the development of anti-trypanosomal drugs have been reported. A brief account of these
investigations are described in the following section.

Targeting VSG Epitopes

About 1000 VSG genes are expressed sequentially, allowing the parasite to evade recogni-
tion by the humoral immune system. This strong ability to mutate creates difficulty not only
for the host’s immune system but also for the development of drug therapies. Each monomer
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of VSG protein carries at least one occupied N-linked glycosylation site.!!® The mature an-
chor consists of the classical GPI core ethanolamine-HPQ4-6Manal,2)Man(al,6)
Man(al,4)GlcN(al,6)-inositoldimyristoylglycerol.

VSG expose only highly variable and immuno-dominant epitopes to the immune system,
whereas conserved epitopes become inaccessible for large molecules. Reducing the size of bind-
ers, less immunogenic, cryptic VSG epitopes forms an obvious solution to combat these para-
sites. This goal was achieved by introducing dromedary heavy-chain antibodies with high speci-
ficity for the conserved Asn-linked carbohydrate of VSG, recognizing epitopes common to
multiple VSG classes by penetrating the dense coat to target their epitope. The employment of
this binder as a molecular recognition unit in immuno-toxins designed for trypanosomosis
therapy was demonstrated as specific trypanolysis."

Towards the development of analogues targeted towards VSG, myristate analogs have been
reported. Unlike mammalian GPIs, the diacylglycerol moiety of the VSG anchor contains only
myristate (tetradecanoate), making it a unique drug target. Myristate analogs are useful for
studying the mechanism of GPI myristolyation, and they are also candidates for
anti-trypanosomal chemotherapy.?’

Targeting Mucin Glycoproteins

T, cruzi has a dense and continuous coat composed of a layer of type I GIPLs,”'*? and a
family of small mucins?®?> projecting above the GIPL layer (Fig. 1C). These mucins are heavily
glycosylated with O-linked GIcNAc as the internal residue and further modified with one to
five galactosyl residues. Mucin-like glycoproteins, 35-50 kDa and 80-200 kDa are expressed
on the parasitic forms found in the insect and cell culture-derived trypomasti§otes respec-
tively.2® Glycoproteins like gp90 have been exploited for development of drugs.”

The expression of gp90, a stage-specific surface glycoprotein trypomastigotes, is inversely
correlated with the parasite’s ability to invade mammalian cells. Anti-sense oligonucleotides
complementary to a region of the gp90 gene selectively inhibit gp90 synthesis in the metacyclic
forms, which inhibited their entry into target cells. Parasites were incubated with a
phosphorothioate oligonucleotide based on a sequence of the gp90 coding strand (PS1) or
PS2, the anti-sense counterpart of PS1; containing phosphodiester linkages. PS2 but not PS1
inhibited the expression of gp90. The gp90 mRNA levels were diminished in PS2-treated
parasites. Treatment with PS2 did not affect the expression of other surface glycoproteins in-
volved in parasite-host cell interaction. Expression of gp90 was also inhibited by other
phosphorothioate oligonucleotides targeted to the gp90 gene.”

Lactose Derivatives Are Inhibitors of Trans-Sialidase Present
in the Mucins

Sialic acids typically present as terminal residues on glycoproteins and glycolipids are known
to play a significant role in the mediation of many biological phenomena involving cell-cell
and cell-matrix interactions by either reacting with specific surface receptors or masking other
carbohydrate recognition sites.”®

Trypanosomes are unable to synthesize sialic acid de novo and have the unusual ability to
acquire it from host glycoconjugates. The galactose-rich mucin is the acceptor for the
trans-sialylation in which a2,3-linked sialic acid residues are transferred from
host-glycoconjugates by a trans-sialidase (T<TS) enzyme to the terminal B-Gal residues of
the mucin. Surface sialic acid helps in protection of the parasite against the lysis by comple-
ment and in cell invasion. Therefore, enzyme inhibitors to trans-sialidase can significantly
reduce the parasite burden and can thus effectively control the infection. More recently,
Lactitol, the lactose open chain derivatives, have been reported to be good inhibitors of
trans-sialidase activity. Lactitol inhibit resialylation of parasite mucins when incubated with
live trypanosomes and diminish the infection in cultured cells by 20-27% indicating that
compounds directed to the lactose-binding site might be good inhibitors of TcTS.”
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Molecular cloning and understanding the function of genes regulating trans-sialidases would
therefore have profound influence in developing new chemotherapeutic approaches to combat
these protozoan infections. As we continue to further our understanding of sialoglycans in
parasitic protozoa, it will help to foster innovative new strategies for diminishing the mortality
and morbidity caused by these parasites.

PARPs

These are largely acidic glycoproteins.® Each cell expresses approximately 5 million copies
of procyclins (Fig, 1B). The PARPs form a dense glycocalyx of GPI anchors with the polyanionic
polypeptide repeat domains projecting above the membrane.

LPPG

LPPG is the major cell surface glycan of epimastigote with approximately 1.5 x 107 copies
per cell.! LPPG can be considered a member of the GPI family based on the presence of the
Man(al,4)GlcN(al,6)myo-inositol-1-POy-lipid motif, the hallmark of all GPI anchors.

Glycoconjugate Biosynthetic Machinery in Trypanosome

Continuous effort to explore glycoconjugates in trypanosomes to develop drugs is ongoing,
In this context, the biosynthetic pathway of these glyconjugates also appears a lucrative area for
designing anti-trypanosome drugs.> Utilization of GPIs for anchoring proteins to the plasma
membrane is essential for the trypanosomes. Specific inhibitors of parasite-GPI biosynthetic
enzymes could thus be designed for use as therapeutic agents. A schematic representation of the
biosynthetic machinery®® operating in trypanosomes for the production of these essential
glyconjugates is provided in Figure 2.

Targeting Enzymes of the Biosynthetic Pathway

The natural substrate for a-D-mannosyl transferase of GPI biosynthesis is D-GlcNa1-6-
D-myo-inositol-1-P-sn-1-2-diacylglycerol. A diastereoisomer, D-GlcNal-6-L-myo-inositol-
1-P-sn-1-2-diacylglycerol, is an inhibitor of this enzyme in a trypanosomal cell-free system.
The L-myo-inositol-1-phosphate is the principal inhibitory component.>* Comparisons be-
tween the natural substrate and the inhibitors suggested that the inhibitors bind to the first
a-D-mannosyltransferase. Unfortunately, none of the L-myo-inositol-containing compounds
that inhibited GPI biosynthesis in a parasite cell-free system had any effect on biosynthesis in
human cell-free system, suggesting that other related parasite-specific inhibitors of this essen-
tial pathway need to be developed.

Further studies in this direction are the development of GPI anchor biosynthesis inhibi-
tors like mannosamine.> Mannosamine exerts these effects by becoming incorporated into
GPI anchor intermediates. Trypanosomes were biosynthetically labeled with
[3H]mannosamine, the main glycolipid metabolite of mannosamine was shown to be
ManN-Man-GIcN-PIL. A trypanosome cell-free system preloaded with this compound was
significantly impaired in its ability to synthesize GPI anchor intermediates beyond
Manal-6Manal-4GlcNal-6P1. This compound is, therefore, proposed to be an inhibitor
of the Dol-P-Man: Manal-6Manal-4GlcNaal-6PIal-2-mannosyltransferase of the GPI
biosynthetic pathway. In living trypanosomes, mannosamine (4 mM) able to reduce the
rate of formation of mature GPI anchor precursors by 80%.

Glycoconjugates of Leishmania

Leishmania like all parasite, survive and proliferate in highly hostile environments and have
evolved special mechanisms that enable them to endure these adverse conditions. To protect
themselves from such harsh conditions one of the adaptive mechanism includes the produc-
tion of a dense cell surface glycocalyx composed of lipophosphoglycan (LPG, composed of
phosphatidyl(mye)inositol lipid anchor, glycan core, Gal(B1,4)Man(al)-PO4 backbone repeat
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Figure 2. Schematic representation of GPI biosynthetic pathway in Trypanosoma sp. After
biosynthesis of GPI anchor it is galactosylated and the VSG/procyclins polypeptide is subse-
quently added.

units oli§osaccharide cap structure), glycosylinositolphospholipids, or GIPLs (Protein free gly-
colipids)®>3¢ and secreted glycoconjugates, proteophosphoglycan (PPG)*-38 and secreted acid
phosphatase (sAP)**4? (Fig, 3A,B).

Biological Relevance

LPG prevents complement-mediated lysis of the promastigote and serves as a ligand for
receptor-mediated endocytosis by the macrophage. LPG of amastigotes inhibits protein ki-
nase C and the microbicidal oxidative burst as well as phagosome-endosome fusion. GIPLs
have a role in macrophage invasion and are involved in modulating signaling events in the
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Figure 3. Schematic representation of the cell surfaces of Leishmania sp. A) Promastigote. Only
the major cell surface molecules are depicted approximate copy numbers per cell are indi-
cated in parentheses. The cell surface contains several abundant GPl anchored proteins (gp63,
PPG), the polydisperse lipophosphoglycans (LPG) and the low-molecular-mass
glycoinositolphospholipids (GIPLs). B) Amastigote. The LPG and the major surface glycopro-
tein is greatly down-regulated and the plasma membrane contains a number of
glycosphingolipids.3®
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macrophage. gp63 serves as a ligand for the macrophage receptor protect against comple-
ment mediated lysis. PPG forms gel-like matrix, and these interlocking filaments, traps the
parasites in the sand fly anterior gut. In the amastigotes, they activate the complement sys-
tem via the mannose-binding pathway. Therefore, targeting a few of these glycoconjugates
appears to be a novel proposition. A brief introduction of the reported attempts of discover-
ing novel glycoconjgate based anti-leishmanials is outlined below.

Development of Anti-Leishmanials by Targeting
gp63

It is a 63-kDa zinc metalloprotease and is anchored to the cell surface via a myristic acid
containing GPI anchor (Fig. 3A). This major cell surface glycoprotein on promastigotes with
500,000 copies per cell is accounting for 1% of all cellular proteins. In amastigotes, it is ex-
pressed to a lower level and the bulk is found in the flagellar pocket, as opposed to covering the
entire surface on promastigotes.® The crystal structure revealed to contain an active site struc-
tural motif found in other zinc proteases that may aid design of specific inhibitors.* gp63
contains three potential glycosylation sites and the glycans are biantennary high mannose-type,
and some bear a terminal Glc in al,3 linkage. The MangGlcNAc; and GlcMangGlcNAc; are
two major structures on all promastigote species. In amastigotes, the structures are more vari-
able. Whether the stage-specific changes in glycan structure affect parasite infectivity and de-
velopment is unknown.

A fibronectin-like molecule, gp63, plays a key role in parasite-macrophage interaction. Bind-
ing of gp63 to macrophage receptors is inhibited by Arg-Gly-Asp-Ser-containing synthetic
peptides of fibronectin and by antibodies to these peptides.®>

Recent reports have also unraveled novel peptide inhibitors of leishmania gp63 based on
the cleavage site of myristoylated alanine-rich C kinase substrate (MARCKS)-related protein. %
However, efficient non-toxic inhibitors of gp63 do not exist. MARCKS and MARCKS-related
protein (MRP) are protein kinase C substrates in various cells, including macrophages and an
excellent substrate for gp63. A major cleavage site was identified within the MRP effector
domain (ED) and the synthetic ED peptide (MRP-ED) inhibit MRP hydrolysis and may be a
good gp63 inhibitors. As phosphorylation of ED serine residues prevent gp63-mediated MRP
degradation, a pseudophosphorylated peptide was synthesized in which serine residues were
substituted by aspartate (3DMRP-ED). This 3DMRP-ED is a highly effective inhibitor of
both soluble and parasite-associated gp63. Finally, MRP-ED peptides were synthesized to-
gether with an N-terminal HIV-1 Tat transduction demain (TD) to obtain cell-permeant
peptide constructs. Such peptides retain gp63 inhibitory activity and efficiently enter both
macrophages and parasites in a Tat TD-dependent manner. These studies provide the basis for
developing potent cell-permeant inhibitors of gp63.%

gp63 Producing Enzymes

Peptidomimetics, at low micromolar concentrations are able to inhibit in vitro cleavage of a
synthetic peptide substrate by purified gp63 from L. major. Development of higher affinity
metalloprotease inhibitors may provide a novel avenue for treatment of parasitic diseases.””

Galactofuranose on LPG

LPGs is found in all species of Leishmania and localized over the entire promastigotes surface
including the flagellum. It is composed of four domains: 1-O-alkyl-2-lyso-
phosphatidyl(myo)inositol lipid anchor, glycan core, Gal(B1,4)Man(al)-PO4 backbone repeat
units and an oligosaccharide cap structure.*®*! Structural analysis of LPG from different species
has revealed complete conservation of the lipid anchor, the glycan core, and the Gal (81, 4) Man
(a1)-POy4 backbone of repeat units. Galactofuranose has been characterized in the middle of the
oligosaccharide core linked B1-3 to Man. The presence in protozoan parasites of galactose in the
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furanose configuration is a feature, which deserves further attention since the mammalian hosts
do not appear to produce glycoconjugates containing this structural unit.

The metabolic pathways involved in the attachment to or removal of galactofuranose from
glycoconjugates is an area of incipient research, but of growing importance, since it will foster
the design of inhibitors, which may prove to be useful for the treatment of disease.”

Sialoglycans

The topogtaphy of Leishmania parasites with regard to their sialoglycan profile remains a
poorly investigated area and it is only recently that the status of sialoglycans on Leishmania
donovani promastigotes as well as amastigotes has been reported from the authors laboratory, %50
Sialic acids are a structurally complex family of nine-carbon polyhydroxy amino ketoacid of
N-(Neu5Ac) and O-substituted derivatives of neuraminic acid (Neu5,9Ac;).>! They have been
demonstrated to have diverse roles.’>® The promastigotes and amastigotes contain 7 x 10°
and 12.8 x 10> molecules of NeuSAc per cell demonstrating a 2.0 fold higher copy number in
amastigotes.®4 Although the presence of Neu5Ac and Neu5Gc are detectable on amastigotes,
Neu5Gc is absent on promastigotes. Neu5Ge is a major derivative in most mammals, includ-
ing our closest evolutionary relatives; the great apes and thought to be absent in healthy hu-
mans thereby make it a potential candidate for new drug design.*

The examination of surface density of sialoglycoconjugates present on L. donovani indicates
the predominance of a2-6 linked sialylglycotopes on the promastigote, though a2-3 also present.
In contrast, a2-3 linked sialylglycotopes is higher on amastigotes. It remains to be investigated
whether these sialoglycans are playing a major role in the infectivity and intracellular survival
of the parasite.

The presence of a2-6 linked sialoglycoproteins on promastigotes is quite different than 164
and 150 kDa on amastigote. While five a2-3 linked sialoglycans (130, 117, 106, 70, and 61
kDa) are identified, amastigotes adsorb different sets of sialoglycans (188, 162, 136, 137 and
124 kDa). This raises the possibility that during transformation, parasites acquire a new array
of sialoglycans onto their surface. #849 Additionally, two O-acetylated (Neu5,9Ac,)
sialoglycoproteins (123 and 109 kDa) on promastigotes and 164 and 150 kDa on the amastigote
cell surface have also been demonstrated.

These sialoglycans induce high humoral responses in the host and these antibodies have
important application in the field of therapy as well they have anti-leishmanial activity as re-
ported by its capacity to induce complement lysis of parasite. Thus, sialoglycans appear to be
important target molecules.

Other Glycoconjugates

There are four more major glycoconjugates (GIPLs, sAP, PPG, Phosphoglycan) reported on
the cell surface of leishmania sp. Considering their important biological roles, they might also
serve as important drug targets. Accordingly, a brief introduction is outlined below:

GIPLs

The GIPLs are a major family of low molecular weight G%cholipids synthesized by parasites,
which are not attached to proteins or polysaccharides.®"*> These are expressed in very high
copy numbers, approximately 107 copies per cell on both promastigote and amastigote surfaces

(Fig. 3).

sAP

With the exception of L. major, all Leishmania promastigotes secrete sAP from the flagellar
pocket®*% and tend to form distinct macromolecular complexes with proteoglycans. The sAP
peptides are heavily glycosylated and they are phosphodiester-linked to serine residues and
commonly consist of the 6Gal(p1,4)Man(al-)POy repeats units found on LPG. The average

number of repeat units is 32.
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PPG

Proteophosphoglycans in promastigotes include filamentous PPG or fPPG and a putative
GPI-anchored cell-associated form or mPPG.%-%® Amastigotes secrete their own nonfilamentous
and stage-specific form termed aPPG. Compositionally fPPG consists of 95% phosphoglycans,
with an abundance of serine, alanine, and proline in the peptide component. Over 80-90% of
the serine residues are phosphoglycosylated with short Gal-Man-POj repeats attached via
phosphodiester bonds, which are terminated by small oligosaccharide cap structures.

Phosphoglycan

Culture supernatants of Leishmania promastigotes contain a hydrophilic phosphoglycan
consisting of capped oligosaccharide repeat units identical to those found on LPG, but minus
the GPI anchor and the glycan core.”

Leishmania internalization takes place through receptors present on the host macrophage;
parasite glycoconjugates serve as important ligands for their entry into the host. Two of the
glycoconjugates purified from promastigotes are potent inhibitors of internalization, 75% in-
hibition being obtained using fucose-mannose glycoproteic ligand (6-10 pg/ml) and phos-
phate mannogalactan ligand. The simultaneous presence of both ligands in low concentrations
yielded an increase in inhibitory activity above that found for each ligand alone, indicating that
promastigotes may use at least two receptor sites for penetration into macrophages.”

Glycosylphosphatidylinositol (GPI) Lipids

Glycosylphosphatidylinositol (GPI) structures are attached to many cell surface glycopro-
teins in lower and higher eukaryotes. GPI structures are particularly abundant in trypanosomatid
parasites where they are attached to complex phosphosaccharides, glycoproteins and mature
surface glycolipids. The high density of GPI structures at all life-cycle stages Leishmania sug-
gests that the GPI-biosynthetic pathway might be a reasonable target for the development of
antiparasite drugs. It has been reported that that synthetic analogues of early GPI intermediates
having the 2-hydroxyl group of the D-myo-inositol residue methylated can get incorporated in
the subsequent steps of the GPI biosynthetic pathways of leishmania major but not in the
human (HeLa) cells. These findings suggest that the discovery and development of specific
inhibitors of parasite GPI biosynthesis are attainable goals.”

Enzymes Producing Glycoproteins

Recent studies towards the development of anti-leishmania drugs has unraveled the critical
enzyme GDP-mannose pyrophosphorylase as a drug target in L. mexicana.”” Leishmania syn-
thesize a range of mannose-containing glycoconjugates thought to be essential for virulence in
the mammalian host and sandfly vector. A prerequisite for the synthesis of these molecules is
the availability of the activated mannose donor, GDP-Man, the product of the catalysis of
mannose-1-phosphate and GTP by GDP-mannose pyrophosphorylase (GDP-MP). In con-
trast to the lethal phenotype in fungi, the deletion of the gene in L. mexicana does not affect
parasite viability but lead to a total loss of virulence, making GDP-MP an ideal target for
anti-leishmania drug development.

Among the most relevant and well-studied parasite glycotopes are the sialic acid group of
sugars and their derivatives. Expression of surface terminal sialic acid and its derivative is due to
the interplay between several enzymes namely sialidases, sialyltransferases, O-acetyl transferase
and O-acetyl esterase. Therefore, synthetic analogues design to inhibit their expression appears
to be an attractive treatment protocol.

As Drug Carrier

Glycoconjugates have also been reported to serve as carriers for receptor-mediated drug
targeting in the treatment of experimental visceral leishmaniasis (VL). For example Methotrex-
ate (MTX) coupled to mannosyl bovine serum albumin (BSA) has been taken up efficiently
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through the mannosy! receptors present on macrophages. Binding experiments indicate that
conjugation does not decrease the affinity of the neoglycoprotein for its cell surface receptor.
The drug conjugate eliminate intracellular amastigotes of L.dsnovani in mouse peritoneal mac-
rophages about 100 times more efficiently than free drug on the basis of 50% inhibitory dose.
Inhibitory effect of the conjugate is directly proportional to the density of sugar on the
neoglycoprotein carrier. Colchicine and monensin, inhibitors of receptor-mediated endocyto-
sis, can prevent the leishmanicidal effect of the conjugate. Anti-leishmanial effect of the conju-
gate can be competitively inhibited by mannose-BSA and mannan. In experimental model, the
drug conjugate reduces the spleen parasite burden by more than 85% whereas the same con-
centration of free drug cause litde effect. These results indicate that MTX-neoglycoprotein
conjugate binds specifically to macrophages, and are internalized and degraded in lysosomes
releasing the active drug to act on leishmania parasites.”?

Perspective

In light with the growing interest in the field of carbohydrates and its various applications
in therapy, identification, characterization of newly induced carbohydrate epitopes on the parasite
appeats to be an important area of investigation. This can help in unraveling important
biomarkers, which can subsequently be exploited in the development of new reliable, cheap,
easy and rapid assays. Further these molecules may also be important tools in the development
of carbohydrate-based therapy in the field of infectious diseases.
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CHAPTER 9

DNA Topoisomerases of Leishmania:
The Potential Targets for Anti-Leishmanial Therapy

Benu Brata Das, Agneyo Ganguly and Hemanta K. Majumder*

Abstract

rotozoan parasites of the genus Leishmania cause severe diseases that threaten human
P beings, both for the high mortality rates involved and the economic loss resulting from

morbidity, primarily in the tropical and subtropical areas. This ancient eukaryote shows
variable genetic diversity in their life cycle, wherein DNA topoisomerases play a key role in
cellular processes affecting the topology and organization of intracellular DNA. Kinetoplastid
topoisomerases offer most attractive targets for their structural diversity from other eukaryotic
counterparts and their indispensable function in cell biology. Therefore, understanding the
biology of kinetoplastid topoisomerases and the components and steps involved in this intri-
cate process provide opportunities for target based drug designing against protozoan parasitic
diseases.

Introduction

Leishmaniasis is a disease complex caused by 17 different species of protozoan parasites
belonging to the genus Leishmania. The parasites are transmitted between mammalian hosts by
phlebotomine sandflies. There are an estimated 12 million humans infected, with an incidence
of 0.5 million cases of the visceral forms of the disease and 1.5 to 2.0 million cases of the
cutaneous form of the disease. Leishmaniasis has a worldwide distribution with important foci
of infection in Central and South America, Southern Europe, North and East Africa, the Middle
East, and the Indian subcontinent. Currently the main foci of visceral leishmaniasis (VL) are in
Sudan and India and those of cutaneous leishmaniasis (CL) are in Afghanistan, Syria, and
Brazil. In addition to the two major clinical forms of the diseases, VL and CL, there are other
cutaneous manifestations, including mucocutaneous leishmaniasis (MCL), diffuse cutaneous
leishmaniasis (DCL), recidivans leishmaniasis (LR), and post-kala-azar dermal leishmaniasis
(PKDL) that are often linked to host immune status. The number of cases of leishmaniasis is
probably under estimated as lelshmamasm is a reportable disease in only 40 of the 88 countries
where it is known to be present. Although the global burden of leishmaniasis has remained
stable for several years, the patterns of the disease change continiously. With increasing num-
bers of human immunodeficiency virus (HIV) comfectlons, human migration, and resettle-
ment, there is a possibility of resurgence of the disease.' Improved approaches to diagnosis,
vaccine development, vector and reservoir control and new drugs for treatment are still required.

To make the situation even worse, some parasite strains have also developed resistance against
the classical antimonial drugs, like sodium stibogluconate and megalumine antimonite. The
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second line of drugs, amphotericin B and pentamidines, although used clinically are very toxic.
Thetefore improved chemotherapy of leishmanial infection is still desirable and the need for
new molecular targets on which to base the future treatment strategies is clearly justified. In
search for such strategies DNA topoisometases of Leishmania offer most attractive targets. The
aim of this article is to provide an insight into the target based therapeutic approach against
Leishmaniasis.

DNA Topoisomerases: The Wonder Enzyme

Topoisomerases are enzymes that use DNA strand scission, manipulation, and rejoining
activities to directly modulate DNA topology. These actions provide a powerful means to effect
changes in DNA supercoiling levels and allow some topoisomerases to both unknot and
decatenate chromosomes. They are truly wonders, as in their presence, DNA strands can pass
each other as if the physical boundaries between them have disappeared. They single handedly
solve various topological problems for effective propagation of the genetic material. They are
involved in replication, transcrlptlon, chromosomal condensation and segregation and many
other vital cellular processes.? The immense interest in topoisomerase research in recent years
derives not only from the recognition of their crucial role in managing DNA topology, but also
from one major advance in the field. A wide variety of topoisomerase-targeted drugs have been
identified, many of which generate cytotoxic lesions by trapping the enzymes in covalent com-
plexes on the DNA. These topoisomerase poisons include both anti-microbials, antiparasitic
and anti-cancer chemotherapeutics, some of which are currently in widespread clinical use.

Classification of DNA Topoisomerases

"Topoisomerases are divided into two classes based primarily on their mode of cleaving DNA.?
Type I DNA topoisomerases act by making a transient nick on a single strand of duplex DNA,
passing another strand through the nick and changing the linking number by steps of one.
Type 11 topoisomerases act by transiently nicking both strands of the DNA, passing another
double stranded DNA segment through the gap and cangmg the linking number in steps of
two with the help of ATP molecules.” A topoisomerase reaction has three general mechanistic
steps i.e

i. Binding of an enzyme to the substrate DNA

ii. Cleavage by trans-esterification reaction accompanied by the formation of a transient
phosphodiester bond between a tyrosine residue in the protein and one of the ends of the
broken strand and subsequent strand passage through the break, leading to change in the
linking number

iii. Strand religation and release of the enzyme as the DNA is religated.

Under normal condition, the covalent enzyme-DNA cleavable complexes are fleeting cata-
lytic intermediates and are present in low steady state concentrations, which cells can tolerate.
However, conditions that significantly decrease or increase the physiological concentrations of
these breaks unleash a myriad of deletenous side effects, including mutations, insertions, dele-
tions and chromosomal aberrations.* Thus all topoisomerases are fundamentally dualistic in
nature, catalyzing essential cellular reactions and possessing an inherent dark side capable of
inflicting great harm to the genome of an organism. For these reasons DNA topoisomerases have
been recognized as potential chemotherapeutic targets for antitumour and antiparasitic agents.>®

DNA topoisomerases can be classified into three evolutionary independent families: type
IA, type IB and type I1. The Escherichia coli topoisomerase I and topoisomerase III, Saccharo-
myces cerevisiae topoisomerase I1I and reverse gyrase belong to the type IA or type I-5 sub-family
as the protein linkistoa 5' phosphate in the DNA. The prototype of type IB or I-3' enzymes
are found in all eukaryotes and also in vaccinia virus topoisomerase | where the protein is
attached to a 3' phosphate.? Though essentially similar in their action, these enzymes have a
broader specificity than that of E. celi enzyme. Despite the differences in the mechanism and
specificity between the bacterial and eukaryotic enzymes, the yeast DNA topoisomerase I has
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been shown to functionally complement a bacteria mutant in DNA topoisomerase 1.” A cer-
tain degree of divergence also exists in the substrate preference, cofactor requirement and sub-
unit composition of different topoisomerase families. Type 1A topoisomerases are able to relax
only negatively supercoiled DNA and require magnesium and single-stranded stretch of DNA
for their function. Topoisomerases IB, however, are able to relax both positively and negatively
supercoiled DNA with equal efficiency and do not require a single-stranded region of DNA or
metal ions for function.?

The type II family includes E.coli DNA gyrase, E.coli topoisomerase IV (par E), all known
eukaryotic type II topoisomerases and archaic topoisomerase V1. Type II enzymes are homo
dimeric (eukaryotic topoisomerase II) or tetrameric {gyrase), cleaving both strands of a duplex
that changes in linking number in steps of two. The current mechanistic model for topoisomerase
11 catalysed reactions involves the binding of two segments of DNA: a G (gate) segment, which
is cleaved in both strands by the enzyme with the formation of an ester bond between active
tyrosines and 5'-phosphates in the DNA and a T (transport) segment, which is captured by an
ATP operated clamp that passes through the enzyme-stabilized break in the G segment.>'°

The discovery of several new DNA topoisomerases has brought a deeper understanding of
their important roles in living cells. The biological functions of DNA topoisomerases are deeply
rooted in the double helical structure of DNA and the selection of double stranded DNA as
substrate has set the stage for their entrance.!! Broad classifications of the different types of
topoisomerases in different organisms are represented in Table 1.

Because DNA topoisomerases play key roles in cellular processes affecting the topology and
organization of intracellular DNA, it is important to define the physiological functions and
understand the molecular basis of their action. Moreover, beyond their normal cellular activi-
ties, these enzymes are Jproven molecular targets for clinically useful anti-tumor'?'4 and
anti-microbial drugs.”>'7 In this context work on topoisomerases from the parasites has been a
growing focus of interest.

Toxic chemotherapy and increasing drug resistance of some parasite strains to classical drugs
along with coinfection of Leishmania with HIV, have made them a severe threat to public
health in developing countties. Development of vaccines is still under trial and improved therapy
is desirable.

Table 1. Classification of type I and type Il DNA topoisomerases from different species

Subfamily Representative Members

IA Bacterial DNA topoisomerase | & I
Yeast DNA topoisomerase IlI
DNA topoisomerase Il and 11i
Mammalian DNA topoisomerase [llo and Il
1B Vaccinia and Pox virus monomeric topo |
Kinetoplastida bi-subunit topoisomerase |
Mammalian mitochondrial topoisomerase |
Eukaryotic monomeric topoisomerase |
HA Bacterial gyrase, DNA topoisomerase IV
Phage T4 DNA topoisomerase
Yeast DNA topoisomerase ||
Drosophila DNA topoisomerase I
Mammalian DNA topoisomerase lla and 1
1B Sulfolobus shibate DNA topoisomerase Vi
(subunit A homologous to yeast SPO11)




106 Drug Targets in Kinetoplastid Parasites

Topoisomerases of Kinetoplastid Parasites

Type I DNA Topoisomerase

Type I DNA topoisomerases were isolated from L. donovani,'"? Trypanosoma cruzi®® and
Crithidia fasciculate.21 The purified active enzymes (65 - 79 kDa) were ATP- independent and
found to be sensitive to topoisomerase I specific inhibitor, camptothecin.?! Although
immunolocalization studies for C. fasciculata topoisomerase I showed that it is situated in the
nucleus rather than the kinetoplast,?! it has been demonstrated in trypanosomes that
camptothecin treatment induces kDNA minicircle cleavage.”” This observation suggests a pos-
sible existence of topoisomerase I in the kinetoplast of trypanosomes.

The first DNA sequence of a topoisomerase [-like gene from the kinetoplastid, L. donovani
was reported by Broccoli et al, 1999. The deduced amino acid sequence of this gene showed an
extensive degtee of homology with the central core DNA binding domain of other eukaryotic
type IB topoisomerases, including several conserved motifs but having a variable C-terminus.
The conserved active site motif SKXXY was absent in the deduced amino acids sequence. The
over-expressed protein in E. cols failed to show any relaxation activity in vitro or complement a
bacterial mutant deficient in topoisomerase I activity.??

Type IB enzymes are the sole targets for a class of anti-tumor agents, camptothecins.! Type
IB activity has been purified from a number of kinetoplastids.” The difference in the sensitiv-
ity of kinetoplastid topoisomerase I for camptothecin,” prompted the search for topoisomerase
I sequence from kinetozglastid parasites which uncovered the existence of unique topoisomerase
I from these parasites.

All cukaryotic type IB topoisomerases are monomeric and consist of four domains.? The
unconserved amino terminal domain contains putative signals for nuclear localization of the
enzyme and is highly sensitive to proteolysis and dispensable for in vitro activity.® The largest
core domain is essential for enzyme activity and shows high phylogenic conservation, particu-
larly in the amino acid residues interacting closely with DNA. The third domain is known as
the linker, which is poorly conserved and is variable in length. Finally, the carboxy terminal
domain is highly conserved and contains the SKINYL motif. Cleavage occurs by
trans-esterification reaction involving nucleophilic attack by an active site tyrosine (Tyr 723 in
human Topo I) on a DNA phosphodiester bond resulting in the formation of a covalent DNA
3' phosphotyrosyl linkage. In religation phase a similar trans-esterification reaction involves
attack by the free DNA 5' hydroxyl that releases the enzyme from DNA.?%

Starting from bacteria to human to viruses, topoisomerases I are encoded by a single gene
that contains the highly conserved DNA-binding and catalytic domains on a single peptide.
But in kinetoplastid parasites, topoisomerase I is encoded by two genes, which associate with
each other to form a hetero-dimeric topoisomerase I enzyme within the parasite. Emergence of
the bi-subunit topoisomerase I in the kinetoplastid family have brought a new twist in
topoisomerase research related to evolution and functional conservation of type IB family.
Genetic analyses identify a gene for a large subunit, namely LATOPIL, on L. donovani chro-
mosome 34, encoding for a 636-amino acid polypeptide with an estimated molecular mass of
73 kDa. This subunit is closely homologous to the core domain of human topoisomerase I.
The gene for the small subunit LdTOP1S encoding a 262 amino acid polypeptide with a
predicted molecular mass of 28kDa, in turn is found on the L.donovani chromosome 4. The
small subunit contains the phylogenetically conserved “SKXXY” motif placed at the C-terminal
domain of all type I DNA topoisomerases, which conserves a tyrosine residue playing role in
DNA cleavage (Fig. 1A). LATOPIL shows about 54% identity with core subdomain of human
topoisomerase [ but less than 22% identity with the linker and the C-terminal domain. On the
other hand, LdTOPIS shows 43.5% sequence identity with the C-terminal domain of human
topoisomerase I, including alignment of conserved sequences surrounding the catalytic ty-
rosine residue. LATOPIL also deviates significantly from human topoisomerase I at loop re-
gions bounded by LATOPIL residues Pro62-His63, Asp114-His 118 and Pro 341-Asp 342
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Figure 1. A) Schematic representation of the domain organization of monomeric human
topoisomerase | and Leishmania donovani heterodimeric topoisomerase I. The domains are
represented in different colored shades. Nt, N-terminal domain; Ct, C-terminal domain, NLS,
Nuclear localization signal. Conserved residues are indicated in the figure. B) Immunocy-
tochemical localisation with anti-LdTOPTL and LdTOP1S antiserum using fluorescent detec-
tion methods. Late log phase L. donovani promastigotes were fixed. No fluorescence was
observed when preimmune serum was used as anary antibody and FITC-tagged secondary
antibody (Panel a) as described by Das et al.3! Panel b, same as Panel a, but probed with
anti-LdTOP1L. Panel ¢, same as panel a, but probed with anti-LdTOP1S primary antibody.
Parasite cells were also stained with ethidium bromide to locate the nucleus and kinetoplast and
the area of the overlapping FITC and ethidium bromide (EtBr) stain are shown in merged
pictures. Cells were viewed at an original magnification of 100 X under a Leica DM IRB inverted
microscope. The nucleus (N) and kinetoplast (K) are indicated. Reproduced from reference 31.

which do not share the conserved sequences. Overall, this similarity indicates that the structure
and catalytic machinery of the two enzymes are highly conserved, despite the fact that one is
monomer and other is heterodimer (Flg 1A).

Das et al,>! described for the first time the in vitro reconstitution of the two recombinant
proteins LATOPIL and LdTOP1S corresponding to the large and small subunits. The pro-
teins were purified from bacterial extract and the activity was measured by plasmid DNA
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relaxation assay. LATOP1L and LdTOPI1S forms a direct 1:1 heterodimer complex through
protein-protein interaction. Under standard relaxation assay condition (50 mM KCl and 10
mM Mgz“) reconstituted enzyme (LdTOP1LS) showed reduced processivity as well as 2 fold
reduced affinity for DNA compared to eukaryotic monomeric rat liver topoisomerase I. Cleav-
age assay at various salt concentrations reveal that camptothecin (CPT) enhanced the forma-
tion of “cleavable complex” at low salt. Interaction between the two subunits leading to the
formation of an active complex cotild be explored as an insight for development of new thera-
peutic agents with specific selectivity.

This observation leads to the concept that, non covalent interaction of both subunits is
necessary for the activity. This was further evidenced from the charge difference of the two
subunits. LdTOPIL has pI of 9.47 while that of LATOP1S is 5.27. This charge difference clearly
shows that these individual subunits are unstable until they interact with one another in the
presence of salt. Recent findings by Das et al,? reveal that deletion of 99 amino acids from the
N-terminus of LATOP1L results in a protein which failed to interact with the smaller subunit.
This could be attributed to the presence of many polar residues in this region. Polar interactions
are common between the subunits of heterocomplex proteins. The overall charge difference for
the large and small subunits in conjunction with the unusual salt sensitivity of the parasite
protein suggests that ionic interactions are important for holding the subunits together.

Moreover it was established that silencing of one subunit in T bruci causes the coordinate
loss of both subunits of DNA topoisomerase I as well as results in a rapid reduction in the
synthesis of both DNA and RNA of kinetoplastid parasites.”

Das et al,3 also reveals that deletion of 39 aminoacids from the N-terminus of LATOPIL
results in a protein with decreased cleavage activity and sensitivity to CPT. These data argued
in the favor of the interpretation that N-terminal amino acids of the large subunit regulates
DNA dynamics during relaxation by controlling noncovalent DNA-binding or by coordinat-
ing DNA contacts by the other parts of the enzyme.

Davies and his co workers* have made a 2.27A crystal structure of an active truncated L.
donovani TOPIL/TOPIS heterodimer bound to nicked double stranded DNA in the presence
of vanadate. The vanadate forms covalent linkages between the catalytic tyrosine residue of the
small subunit and the nicked ends of the scissile DNA strand. This study reveals that arginine
410 residue of LATOPIL (Arg 590 in human topoisomerase I) activates tyrosine 222 residue of
LdTOPIS (Tyr 723 in human topoisomerase I) for attack on the scissile phosphate group, with
water acting as a specific base. Moreover, it was also observed that Lys 352 of LATOPIL (Lys
532 in human topoisomerase I) acts as the general acid in the cleavage reaction. Comparison of
LATOPILS to the structure of human topoisomerase I bound to DNA containing topotecan
reveals that all of the amino acids that form the drug binding pocket are completely conserved
between the two species (Fig. 1A).

Das et al, showed that LATOPILS localize in both nucleus and kinetoplast of L. donovani
(Fig. 1B). The existence of multiple localization signals have been mapped in the larger sub-
units of Trypanosoma and Leishmania topoisomerase 1% but no NLS has been found in
smaller subunits of the enzyme. So it is likely that the subunits interact in the cytosol before
nuclear and kinetoplast importation. But, whether the proteins perform separate functions in

the cytoplasm is still unknown.
Type II DNA Topoisomerase

Topoisomerase II activities have been purified from various kinetoplastid parasites.
Topoisomerase II genes have also been cloned from C. fasciculata, T. brucei, T. cruzi, L. donovans,
L. infantum, L. chagasi, and Bodo saltans.®® The genes and proteins of the parasites were found
to be smaller compared to higher eukaryotes. No gyrase like activity (capable of introducing
supercoils into DNA) has been found and the enzymatic activities and the genes are more like
other eukaryotic counterparts. The topoisomerase activity isolated from C. fasciculata was shown
to be immunolocalized in kinetoplast® but the overexpressed proteins from L. donovani and B.
saltans were found to be localized both in the nucleus and kinetoplast.**” Although it can be

25
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argued that the differences in cellular localization might be explained in terms of which epitopes
were available for the recognition by different anti sera none the less the existence of another
topoisomerase II sequence (hypothesized to be a mitochondrial topoisomerase II) cannot be
dismissed. It is likely that replication of catenated kinetoplast DNA requires another
topoisomerase activity.

Though all type II A topoisomerases are identical in one way that they change the linking
number of DNA in an ATP-dependent mannet, the eukaryotic type II enzymes are homodimers,
while their bacterial counterparts like gyrase and topo IV are A;B; tetramers; the B and A
subunits being the N and C-terminal halves of their eukaryotic counterparts.® Certain phage
type 11 topoisomerases are AyB>C, hexamers but they share the functional domains with other
type II enzymes.**® Interest in parasite type II topoisomerases and their genes and proteins
gains impetus from the fact that they are the key enzymes involved in replication of the massive
kinetoplast DNA network and RNAi of topoisomerase II leads to the progressive degradation
of mitochondria in Trypanosoma . Kinetoplastid parasites diverged early in the eukaryotic evo-
lution at the base of the evolutionary tree well before the emergence of kingdom metazoa.
Inspite of having a similarity and identity of 31% and 23% with yeast topoisomerase II, LdTOP2
was found to complement a temperature sensitive mutant yeast strain.*!

Just like other eukaryotic topoisomerase I, the parasite enzyme can also be divided into an
N-terminal ATPase, a central DNA-binding and an unconserved C-terminal domain.* In
spite of being unconserved, the nuclear localization signal and the dimerization domain of this
homodimeric enzyme have been mapped in the C-terminus.*! The C-terminus also contains a
stretch of 60 amino acids not present in the human host. Therefore this region can be exploited
to develop anti-leishmanial targets. The parasite enzyme has a greater affinity for DNA and was
also stable at a very high salt concentration as compared to its human host.*? These findings
were quite consistent with the greater susceptibility of the parasite protein to the
anti-topoisomerase 11 agents. This is because of the fact that an enzyme with more affinity
towards DNA would perform more DNA cleavage and thus a greater chance of being trapped
in that state by an anti-topoisomerase II drug.

The N-terminal 385 amino acids residues of LATOP2 were found to possess the ATPase
activity. Although the ATPase activity resides in the first 385 amino acid residues, only a larger
protein was found to mimic the full-length enzyme kinetics in in vitro assay.*® The study iden-
tifies specific amino acids like Asn65, Asn69, Asn96 and Asp130 of the parasite protein that ate
involved in the interaction with ATP and etoposide. In contrast, the AT Pase domain of human
topoisomerase Ila (1-453 amino acids) displays similar catalytic properties, in terms of ATP
turnover, to that of the full-length enzyme, except for the fact that the smaller fragment (1-420
amino acids) fails to be hyperstimulated by DNA.* Most interestingly the ATPase activity of
the N-terminal 385 amino acids of the parasite protein was also found to be inhibited by etoposide.
Thus etoposide, in addition to being a poison for the parasite enzyme®>#3 is also a catalytic
inhibitor of the enzyme.*? The active site tyrosine implicated in DNA breakage and rejoining
for L. donovani topoisomerase II has been mapped to be Tyr’”>.*2 This tyrosine is the only
residue in the parasite protein, which is involved in the trans-esterification reaction and is also
homologous to the Tyr®* of human.*® Surprisingly, the C-terminal truncation mutants of the
parasite protein fail to be inhibited by etoposide* compared to the full length enzyme. Like the
human enzyme, the core domain of LdATOP2 contains all the elements essential for sequence
preference in protein-DNA interaction, but unlike the human enzyme, the C-terminus of the
parasite protein plays an important role in the in vitro topoisomerase II cleavage reaction.

It was observed eatlier that over expression of human N-terminal domain in yeast confers
resistance to high concentrations of etoposide. The observed phenotype was proposed to be
due to the competition of the excess of the N-terminal domain with the full length enzyme for
a limiting pool of inhibitor. So future challenge in the parasite topoisomerase II would be to
develop drug resistant parasite strains and to see what causes this resistance and also to check
what effect the individual domains of the enzyme have on the drug protein interaction in the
context of the full-length enzyme.



110 Drug Targets in Kinetoplastid Parasites

Topoisomerases as Therapeutic Targets

Despite differences in catalytic mechanism and cellular functions, the critical feature of all
topoisomerases is the DNA strand passage event. However, the ability to pass single or
double-stranded segment of DNA freely through another comes with a heavy price; it requires
enzymes that generate breaks in the genetic matetial. In an effort to maintain genomic integrity
during this cleavage reaction, topoisomerases covalently attach to the newly generated DNA 3'
(eukaryotic topoisomerase I) or 5' termini (all other topoisomerases via phosphotyrosyl bonds.
Under normal circumstances, these covalent enzyme-DNA cleavage complexes are transient
catalytic intermediates and are present in low concentrations and consequently, they are toler-
ated by the cell. However, conditions that significantly increase the physiological concentra-
tions cause deleterious side effects, including mutations, insertions, deletions and chromo-
somal aberrations. Thus, all topoisomerases are fundamentally dualistic in nature. Although
they catalyze essential reactions in the cell, they possess an inherent dark side capable of inflict-
ing great harm to the genome of an organism.

Classification of Topoisomerase Inhibitors

Topoisomerase-targeting therapeutics currently in use act by trapping the covalent
enzyme-DNA complexes of the first trans-esterification reaction. The known topoisomerase
drugs can be divided into two classes, class I and class I1.>%” The class I drugs have been referred
to as ‘topoisomerase poison’ where as the class two drugs are referred to as ‘topoisomerase
inhibitors’. The class I drugs act by stabilizing the topoisomerase-DNA covalent complexes.
These include bacterial gyrase inhibitors quinolones, eukaryotic topoisomerase I inhibitor
camptothecin and topoisomerase I1 inhibitors amsacrine, doxorubicin, etoposide and teniposide.
The class II drugs interfere with catalytic function of DNA topoisomerase without trapping
the covalent complexes (Fig. 2). These classes of drugs include the coumermycin family of
antibiotics that act on bacterial gyrases, the eukaryotic DNA topoisomerase Il inhibitor suramin,
fostriecin, merbarone and bis-dioxopiperizines. Several inhibitors of eukaryotic topoisomerase
[ have also been reported.

A major determinant of cytotoxicity for the class I drug is the conversion of a latent single or
double stranded break in a drug-topoisomerase-DNA complex into an irreversible double
stranded break. Replication is the key cellular process that drives this conversion in case of the
topoisomerase I drug camptothecin. However, for class II topoisomerase Il drugs, processes
other than replication might also be involved. Cell killing by class II topoisomerase II drugs
may involve cell cycle progression through mitosis. Traversing of eukaryotic cells through mi-
tosis in the absence of functional DNA topoisomerase II can lead to aneuploidy and chromo-
somal breakage. For class I drug, cytotoxicity increases with increasing cellular level of target
enzyme where as for class II drugs opposite is true. Thus increased levels of topoisomerases
render cells hypersensitive to enzyme poisons but resistant to inhibitors. Conversely, decreased
enzyme levels render cells resistant to poison but hypersensitive to inhibitors.

Topoisomerases as Targets for Antiparasitic Agents

Sodium stibogluconate and ureastibamine, the two most potent and therapeutically used
antileishmanial drugs have been reported by this laboratory to be specific inhibitors of L. donovani
DNA topoisomerase I8 Pentavalent antimonials, also used as antileishmanial drugs, have been
found to stabilize cleavable complex with an EDsg of 16.7 pg / ml and 209.5 ug / ml for wild
type and resistant strains respectively.*’

CPT, a plant alkaloid, an important class of antitumor agent” represents the best character-
ized topoisomerase IB inhibitor. It is reported to inhibit DNA topoisomerase I of Leishmania
and Trypanosoma.® CPT is an uncompetitive inhibitor that directly traps the topoisomerase
I-DNA covalent complex and slows the religation step of the nicking closing cycle.” CPT also
hinders or blocks DNA rotation, which is evidenced by the crystal structure of the ternary
complex between human topoisomerase I (topo 70) covalently linked to the DNA and the
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Figure 2. Schematic representation of mechanism of inhibition of bi-subunit topoisomerase 1.
Catalytic cycle of topoisomerase | is divided into DNA binding, cleavage and religation. A)
CPT, a Class1 inhibitor, binds to the enzyme-DNA post-cleavage complex (PC), and subse-
quently inhibits religation step, and thus stabilizes the catalytic intermediate, (B} DHBA a
pentacyclic triterpenoid, a Class Il inhibitor, binds in the catalytic site of the enzyme and
prevents binding of the enzyme with the DNA. E- is reconstituted bi-subunit L. donovani
topoisomerase | (LdATOP1LS), where the green box represents the DNA binding large subunit
(LdTOP1L) while the white small box is the catalytic subunit (LdTOP1S) harbouring SKXXY
motif, S- substrate DNA, E-(S)- enzyme substrate complex, (I)- CPT, (I”)-DHBA. A color version
of this figure is available online at www.eurekah.com.

CPT derivative topotecan.? Recent finding reveals that a highly CPT resistant L. donovani
strain (LARCPT.160) developed by stepwise exposure to CPT induces point mutations (Gly
185 Arg and Asp325 Glu) in the large subunit (LdTOP1L) of the bi-subunit topoisomerase 1.
The mutant enzyme shows reduced activity as well as reduced sensitivity towards CPT.° The
cytotoxicity of 9-substituted-10, 11-methylenedioxy analogs of camptothecin correlate well
with cleavable complex formation in the nucleus and kinetoplast, and structural motifs have
been identified that disyroportionately increase toxicity to parasites, compared with mamma-
lian cells. Sen et al,’!">% has demonstrated that CPT induces programmed cell death (PCD)
both in the amastigotes and promastigotes form of L. donovani parasite.

Structure-activity relationship studies with mitonafide have revealed that the compound
inhibits both nuclear and mitochondrial topoisomerase of Leishmania with preferential target-
ing of the mitochondrial enzyme over the nuclear enzyme.*® Anilinoacridines have recently
been found to possess antipatasitic activity towards Leishmania, Trypanosoma and Plasmodium
species. These compounds have been shown to induce protein associated DNA lesions in L.
chagasi promastigotes. Linearization of kinteoplast DNA minicircles have also been reported in
parasites treated with anilinoacridines at similar concentrations.”® Members of the
9-anilinoacridine topoisomerase II inhibitors have also been shown to inhibit growth of L.
magjor promastigotes and amastigotes.”” 9-aminoacridines, that are reported topoisomerase I
inhibitors and structurally related to the antileishmanial compound quinacrine and chlorpro-
mazine, have shown anti leishmanial activity at concentrations in the range of 10-20 uM.>

For the last decade, our laboratory has been involved in the search of DNA topoisomerase
targeted novel anti-leishmanial agents from various indigenous plants. Towards this goal we
have isolated some compounds with profound antileishmanial effects. Amarogentin, isolated
from Swertia chirata, was found to inhibit the catalytic activity of L. donovani DNA topoisomerase
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I by preventing enzyme-DNA binary complex formation.”” Administration of L. donovani in-
fected golden hamsters with vesicular forms of amarogentin, liposome and niosomes, was found
to be more effective than free amarogentin.’® Indolyl qumolme, a biologically acnve synthetic
compound, also acts as a dual inhibitor of L. donovani topoisomerase I and I1.*° Diospyrin, a
bisnapthquinone isolated from Diospyros montana, have been reported to be a potent inhibitor
of Leishmania topoisometase I with no effect on topoisomerase II. Diospyrin requires a much
higher concentration to inhibit calf thymus DNA topoisomerase I and has been reported to
exhibit significant inhibitory effect on the growth of L. donovani promastigotes.® Chowdhury
et al, rcported that dihydrobetulinic acid (DHBA), a derivative of betulinic acid that exhibits
anti-HIV activity, is another excellent inhibitor of Lezsbmama DNA topoisomerase I and 11!
with the potential to become a lead therapeutic compound DHBA is a potent anti-leishmanial
agent that induces apoptosis by primarily targeting parasitic topoisomerases. The structure of
potential inhibitors of Leishmania topoisomerases are shown in Figure 3.

We have shown that the flavonoids quercetin and luteolin, isolated from Vitex nigundo,
have potent antileishmanial effect. The flavonoids inhibited the growth of L. donovani

Ry Ry Rs
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frinotecan
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Quercetin Baicalein
Diospyrin Pentamidine Etoposide

Dihydrobetulinic acid Indenoisoquinolines

Figure 3. Structure of the potential Leishmania topoisomerases inhibitors.
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promastigotes and amastigotes in vitro and also promoted topoisomerase I mediated linear-
ization of kDNA minicircles. They arrested cell cycle progression in L. donovani promastigotes
leading to apoptosis and reduced parasite burden in animal models.® Recently, Das et al,®?
described that naturally occurring flavones baicalein, luteolin and quercetin are potent in-
hibitors of the recombinant Leishmania donovani topoisomerase I. These compounds bind
to the free enzyme and also intercalate into the DNA at a very high concentration (300 uM)
without binding to the minor groove of DNA. The inhibition of topoisomerase I by these
flavones is due to stabilization of topoisomerase I-DNA-cleavage complexes, which subse-
quently inhibit the religation step. Their ability to stabilize the covalent topoisomerase I-DNA
complex in vitro and in living cells is similar to that of the known topoisomerase I inhibitor
camptothecin (CPT). However, in contrast to CPT, baicalein and luteolin failed to inhibit
the religation step when the drugs were added to preformed enzyme substrate binary com-
plex. The most interesting part of the study reveals that baicalein and luteolin stabilize du-
plex oligonucleotide cleavage with CPT-resistant mutant enzyme LdTOP1A39LS lacking
1-39 amino acids of the large subunit.>? This observation was further supported by the
stabilization of in vivo cleavable complex by baicalein and luteolin with highly CPT-resistant
L. donovani strain. Thus the interacting amino acid residues of L. donovani topoisomerase I
may be partially overlapping or different for flavones and CPT.

Conclusion

Topoisomerase genes and proteins characterized from kinetoplastid parasite Leishmania
appear to share many characteristics associated with their human homologues, but certain
striking differences, including different enzyme activity requirements and different sensitivities
to topoisomerase poisons provide insight for the development of topoisomerase-directed anti-
parasitic therapeutics. It has been established by several studies that the inhibitors of
topoisomerases convert these essential enzymes into intracellular proliferating cell toxins and
thereby provide a good tool for preferentially killing of the highly replicative parasite cells
within the host. The interaction of the enzyme with specific inhibitors and poisons screened
from natural or synthetic sources will help in the quest to selectively target the
topoisomerase-based replication apparatus as a means to therapeutically control the parasitic
menace in the foreseeable future.
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CHAPTER 10

Antiparasitic Chemotherapy:
Tinkering with the Purine Salvage Pathway

Alok Kumar Datta,* Rupak Datta and Banibrata Sen

Summary

istinguishable differences between infecting organisms and their respective hosts with
D respect to metabolism and macromolecular structure provide scopes for detailed

characterization of target proteins and/or macromolecules as the focus for the devel-
opment of selective inhibitors. In order to develop a rational approach to antiparasitic chemo-
therapy, finding differences in the biochemical pathways of the parasite with respect to the host
it infects is therefore of primary importance. Like most parasitic protozoan, the genus Leishma-
nia is an obligate auxotroph of purines and hence for requirement of purine bases depends on
its own purine salvage pathways.

Among various purine acquisition routes used by the parasite, the pathway involved in assimi-
lation of adenosine nucleotide is unique and differs significantly in the extracellular form of the
parasite (promastigotes) from its corresponding intracellular form (amastigotes). Adenosine ki-
nase (AdK) is the gateway enzyme of this pathway and displays stage-specific activity pattern.
Therefore, understanding the catalytic mechanism of the enzyme, its structural complexities and
mode of its regulation have emerged as one of the major areas of investigation. This review, in
general, discusses possible strategies to validate several purine salvage enzymes as targets for che-
motherapeutic manipulation with special reference to adenosine kinase of Leishmania donovani.

Systemic endotheliosis, commonly known as Kala-azar in India, is caused by the parasitic
protozoon Leishmania donovani. The spread of leishmaniases follows the distribution of these
vectors in the temperate, tropical and subtropical regions of the world leading to loss of thou-
sands of human lives.! WHO has declared leishmaniasis among one of the six major diseases
namely leishmaniasis, malaria, amoebiasis, filariasis, Chagas disease and schistosomiasis in its
Special Programme for Research and Training in Tropical Diseases. Strategies for better pro-
phylaxis and urgent therapies must be therefore devised to control this menace among poor
and under privileged population. However, the possible availability of antiparasitic vaccines
appears remote in near future. Therefore, chemotherapy remains the mainstay for the treat-
ment of most parasitic diseases.

Selectivity of an antiparasitic compound must depend upon its mode of specific inhibition
of parasite replication leaving host processes unaffected. In principle, these agents are expected
to exert their selective actions against growth of the invading organisms by having one or both
of the following properties:

i. Selective activation of compounds in question by enzyme (s) from the invading organisms,
which are not present in the uninfected cells.
ii. Selective inhibition of vital enzyme(s), which are essential for replication of the parasites.
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In order to design specific compounds with the above characteristics, it is essential to have
a thorough knowledge of the properties of the enzyme(s) and/or macromolecules which are
unique to the parasite. Phylogenetic studies suggested that trypanosomatid parasites are rela-
tively early-branching eukaryotic cells and indeed their cellular organization differs consider-
ably from their mammalian hosts counterpart.” Various enzymes, metabolites or proteins iden-
tified in parasites and known to be absent from or strikingly different in the mammalian hosts
were considered as ideal drug targets. Among the various metabolic pathways that are presently
being studied for their prospects to be exploited as the target for chemotherapeutic manipula-
tion, the most important are (i) purine salvage (ii) polyamine and thiol metabolism (iii) folate
biosynthesis {iv} DNA replication (v) glycolytic and (vi) fatty acid biosynthetic pathways etc. A
number of excellent reviews, describing the prospects and efficacies of these pathways, already
exist in the literature.>> Our laboratory is engaged in studying the pathways responsible for
synthesis and assimilation of purine nucleotides in the parasitic protozoon Leishmania donovani.
Therefore, we shall, for the constraint of space, try to restrict the discussion mostly with the
purine salvage pathways of various Leishmania parasites with particular reference to the unique
features of one of the enzymes of the purine salvage pathway viz AdK and its prospects as the
chemotherapeutic target. However, contributions of other workers will also be discussed when-
ever essential and analogy will be drawn in order to make the reading coherent.

The Leishmania genus goes through a dimorphic life cycle.>* It exists as a promastigote
(extracellular form) in the sand fly vector but is converted to an amastigote (intracellular form)
upon entry into mammalian macrophages. During this transformation process, the activities
of alarge number of proteins and/or enzymes have been reported to be stage-specifically altered
and hence they could be prospective targets for development of chemotherapeutic regimen
based on the exploitable differences of the parasitic proteins from their respective host
counterpart.>2

General Strategies for Development and Characterisation of Drug

Targets in Trypanosomatids

The traditional approach to the development of new antiparasitic compounds consists of
screening of a large number of compounds or extracts containing natural bio-active products
against particular pathogens. This random approach is conducted without prior knowledge of
cither the molecular target(s) within the pathogen or the mode of action of the drugs. A large
majority of antiparasitic compounds in use today were developed using these strategies. Subse-
quently, the molecular targets of few of these drugs viz. chloroguanide, pyrimethamine and
trimethoprim, have been identified.'

However, the more contemporary and rational approach to drug discovery began with the
identification of molecular targets within the parasite. Targets are selected based on their essen-
tial functions in the survival of the cell. In the recent years gene knockout approach is the
routine procedure employed for studying a particular gene-function and has thus become a
method of choice for target validation. Following selection and validation of the target protein,
the objectives are to identify the details of their molecular structures and/or functions that can
be exploited to design compounds inhibitory to the target molecule in question. The structure
of the target can be studied by crystallisation of the protein or may be modelled using
three-dimensional coordinates of amino acids from related or homologous protein whose crys-
tal structure is known. " This strucrure-based approach to the design of compounds has benefits
beyond the discovery of selective potent inhibitors as it provides an additional advantage for the
prediction and resolution of drug-resistance problems. The process does not have to wait for the
appearance of drug-resistant strains. Instead, possible drug-resistant strains can be generated in
vitro using low concentrations of drugs. The development of resistance can then be studied by
identifying possible mutations in the target proteins.'>!> Subsequently, the mutations can be
analysed using interactive computer graphic display systems, which visualises changes in the
three-dimensional structure of the protein. These studies, apart from revealing the possible
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mechanism for altered drug binding, also may suggest ways for designing modified compounds
for development of second generation of drugs for treatment of drug-resistant strains.

Because purine salvage pathway has been widely accepted as one of the plausible targets for the
development chemotherapeutic regimen in most parasites including L. donovans, the subsequent
sections will highlight the known complexities of this pathway and point out the differences
observed during transformation of the parasite from its extracellular to its intracellular form.

Acquisition and Assimilation of Purines in L. donovani Promastigotes

It is now well established that all parasitic protozoa, including L. donovani, as opposed to
most of the mammalian cells, lack the ability to synthesize purines de novo and thus use their
own unique complement of salvage enzyme system to scavenge purines from the host.!61
Only nucleosides viz. adenosine, guanosine and inosine and their analogs viz. tubercidin,
iodotubercidine etc. or nucleobases (adenine, xanthine and guanine) can be taken up by the
cell surface transporters. The presence of two such specific cell surface nucleobase/nucleoside
transporters (viz. LANT1 and LANT2) has been well documented for leishmania species.”***
They mediate the uptake of purine nucleosides as well as some purine analogs but with differ-
ent specificities. However, host nucleotides must have to be converted into respective nucleo-
sides prior to uptake. This task is accomplished by unique cell surface 3'-nucleotidase/nu-
cleases.”>2° The flow sheet diagram depicts the known pathways by which purine bases are
scavenged and/or assimilated in Leishmania (Fig. 1). The key enzymes involved in this process
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Figure 1. Purine salvage pathways of Leishmania species. Enzymes: 1) phosphoribosyltransferase;
2) adenine deaminase; 3) guanine deaminase; 4) adenosine deaminase; 5) nucleoside kinase; 6,
nucleotidase; 7) AMP deaminase; 8) adenylosuccinate synthetase; 9) adenylosuccinate lyase; 10)
AMP kinase; 11) GMP kinase; 12) IMP dehydrogenase; 13) GMP synthetase; 14) GMP reductase.
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are adenine deaminase and guanine deaminase, which convert adenine and guanine to hypox-
anthine and xanthine respectively. Interestingly, phosphorylase activity has not yet been de-
tected in the Leishmania. Therefore, phosphoribosyl transferase (PRTase) activity appears to
play a central role in the salvage of these purine bases.” Till date, three such PRTase activities
viz. adenine phosphoribosyl transferase (APRTase), hypoxanthine-guanine phosphoribosyl trans-
ferase (HGPRTase) and xanthine })hosphoribosyl transferase (XPRTase) have been identified
and characterised in Leishmania.” These PRTases of the parasite then convert hypoxanthine
and xanthine to inosine monophosphate (IMP) and xanthine monophosphate respectively.
The enzyme XPRTase of L. donovani has been the focus of attention for a long time as it is
absent in mammalian systems.?® Moreover, since analogs of naturally occurring purine bases,
known as subversive substrates, can function as prodrugs and enter nucleotide pool with lethal
effect, this group of enzymes have stimulated considerable therapeutic interest with regard to a
spectrum of parasitic diseases.

A stage-specific difference in the activities of enzymes is another characteristic of some
Leishmania species, with promastigotes containing adenine deaminase and amastigotes con-
taining adenosine deaminase. IMP formed in the cell can be converted to AMP by
adenylosuccinate synthetase and adenylosuccinate lyase whercas XMP is converted to IMP by
GMP synthetase and GMP reductase. Moreover, IMP dehydrogenase has also the ability to
convert XMP to GMP¥

Nucleosides, following entry into the cell, are converted to mononucleotides by either
phosphotransferases or by nucleoside kinases. Phosphotransferase activity has been detected in
the extracts of L. dongvani but these enzymes have been found to utilize only inosine analogs as
 the substrate.”” Adenosine kinase (AdK), that directly phosphorylates adenosine (Ado) to AMP,
is present both in promastigote and in amastigote of L. donovani and L. mexicana mexicana
whereas guanosine kinase is present only in L. m. mexicana. Two other kinases viz. inosine and
xanthosine kinases have also been detected in very low amounts. Adenosine deaminase, an
important enzyme in mammalian cells, is however present in Leishmania amastigotes only.

Purine Metabolism in L. donovani Amastigotes

Purine metabolism in L. donovani and L. m. mexicana amastigotes has been extensively
studied by Looker et al® and Hassan and Coombs.* The pathways of utilization of guanine,
xanthine, hypoxanthine and their respective nucleosides are similar in both forms of the para-
sites. However, adenosine metabolism in L. donovani amastigotes differs markedly from that in
promastigotes. In this connection, it may be mentioned that although a stage-specifically ex-
pressed adenosine transporter has been reported in amastigotes, confirmation of its existence is
still awaiting.”! In any case, following uptake in the amastigote, adenosine is deaminated to
inosine by adenosine deaminase, not detectable in promastigotes. Subsequently, inosine is cleaved
to hypoxanthine. However, adenine deaminase, that is known to deaminate adenine to hypox-
anthine in the promastigote, is not present in the amastigote. In contrast, the activity of AdK in
the amastigote shows 50-fold increase over the activity observed in the promastigote.®

It therefore appears that the Leishmania parasites possess multiple routes for salvaging pu-
rines and all the purine bases are interconvertible with an apparent branch point at IMP. Hence,
the Leishmania species, unlike some other protozoa, when cultured in vitro, do not require any
particular purine base for growth.

Purine Salvage Enzymes as Targets for Structure-Based

Inhibitor Design

The potential of the purine phosphoribosyl transferases (APRTase, XPRTase, HGPRTase)
and AdK as targets for antiparasitic chemotherapy stems from the major role of these enzymes
in purine acquisition by the trypanosomatid parasites. However, because of the existence of
various alternative purine salvage pathways (Fig. 1), it is conceivable that inhibition of a single
enzyme would not kill the parasite. This has been confirmed by elaborate genetic investigation
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Figure 2. Chemical structures of various inhibitors of HGPRTase and AdK.

of L. donovani and T. gondii, suggesting that neither of these enzymes are essential for the
parasite viability. In this connection it is to be noted that mutant L. donovani promastigotes
lacking HGPRTase, APRTase and AdK, either singly or in any combination, can retain the
capacity to proliferate in completely defined medium in which the sole exogenous purine source
is any of the four naturally occurring nucleobases, hypoxanthine, xanthine, guanine or adenine
or the nucleosides adenosine, inosine or guanosine, provided it has active XPRTase.>> How
knocking out of these genes will affect the survival of intracellular amastigotes is however re-
mained to be seen. Therefore, it appears that a single chemotherapeutic agent or a combination
chemotherapy targeting more than one enzyme would be ideal for successtully blocking the
purine acquisition of the parasites.

Till date most of the structure-based inhibitor design strategies that target the purine sal-
vage pathway of the parasite have been directed towards the HGPRTase. Owing to differences
in the substrate specificity, the HGPRTase from Leishmania and trypanosomes,™ > in contrast
to their host counterpart, phosphoribosylates antiparasitic pyrazolopyrimidines like allopu-
rinol (Fig. 2), which subsequently is incorporated into the nucleic acids causing selective death
of the parasite.**> Allopurinol alone or in combination with other drugs, has been proved to
be effective against cutaneous® and visceral leishmaniasis.?” Solution of a number of apo, ion
and product bound crystal structures of HGPRTase®* reveals a closed active site that pro-
vides well-defined target for computational drug discovery. The structure-based docking method
provided a remarkably efficient means for the identification of inhibitors targeting trypanosomal
HGPRTase.*! The inhibition constants of the lead inhibitors were very low with trypanostatic
activity in cell culture.*! Based on X-ray structure of Tritrichomonas foetus HGPRTase,®® isatin
and phthalic anhydride were also identified as two novel scaffolds capable of mimicking the
substrate purine base and acting as competitive inhibitors of the target enzyme without any
detectable effect on the human HGPRTase. TF1 (phthalic anhydride derivative) and TF2
(phthalimide derivative) (Fig. 2) were shown to be effective in killing the cultured parasites and
the parasite growth inhibition could be reversed by addition of the natural substrate hypoxan-
thine to the culture medium.*>*3 These findings demonstrated the success of a structure-based
computational approach whereby a molecule identified by computer-based means can be ra-
tionally modified to produce potent inhibitors of a chosen target enzyme and may provide
useful starting point for drug design for the treatment of different parasitic diseases.

Prospects of Adenosine Kinase (AdK) as the Drug Target

Among the plethora of purine salvage enzymes in the trypanosomatid parasites, AK is
also being assessed as one of the potential chemotherapeutic targets for treating various para-
sitic diseases especially leishmaniasis® and toxoplasmosis.>** Cohen et al*> demonstrated
that adenylate nucleotide pool is the major source of host purines in all mammalian cells.
Since nucleotides do not enter cells readily, they are cleaved by different nucleotidases lo-
cated on the surface of the parasites and adenine nucleoside is probably the first nucleoside
to permeate the plasma membrane of the parasite,”>? which is then converted to its nucle-
otides and other nucleotides. Being the most active purine salvage enzyme, AdK reaction is
the main route of adenosine metabolism in 7. gondii.**8 This results in preferential incor-
poration of adenosine into adenine nucleotides by at least a 10-fold higher rate than that of
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any other purine precursor tested.**’ Mutant L. donovani, lacking AdK, incorporated 25%
of the adenosine, indicating 75% of incorporated adenosine is directly phosphorylated by
AdK in L. donovani promastigotes.”® Another report indicated that, during transformation
of promastigote to amastigote, AdK was stimulated almost 50-fold® and thus was suggested
to play key role in the process.”® A very recent study showed that AdK and HXGPRTase
provide the only two physiologically relevant routes for purine acquisition in 7. gondii. How-
ever, AdK knock-out parasites exhibited a greater fitness defect than HXGPRTase mutants,
arguing that flux through AdK is greater than HXGPRTase.”

Structure-activity relationships as well as biochemical and metabolic studies established that
the substrate specificity of 7. gondii AdK differs significantly from those of the human enzyme.
It was also demonstrated that AdK from T gondi, as opposed to its host counterpart, preferen-
tially metabolizes 6-benzylthioinosine (BTT) (Fig. 2) to the nucleotide level, which eventually
acts as the toxic subversive substrate for the parasite.>#? Subsequently, several new classes of
BTI analogues were synthesized by structure-based lead optimization, leading to further im-
provement of its antitoxoplasmic efficacy.*>> These findings are consistent with the notion
that AdK indeed is a key purine salvage enzyme of the Leishmania and Toxoplasma species.
Hence, understanding the reaction mechanism of AdK at the molecular level could be impor-
tant both from a fundamental point of view as well as in the hope that detailed knowledge of
the enzyme may provide relevant information necessary for designing specific inhibitors.

However, the parasitic AdK is one of the most under-exploited purine salvage enzymes as far
as its structure-based inhibitor design is concerned. Lack of enough structural information about
its active site and insufficient knowledge of the amino acid residues involved in the reaction
mechanism have led to such an impasse. Rccent%y however, the X-ray crystal structures of AdK
from human and T gondii have been solved.>*>” Our laboratory has been working on the bio-
chemistry of L. donovani AdK (LdAdK) for over two decades and has been a major contributor
in unearthing various information regarding its reaction kinetics.’’*®? The enzyme from L.
donovani has also been cloned and expressed, theteby providing workers in this field the neces-
sary impetus to undertake structure-function analysis of the enzyme in a systematic manner.

General Biochemical Properties of the L. donovani AdK

The enzyme from L. donovani is a 345-residue monomer of 38 KDa with pl of 8.8, sharply
different from the pI (4.5-5.9) determined for AdK from other higher eukaryotic sources and
is immunologically distinct from AdK of other sources.””*® The enzyme has a pH optimum of
7.5 and the activity is dependent on the optimum ATP-Mg?2" ratio. Studies showed that whereas
the higher eukaryotic AdKs are prone to inhibition at high Ado and Mg* concentrations,
LdAdK is refractory to such inhibition. In contrast, LdAdK is much more sensitive to inhibi-
tion by ATP>!> However, despite these biochemical differences, the parasite enzyme, similar
to other AdKs, is regulated by both its products, AMP and ADP>*%! LdAdK follows the typical

sequential bi-substrate kinetics in which binding of Ado to the enzyme occurs prior to ATP
binding with the release of AMP at the end.”

Structure of AdK from Different Sources

AdK sequences from mammalian sources show more than 90% amino acid identity among
themselves.®? Interestingly however, the translated amino acid sequences of enzymes from dif-
ferent sources bear no sequence similarity with other well-characterized nucleoside and nucle-
otide kinases, thus setting it apart from the family of other structurally and functionally related
proteins. However, of particular interest is the two regions of AdK that has been found to be
homologous with the members of the PfkB (phosphofructose kinase B) family of carbohydrate
kinases viz ribokinase, inosine-guanosine kinase, fructokinase and 1-phosphofructokinase.
Members of this family are characterized by the presence of two common sequence motifs that
includes a highly conserved di-glycine motif located near the N-terminal end and 2a DTXGAGD

motif, positioned near the C-terminus.%>%*
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Recently, the structure of AdK from human and 7. gondii has been solved.’®>” These high
resolution structures were determined for the apo enzyme, AdK: Ado complex,”®” as well as
the Ado: AMP-PCP (a nonhydrolysable ATP analogue) bound enzyme.*” These findings re-
vealed that the enzyme consists of two unequal-sized domains. The large domain is a three-layered
sandwich of o helices and B sheets over which the small domain forms a [id.®® The cleft formed
between the two domains constitutes the catalytic site where several amino acids, probably
responsible for Ado and ATP binding, are located. Although the ATP binding site of the en-
zyme from two sources is quite different, their Ado binding pockets are structurally similar.
The location of the magnesium ion between the a and B phosphate of ATP is unusual and
differs from several other kinases in which the cation is located between the  and y phosphates.
Nevertheless, the overall structure is similar to the reported structure of E. cofs ribokinase, the
first reported structure in the family of carbohydrate kinases.% Structures of human AdK and
E. coli RK superimposed nicely with an RMS deviation of 2.4 A, even though the sequence
identity between them is only 22%.% In the overlapped structures, the ribose ligand of RK
superimposed on the ribosyl group of Ado 1 and the adenosine portion of the ADP ligand in
RK superimposes on Ado 2. This comparison provided strong evidence that Ado 1 exists in the
binding site used for the nucleoside undergoing phosphorylation and that Ado 2 occupies the
ATP/ADP-binding site. This was further unambiguously proved by analyzing the AMP-PCP
bound structure of 7. gondii AdK.>

Comparison of the structures of 7. gondii AdK, in presence and in absence of the substrate
further revealed a novel catalytic mechanism that involved both global and local changes in the
protein structure upon binding of Ado. The most striking among them is the Ado-induced 30°
hinge bending motion leading to domain closure. It was predicted that a GG conformational
switch was responsible for this gross structural change that placed the enzyme in its precatalytic
conformation.”” Apart from these changes, other additional local structural changes were also
shown to be induced by ATP binding. As a result of these transitions, an anion hole is created.
In general, the most extensively characterized kinase anion hole is the mononucleotide binding
motif or P-loop, which contains the consensus sequence GXX(G/X)XGK(S/T) 5 This motif
has been observed in a number of enzymes that include adenylate kinase,*%° RecA,” elonga-
tion factor Tu”! and p21ras’? and also in the protein kinases.””> But the AdK P-loop heptad,
DTXGAGD, that encompasses the second ribokinase fingerprint region, is completely differ-
ent and thus defined a new kinase anion hole motif.>” Therefore, it is most likely that the
synergistic substrate-induced structural changes lead to optimal juxtaposition of the substrates
for the catalytic reaction between the adenosine 5'-hydroxyl oxygen atom and the ATP
y-phosphate. Both the structures indicated that the 5'-hydroxyl of adenosine is near to and in
reasonable alignment with the y-phosphate of ATP suggesting an in-line Sn2 displacement
reaction.*®” Despite these structure-based predictions, the actual role of the active site resi-
dues involved either in the process of phosphate transfer or substrate binding remains to be

biochemically validated.

Sequence Characteristics of LAAdJK Gene and Homology
Model-Based Structural Analysis of the Protein

Sequence comparison of the 5'-noncoding region of the AdK gene of L. donovani with its
corresponding mRNA confirmed that, like other kinetoplastida genes, LdAdK transcript is
processed post-transcriptionally following addition of the mini-exon at the 5" end of the mRNA.
Furthermore, no consensus eukaryotic promoter sequences such as TATA or CCAAT could be
identified upstream of the initiation codon,” a finding consistent with other kinetoplastida genes.

Homology alignment studies revealed that LAAdK has only about 40 and 31% identity
with human and 7 gondii enzymes respectively (Fig. 3A). However, despite this limited iden-
tity, LAAdK possesses all the characteristics typical of AdK from all known sources. First, simi-
lar to that of other AdKs, LdAdK lacks the consensus P-loop motif®® and secondly, LdAdK
harbors two amino acid sequence motifs that are distinctive of the PfkB family of carbohydrate
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L.donovani - KGIFEELEQHPNV-TYV GLNT. AQWIAQAPKSSLFNYVGCASDDEYGKTLKEAAEKNGVNMH 100
T.gondii = MRIYSTLDQFNPT-SLP ALNS VQELLRKP--GSAGYMGAIGDDPRGQVLKELCDKEGLATR 115
B.canis = = csss--- FKEKLGERVKIESQN. SACT. YSFLGGYS----- TFFGLCGDDKLCDDYAQCLSDYGVNLM 132
S.cerevisiae GDAKMAIFDELLQMPET - KLV AQNT ARYVLGAG- - -QVVYFGSVGKDKFSERLLNENEKAGVESM 109
Human -=-=--KELFDELVKKFKV-EYH TONSIKVAQWMIQQPHKAAT - FFGCIGIDKFGEILKRKAAEAHVDAH 111
CHO ----KELFDELVRKFKV-EYH. TONSIKVAQWMIQKPHKAAT - FFGCIGIDKFGEILKSKAAEAHVDAH 127
L.donovani LEYTTKAPTGSCAVCIS-GK LVANLSAANLLSAD-HMHSSDVVETLKGCQLYYLTGFTLTIDVNYVLQV 180
T.gondii FMVAPGQSTGTCAVLIN-EK LCTHLGACGSFRIP----- EDWTTFASGALIFYATAYTLTATPENALEV 181
B.canis LKRQPGQFTTQLYSLVTPDA MYFLGGASHGLNMND- - - -- SLPGSIMDDYDFFGVNGYTFATPQMVDFMH 139
S.cerevisiae YOVONDIGTGKCAALIT-GH LVTDLGAANFFTPD- - -HLDKHWDLVEAAKLFYIGGFHLTVSPDAIVKL 177
Human YYEQNEQPTGTCAACIT-GD LIANLAAANCYKKEKHLDLEKNWMLVEKARVCYIAGFFLTVSPESVLKV 182
CHO YYEQNEQPTGTCAACIT-GD LVANLAAANCYKKEKHLDLENNWVLVEKARVYYIAGFFLTVSPESVLEV 138
L.donovani AEAAR -ASGGOFMMNLSAPFVLOQYFTESFNEARPYLDVIFGNEVEAKALADAMKWNPASTHNLAKK-- - - - - 245
T.gondii AGYRHGIPNAIFTLNLSAPFCVELYKDAMOSLLLHTNILFGNEEEFAHLAKVHNLVAADKTALSTANKEHAV 253
B.canis NMIEETLERGKRVLTMLANAICIRRNGKYLKPIAEKSAYITGNLEEYLLLYELEDREEVLRMFEQR- -~~~ -~ 2865
S.cerevisiae GQHAK -ENSKPFVLNFSAFFIPHVFKDALARVLPYATVIIANESEAEAFCDAFQLDCANT -DLEAL------ 241
Human AHHAS -ENNRIFTLNLSAPFISQFYKESLMEVMPYVDILFGNETEAATFAREQGFETKDIKEIAKK- - == 247
CHO ARYAA-ENNRIFTLNLSAPFISQFFKESLMEVMPYVDILFGNETEAATFAREQGFETKDIKEIAKK------ 263
L.donovani =  ------- RAMELPYSGTRDRIVDFTQGSQFTVYATRSG- - - -KTGSVTVQPIAHDI IVDLNGA FVGGFL 306
T.gondii EVCTGALRLLTAGONTGATKLVVMTRGHNFVIAAEQTADGTVVVHEVGVPVVAAEKIVDTNGA FVGGFL 325
B.canis -=-=-=--TSGPNPQHTAVIITMGGDGAYIVYQG-~-~-~- -RRHHVEAFKVEVVDTTGA FCGGVF 318
8.cerevisiae - ------- AQRIVKDS - PYEKTVIFTHGVEFTVVVSSK----- GTSTYPVKPLDSSKIVDTNGA FAGGFM 300
Human = -==---- TOALPEKMNSKRQRIVIFTOGRDDTIMATES----- EVTAFAVLODQDOKEI IDTNGA FVGGFL 307
CHO = =eeeee- AQALAKVNSKRPRTVVFTQGRDDTVVATEN----- EVMAFAVLDQNQKEI IDTNGA FVGGFL 323

Figure 3. Amino acid sequence alignment and homology modeling of LdAdK. A) alignment of
LdAdK amino acid sequence with that of T. gondii (AAF01261), 8. canis (CAA11263), S.
cerevisiae (P47143) human (AAA97893) and Chinese hamster ovary (AAA91649) AdK (num-
bers in the parenthesis indicate NCBI database accession numbers for respective proteins).
Boxes indicate amino acid signature motifs distinctive of this family of proteins. The residues
selected for site-directed mutagenesis i.e., Gly-62, Arg-69 and Arg-131 and Asp-299 of LdAdK
are indicated in bold. B) homology model showing the overal! structure of LdAdK with a-helices
drawn as ribbons and B-strands as arrows. Spatial position of Adenosine (magenta), ATP
(yellow), Gly-62 (cyan), Arg-69 (red), Arg-131 (white) and Asp-299 (pink) are shown in space-fill
model. C) Zoomed picture of the active site residues with inter-atomic distances shown by
dotted lines. Reproduced with permission from: Datta R et al, Biochem ] 2005; 387:591-600;
©2005 The Biochemical Society.”® A color version of this figure is available online at
www.Eurekah.com.
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kinases.>%* Studies further suggested that similar to other carbohydrate kinases, the Glyg;-Glye,
structural motif of LdAdK is probably essential for maintenance of its conformational flexibil-
ity. Of the seven arginine residues present in LAAK, only Arg;3;, corresponding to Argy s and
Argy3y of T gondi and human AdK respectively, is absolutely conserved. Interestingly, another
arginine residue, located at the 69th position of LAAdK seems to be conserved mostly among
lower eu.ka:;'otes whereas in enzymes from higher eukaryotes this residue is replaced with
lysine. 5062777 Among the acidic residues, Aspagg of LdAdK, corresponding to Aspsjg and
Aspagg of T gondi and human AdK and located on the second fingerprint motif (DTXGAGD)
of ribokinase family, was retained. Likewise, Asp;g of LdAdK was also strictly conserved with
corresponding amino acid residues Asp;4 and Aspyg of T gondjii and human AdK respectively.65

In the absence of expetimentally determined structure of LdAdK, the three dimensional
model, constructed on the basis of the sequence alignment and available coordinates from the
human and T gondji AdK crystal structures, showed a high level of overall structural and active-site
geometrical symmetry among themselves (Fig. 3B). The ribbon diagram of the model shows
that like AdK from other sources, LdAdK appears to be organized into two domains: one of the
domains (large domain), consisting of a three-layered sandwich of ten a-helices and nine
B-strands, is connected by four peptide segments to the smaller lid domain, consisting of five
B-strands running perpendicular to two a-helices.

Identification of Potential Amino Acid Residues Involved in Catalysis

Taking advantage of the spatial coordinates of the model, the search for the amino acid
residues within the interacting distance (23.5 A) of the substrates, was made. In Table 1, resi-
dues of LdAdK that are within the interacting distance of either the base, Ado, or the ribose
moiety of Ado and ATP or the phosphate group of ATP are listed.

From the analysis, the terminal phosphate group of ATP and the 5'-OH group of the
ribose moiety of Ado appeared to be 1.68 A, close enough for a direct in-line phosphate
transfer. The structure further shows that Glye; is located underneath the Ado-binding site
of the peptide connecting §-4 sheet of the small domain with the -3 helix of the large
domain (Fig. 3C). Moreover, the peptide N of Glys; is 2.44 A and 2.16 A away from the 02’
and O3’ group of the adenosy! ribose respectively, suggesting its possible role in Ado bind-
ing. Of the seven arginine residues present in the protein, only Arg;s;, located on the p-8
sheet of the small domain, appeared to be spatially close to the active site. In fact, its NHI
and NH2 groups were found to be at potentially H-bonding distance of 2.2 A and 2.3 A
respectively from the O2G and O3G groups of the terminal phosphate of ATD, an observa-
tion distinctly different from that of 7. gondii AdK where, instead of two terminal amino

Table 1. Hydrogen bonds and close contacts (<3.5 A) between the purine
or ribose subsite of adenosine and amino acid residues of LdAdK
in the modeled structure

Purine A Ribose A

Ni Asn12 ND2 2.81 o2 Asp16 OD1 2.67
N1 Phel168 CB 3.11 02! Gly62 N 3.24
N1 Phe168 CG 3.28 o3 Gly62 N 2.96
C2 Phe168 CD1 3.45 03! Gly62 CA 3.48
N3 Ser63 N 2.86 03! Gly62 C 3.25
cé6 Phe168 CG 3.33 o3 Asn66 ND2 2.94
N6 Phe168 CD2 3.44 C5! Asn295 C 3.31
N7 Ala135 CB 3.40 C5' Asn295 O 3.22

O5' Asp299 OD2 2.50
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L.donovani CNPLL SAPV 21
T.gondii GNPILLVAEV 29

B.canis GHPMIMIYCKA 50
Human GNPLLPMISAVV 23
Rat GNPLLBI SAVV 39

Figure 4. Sequence alignment and close-up view of the Ado-binding site of LdAdK. A) align-
mentof the N-terminal region of LdAAdK amino acid sequence with thatfrom T.gondii(AAF01261),
Babesia canis (CAA11263), human (AAA97893), and rat (AAH81712) showed the invariant
aspartate residue (numbers in parentheses indicate GenBank® accession numbers for respec-
tive proteins). B) structural model illustrating the position of Asp-16 relative to the bound Ado,
dashed line depicts the possible interaction between the Asp-16 carboxyl group and ribose
hydroxyls of Ado. Reproduced with permission from: Datta R etal, Biochem ] 2006; 394:35-42;
©2006 The Biochemical Society.®?

groups, NH1 and NH2 were postulated to be interacting with the terminal phosphate.”
However, the spatial location of the Arg g9, located on the a-3 helix of the large domain, was
found to be quite far away from either of the substrates (>10.0 A). Apart from these residues,
the carboxy side chain of Aspig and Aspjg9 are also proximally located to the ribosyl O2',
03" and O5' hydroxy group of Ado respectively (Figs. 3 and 4). Availability of these struc-
tural details allowed initiation of biochemical studies with regard to mechanisms of substrate
binding, phosphate transfer and enzyme regulation.

Mechanism of Ado Binding

Crystal structures of human and T gondii AdK demonstrated that the side chains of Aspg
and Aspyg4 respectively (the sequence homologous to Asp,¢ of LdAdK) formed hydrogen bonds
with both O2' and O3’ ribose hydroxyls.” In the modelled LdAdK, its Asp also points to-
wards the adenosyl ribose (Fig. 4) and is proximal to its O2' and O3' groups. Moreover, com-
parison of the Ado-binding site of LAAdK and ribose binding site of ribokinase revealed that an
Asp residue is conserved in both AdK and RK.% Structure-guided mutational analysis of the
Aspig mutant demonstrated total obliteration of Ado binding to the enzyme, thereby indicating
indispensability of the Aspg residue in Ado binding. Furthermore, possibility of the formation
of a bidentate hydrogen bond between Asp; and the adenosyl ribose has also been proposed.®®
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Asp 299

Figure 5. Schematic representation of the possible reaction mechanism of LdAdK; Ado-induced
domain rotation around the flexible diglycine motif (Gly-61-Gly-62) places the enzyme in
precatalytic conformation. ATP binding causes further conformational changes, resulting in
the initiation of a series of events in which Asp-299 first withdraws a proton from the 5' hydroxy
group of Ado (solid line) followed by a direct nucleophilic attack on the y-phosphate of ATP
(broken line). The resulting quinquivalent transition state is stabilized by Arg-131. Arg-131 also
increases the electrophilicity (8+) of the y-phosphorus group. Reproduced with permission
from: Datta R et al, Biochem ) 2005; 387:591-600; ©2005 The Biochemical Society.”®

Mechanism of Phosphate Transfer

Structural information and mutational analysis coupled with chemical modification of some
of these residues led to development of a concerted mechanism for the phosphate transfer
reaction’® (Fig. 5). The mechanism suggests that initial binding of Ado to the open active site
of the enzyme induces a domain rotation around the di-glycine hinge (Glyi-Glys,) motif.
Arggo, located on the a-3 helix possibly facilitates such domain movement. This leads to a
relatively closed positioning of the lid and places the second substrate (i.e., ATP) in a catalyti-
cally competent position, thereby allowing the active-site located Aspz99 to accept a proton
from the 5'-group of the ribose of Ado resulting in direct nucleophilic attack on the terminal
phosphate of ATP by an in-line Sx2 mechanism. Results further suggested that during the
whole process, Args; acts as the bidentate electrophile. First, it stabilises the resulting
quinquivalent transition state by interacting with two negatively charged oxygen groups of the
terminal phosphate of ATP and second, Arg;3; possibly helps in increasing the electrophilicity
of the y-phosphorus atom by withdrawing the negative charge of the oxygen atoms.

Product-Mediated Enzyme Regulation
LdAdK, similar to AdK from most sources, is known to be inhibited by AMP and ADP,
raising the possibility of product-mediated regulation.”?*"”? It is well known that AMP is a
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competitive inhibitor of the enzyme with respect to Ado and noncompetitive with respect to
ATP. In contrast, ADP behaved as a noncompetitive inhibitor with respect to both Ado and
ATP, with inhibition by ADP becoming uncompetitive at higher concentrations of ATP> How-
ever, until recently, it was not known as to whether the same amino acids were involved in
binding both Ado and AMP. Moreover, very little information with regard to ADP binding site
were available. However, development of the Aspi¢ mutant, defective in Ado binding, permitted
investigations on the mechanism of AMP inhibition. In these studies it has been shown that
although Ado and AMP occupy a nearly overlapping position resulting in apparent competition
between the two, their mode of interaction with the enzyme are not exactly identical. Analysis
suggested that Argys;, which has been identified as the key residue involved in the phosphotransfer
mechanism, plays an additional role in AMP binding, thereby acting as an effector for
product-mediated enzyme regulation. This dual role of Arg;s; (both in catalysis as well as in
regulation) has been further supported with the help of the AMP-docked structure of LdAdK.®

Apart from the AMP-mediated regulation, ADP also appears to regulate the activity of the
enzyme. Although evidence in favour of this notion is still scanty and will require extensive
investigations, the available in vitro results suggest that unlike AMP, the ADP-mediated regula-
tory mechanism involves the simultaneous participation of another chaperonic protein viz.
cyclophilin (CyP). It has recently been demonstrated that LdAdK, which has an inherent ten-
dency to form inactive soluble oligomers, could be disaggregated by a cyclophilin from L. donovani
(LACyP) in an isomerase-independent fashion, resulting in reactivation.%’ The reactivation of
LdAdK could be achieved in vitro with a stoichiometric amount of LACyP and under simulated
in vivo condition.3! While investigating the mechanism, it was discovered that ADP, generated
during the AdK reaction, facilitates formation of these AdK aggregates, leading to its inactiva-
tion. Detailed analysis of the mechanism of reactivation suggested that LdCyP-induced reactiva-
tion occurs due to conformational reotientation of AdK in a manner that decreases the affinity
of the enzyme for ADP resulting in disaggregation of the inactive oligomers to active mono-
mers.%? A mechanism of ADP-mediated regulation of LdAdK has also been proposed (Fig. 6).

Partial oligomer with
fractional AdK activity

Inactive AdK aggregate

ag LiCyP
mw

Active monomers with
reduced ADP affinity (o)

AdK-CyP complex with
altered enzyme conformation

Figure 6. Schematic representation of cyclophilin mediated reactivation of adenosine kinase.
Reprinted with permission from: Sen et al, Biochemistry 2006; 45:263-271; ©2006 American
Chemical Society.®2



128 Drug Targets in Kinetoplastid Parasites

Since, nucleotide-induced aggregation-disaggregation of enzymes forms the basis of enzyme
regulation in many cases, the likelihood of this mechanism operating in L. donovani cannot be
ruled out.®

Based on these observations, it has been possible to arrive at a point from where the
“catalytic movie” of LdAdK during the progression of reaction can be speculated (Fig. 7).
The self-explanatory cartoon pinpoints the likely conformational change that possibly
occurs during the overall process. The ADP-induced aggregation of the enzyme, which
may form a basis for enzyme regulation, has however been excluded from this proposed

mechanism.

@ Gly-62
@ Arg-131
o o "o o]
- == P Adenosine— D—P—O—IIID—O— \Px | —o——Adenosine

- & (I)'

\ (Pentavalent transition state)
me D
= /

Figure 7. Cartoon representation of the proposed LdAdK catalysed reaction. A) Ado binds to the
open active site of the enzyme followed by, B) a rotation of the small domain around the
di-glycine hinge causing domain closure and recruitment of Arg-131 to the active site; C) Binding
of ATP to the closed active site resulting in phosphate transfer via a pentavalent transition state;
D) Formation of the products and, E) Subsequent product release.
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Conclusions and Perspectives

Extensive research over the last several years has identified several unique metabolic path-
ways obligatory to survival and multiplication of parasites. Of these prospective pathways, this
chapter has tried to articulate the importance of the pathway responsible for the salvage of
purine nucleotides of the purine auxotrophic parasitic protozoa, with special reference to AdK
of Leishmania. Our interest in this pathway stemmed from the observation that LdAdK, being
the gateway enzyme for adenosine nucleotide assimilation in Leishmania, shows stage-specific
activity profile during morphogenic transformation of the parasite and the possibility of syn-
thesizing subversive nucleoside analogs capable of selectively inhibiting the AdK-mediated
phosphorylation reaction in Leishmania exists. Our aim has been to address two specific ques-
tons: (i) what structural features of this parasitic enzyme are potentially important for the
process of phosphate transfer and substrate binding and (ii) how do these features relate to the
transition state of catalysis and the overall reaction mechanism? To this end, homology model-
ing of LdAdK has allowed visualization of the active site of the enzyme and analyse the results
of the mutagenesis experiments. Although the actual crystal structure of the protein is a must,
the model would be useful in identifying additional sites for mutagenesis and conceptualising
the results until the structure of LdAdK is determined experimentally. An additional point of
significance of thesc findings is that, by understanding the structural requirements of product
binding, one can certainly conceive of strategies for designing inhibitors capable of interacting
with the product binding sites. Therefore, studies directed towards exploiting LdAdK as the
target for designing structure-based inhibitor or other enzymes of the purine salvage pathway
might prove rewarding.
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CHAPTER 11

Searching the Tritryp Genomes
for Drug Targets

Peter J. Myler*

Abstract

he recent publication of the complete genome sequences of Leishmania major,

Trypanosoma brucei and Trypanosoma cruzi revealed that each genome contains

8300-12,000 protein-coding genes, of which ~6500 are common to all three genomes,
and ushers in a new, post-genomic, era for trypanosomatid drug discovery. This vast amount of
new information makes possible more comprehensive and accurate target identification using
several new computational approaches, including identification of metabolic “choke-points”,
searching the parasite proteomes for orthologues of known drug targets, and identification of
parasite proteins likely to interact with known drugs and drug-like small molecules. In this
chapter, we describe several databases (such as GENEDB, BRENDA, KEGG, METACYC, the THERA-
PEUTIC TARGET DATABASE, and CHEMBANK) and algorithms (including PATHOLOGIC, PATHWAY
Hunter Toot, AND AutoDock) which have been developed to facilitate the bioinformatic
analyses underlying these approaches. While target identification is only the first step in the
drug development pipeline, these new approaches give rise to renewed optimism for the dis-
covery of new drugs to combat the devastating diseases caused by these parasites.

Traditionally, drug discovery in the trypanosomatids (and other organisms) has proceeded

from two different starting points: screening large numbers of existing compounds for activity
against whole parasites or more focused screening of compounds for activity against defined
molecular targets. Most existing anti-trypanosomatids drugs were developed using the former
approach, although the latter has gained much attention in the last twenty years under the
rubric of “rational drug design”. Until recently, one of the major bottlenecks in
anti-trypanosomatid drug development has been our ability to identify good targets, since only
a very small percentage of the total number of trypanosomatid genes were known. That has
now changed forever, with the recent (July, 2005) publication of the “Tritryp” (Trypanosoma
brucei, Trypanosoma cruzi and Leishmania major) genome sequences.' This vast amount of
information now makes possible several new approaches for target identification and ushers in
a post-genomic era for trypanosomatid drug discovery.

Tritryp Genome Content

According to the latest data released at GeneDB (http://www.genedb.org), the haploid ge-
nomes of T. brucei, T. cruzi and L. major encode 9878, ~12000, and 8373 likely protein-coding
genes (and pseudogenes), respectively (see Table 1), The gene densities of the two trypanosome
genomes are quite similar (300-400 genes/Mb) and somewhat higher than that of L. major
(250 gene/Mb). The average coding sequence (CDS) is slightly larger in Leishmania, as a result
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Table 1. Tritryp genome statistics

T. brucei T. cruzi L. major

Protein-coding genes 8599¢ ~10,000° 8302
Pseudogenes 1279 ~2000¢ 71
Average CDS length (bp) 1,592 1,513 1,901
Average inter-CDS size 1,279 1,024 2,045
Gene density (gene/Mb) 317 385 252
Function known 5% n.d.? 4%
Function inferred 38% 43% 28%
Hypothetical, conserved 51% 48% 56%
Hypothetical, species-specific 6% 9% 8%
Orthologues in all Tritryps 73% 54% 80%
Tb+Tc only 5% 4% -
Th+Lm only 1% - 1%
Tc+lm only - 4% 6%
Species-specific 21% 38% 13%

a) Excludes 612 genes annotated as hypothetical protein, unlikely. b} Total number in both haplotypes
is 18,980. ¢) Number in both haplotypes is 3,590. d) Not determined.

of small sequence insertions relative to the trypanosomes, but the lower gene density in Leish-
mania is mostly explained by its larger inter-CDS regions. Each species contains a number of
gene families of varying size. Predicted functions have been ascribed to ~40% of the
protein-coding genes, but this has been confirmed experimentally for only ~5% of the pro-
teins, Most of the remaining genes encode conserved hypothetical proteins, of which slightly
more than half are found only in trypanosomatids. Interestingly, ~2-3% of the Tritryp proteins
are related to those found in prokaryotes but not other eukaryotes. At least some of these
appear to have arisen from horizontal gene transfer, and may represent excellent candidates for
drug targets. The Tritryp genomes display a remarkable degree of synteny, with ~75% of the
genes in L. major having orthologues in both other species and >90% of these occurring in the
same genomic context (see Table 1). The proteins within this Tritryp “core” proteome exhibit
an average 57% identity between T brucei and T. cruzi, and 44% identity between L. major
and the two other trypanosomes, reflecting the expected phylogenetic relationships.>® Inter-
estingly, substantially fewer orthologues are shared only between L. major and T. brucei than
between L. major and T. cruzi, perhaps reflecting the common intracellular environment of
their mammalian stages.

However, all three genomes contain a significant number of species-specific genes, which
account for ~21% and 38% of the protein-coding genes in 7. brucei and T, cruzi, respectively,
but only ~13% of the L. major genes. These species-specific genes (and pseudogenes) mostly
encode large families of surface proteins, exemplified by the variant surface glycoproteins (VSGs)
and Procyclic Acidic Repetitive Proteins (EP/PARP/procyclin) of 7. bruces; the trans-sialidases,
dispersed gene family protein 1 (DGF-1), mucins, and mucin-associated surface proteins
(MASPs) of T, cruzi; and the amastins and promastigote surface antigens (PSA-2) of L. major.
In addition to these species-specific genes, all three species demonstrate differential paralogous
gene expansion or contraction, with the ESAG4 adenylate/guanylate cyclases and leucine-rich
repeat proteins being over-represented in T bruces; GP63 surface proteases and recombination
hot spot (RHS) proteins in 7. cruzi; and mitochondrial carrier protein, ATP-Binding Cassette
(ABC) transporters, and Heat Shock Protein (HSP) 90 gene families in L. major. Many of these
species-specific genes or paralogous expansions occur in telomeric and sub-telomeric gene clus-
ters, possibly reflecting similar strategies used for immune evasion.
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Transcnpnon and RNA processing in the trypanosomatids is quite different from that in
other eukaryotes,” with unique or unusual processes such as large polyclstromc gene clusters,¥10
RNA polymerase I-mediated transcription of some protein-coding genes,'"!? and
trans-splicing,'®> While annotation of the Tritryp genomes uncovered most of the expected
RNAP polymerase subunits, there was a dearth of transcnptlon factors normally involved in
regulation of transcription initiation by other eukaryotes.*> However, recent experiments have
identified several hlghly divergent transcription factors in 7. brucei,'*"7 suggesting that Tritryp
transcription initiation may represent an ancestral, less sequence-specific, mechanism mostly
replaced in other eukaryotes by the archetypal TATA-containing promoters. Conversely, the
paucity of Tritryp genes encodmg transcnptlonal regulators is offset by an abundance of proteins
with RNA binding motifs,'® consistent with their reliance on post-transcriptional models of
gene regulation. '

DNA replication in trypanosomatids also appears to differ signiﬁcantly from that in higher
eukaryotes, with only one of the six subunits typically found in the eukaryotic replication
origin complex being identified.? There are also substantial differences in the mitochondrial
replication machinery, since the complexity of the kinetoplast DNA (the trypanosomatid equiva-
lent of a mitochondrial genome) structure dictates an unusual replication mechanism.

Bioinformatic analyses of the Tritryp genomes suggests that they lack several classes of sig-
naling molecules found in other eukaryotes, including serpentine receptors, heterotrimeric G
proteins, most classes of catalytic receptors, SH2 and SH3 interaction domains, and regulatory
transcription factors, but that they do possess a large and complex set of protein kinases and
protein phosphatases 221 However, the distribution of protein kinase classes differs from that
in other organisms; with no tyrosine kinases (other than dual specificity kinases), receptor
kinases or TKL and RGC group kinases. Since the trypanosomatids have complicated life
cycles in different hosts, it is likely that these kinases play important roles in regulating their
response to changes in these different environments.

Computational Approaches for Drug Target Selection

The experience gained by the pharmaceutical industry during the last few decades of drug
development has lead to the postulation of a number of selection criteria for successful drug
target identification.? In the context of the trypanosomatids, these criteria include selectmty
(i.e., the parasite target is absent from, or substantially different in, the host); “druggability”
(the target structure has a small molecule-binding pocket); suitable biochemical properties (the
target has a low turnover rate and/or catalyzes a rate-limiting step within a pathway); validation
(the target is essential for growth and/or survival in the mammalian stage of the parasite lifecycle);
“assayability” (specific, inexpensive and high-throughput screens are available using in vitro
expressed target); and low potential for development of drug resistance (absence of different
isoforms or alleles and/or biochemical “bypass” reactions). With these criteria in mind, several
bioinformatic approaches have been proposed, which take advantage of the availability of the
complete genome sequences described above to accelerate progtess in developing effective clinical
interventions for the important diseases caused by these parasites.

Analysis of the Tritryp genomes has provided a comprehensive view of the parasites’ meta-
bolic potential by identifying numerous common and species-specific metabolic and transport
processes. Manual examination of metabolic maps identified a number of pathways that ap-
pear to be especially amenable to potential chemotherapeutic intervention; including glycoly-
sis, the electron transport chain, the urea cycle, the glyoxylase pathway and associated
trypanothione metabolism, glycosylphosphatidylinositol (GPI) anchor blosym:hesxs, fatty acid
biosynthesis, as well as the ergosterol and isoprenoid biosynthetic pathway.! Since the particu-
lars of target identification and drug development for each of these pathways (and others) have
been described in detail in several of the accompanying chapters and elsewhere,>2¢ they will
not be further explored here. Instead, several different computational attempts to catalogue
metabolic pathways and identify “choke-points” will be described.
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Databases of Tritryp Metabolism

BRENDA (BRaunschweig ENzyme DAtabase) is a comprehensive collection of enzyme and
metabolic information (http://www.brenda.uni-koeln.de), including Enzyme Commission (EC)
classification and nomenclature, reaction and specificity, function and structure, isolation and
stability, as well as links to primary literature references. The database is now based on a controlled
vocabulary and ontology for some information fields, and search tools include EC and
taxonomy-tree browsers, a chemical substructure search engine for ligand structure, and a
thesaurus for ligand names. BRENDA contains more than 100,000 enzymes representing 4060
different EC numbers from about ~10000 different organisms. There are currently (as of
September, 2006) 842 entries for 7. brucei, 751 for T. cruzi and 607 for L. major.

KegG (Kyoto Encyclopedia of Genes and Genomes) is a suite of databases and associated
software, designed to integrate current knowledge of genes and proteins (GENES database),
chemical compounds and reactions (LIGAND), metabolic, regulatory and interaction networks
(PATHWAY), and ontologies (BRITE). Biological systems are represented in KEGG by nested graphs,
which are used for pathway reconstruction and functional inference, and line graphs, which
form the basis for integrating genome and chemical information with the networks. The BriTe
database provides the pathway reconstruction through a series of functional hierarchies and
represents the logical foundation for the KEGG project. KEGG maintains a gene catalogue of
sequenced genomes and maps them onto 301 manually drawn and curated reference
pathways.”">! Currently, there are 83, 90, and 89 entries in the PATHWAY database for T brucei,
T. cruzi and L. major, respectively, mostly describing metabolic pathways.

The BioCyc collection of Pathway/Genome Databases (PGDBs) provides electronic refer-
ence sources on the pathways and genomes of more than 200 different organisms (heep://
biocyc.org). The databases within the BioCyc collection are organized into tiers according to
the amount of manual review and updating they have received. Tier 1 PGDBs are created
through intensive manual efforts, and receive continuous updating. EcoCyc, which describes
Escherichia coli K-12, is the only organism-specific Tier 1 database. Tier 2 PGDBs are
computationally generated using PATHOLOGIC software,*»3? and have undergone moderate
amounts of review and updating. There are currently 12 databases in Tier 2, including
HuMaNCyc and PrasMoCyc {(which describes the malatia parasite, Plasmodium falciparum).
Tier 3 databases are computationally generated by the PATHOLOGIC program, and have under-
gone no review and updating,34 There are 191 PGDBs in Tier 3, representing mostly bacterial
genomes. The individual BIoCyc web-sites can be used to visualize single or multiple meta-
bolic pathways, including a complete metabolic map of the organism. An OMICS VIEWER can
be used to analyze gene expression, proteomics, or metabolomics data to produce animated
views of time-course gene-expression experiments. There are currently no BioCyc PGDBs for
any of the trypanosomatid genomes, although it should be relatively straightforward to gener-
ate Tier 3 databases using the PATHOLOGIC software.”? Other programs are also available for
genome-scale reconstruction of metabolic networks.?>® However, since this process is largely
dependent on sequence-based homology searches to identify the enzymes and the Tritryp ge-
nomes are quite divergent from other eukaryotes, considerable manual curation will probably
be necessary to obtain truly accurate representations of the metabolic networks in these organisms.

While most of the individual PGDBs within BioCyc represent species-specific databases,
MeTaCyc (heep://metacyc.org) is a collection of metabolic pathways and enzymes from more
than 240 organisms (mostly bacteria and plants). The goal of METACYC is to represent every
experimentally elucidated metabolic pathway, reaction, and chemical compound, as well as the
genes encoding the enzymes that catalyze the reactions involved.”” As well as being used as a
reference source to look up individual facts, METACYC facilitates computational studies of the
metabolism, such as design of novel biochemical pathways for biotechnology, studies of evolu-
tion of metabolic pathways, and simulation of metabolic pathways. Additionally, desktop soft-
ware is available for comparing the overall metabolic maps, specific pathways and genomic
maps of two organisms.
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Identification of Metabolic “Choke-Points”

Careful manual examination of a metabolic pathway can identify metabolic “choke-points”,
i.e., the enzyme(s) which is (are) uniquely necessary to produce a critical metabolite. Obvi-
ously, choke-points in pathways that result in metabolites critical for parasite survival would
make excellent potential targets for development of novel anti-trypanosomatid drugs. The PaTh-
way HunTER Tool (http://www.pht.uni-koeln.de) uses an extended form of graph theory (in
which enzymes are represented by edges between nodes representing metabolites) to identify
choke-points and rank them according to their “load”.%%4! Load is defined as the ratio of the
number of shortest paths through the enzyme and nearest neighbors attached to it, compared
to the average values for these properties in the entire network. Comparison of pathogen
{trypanosomatid) and host (human) metabolic networks could be used to identify highly ranked
choke-points that are unique to the parasite or are ranked much lower in the host.

Another computational approach for identification of metabolic enzymes as drug targets
involves the concept of minimal cut sets, which are defined as the minimal set of reaction in a
network whose inactivation will definitively lead to a failure in a particular network function.?
Screening parasite metabolic networks for all possible minimal cut sets and identification of
those which are small (i.e., contain few enzymes) and not present in the host could serve to
identify potential drug targets.

The approaches outlined above are designed to identify rargets that meet only some of the
criteria outlined at the beginning of this section; namely they have suitable biochemical
properties, are likely to be essential for the parasite, and are sufficiently different from any host
homologue. However, alternative approaches seek to make use of the finding that successful
drugs have specific structural and physicochemical properties that allow them to be efficacious,
bioavailable, and safe. These properties are exemplified by Lipinski’s so-called “rule of five”.#?
This has lead to the concept of “druggable” proteins, based on their ability to bind potentially
effective drug-like small molecules.**¢ Thus, it makes sense to search the Tritryps genomes for
proteins that are likely to meet these criteria. Two different approaches have been proposed for
developing computational solutions to this problem: searching the genome for proteins with
similar properties to known drug targets in other organisms (primarily humans) and direct
interrogation of the parasite proteins for their likelihood to bind drug-like chemicals.

Searching for Parasite Orthologues of Known Drug Targets

The Therapeutic Target Database (TTD) (http://xin.cz3.nus.edu.sg/group/cjeed/ttd.asp)
represents a comprehensive and publicly available attempt to catalogue information abourt all
the currently known protein and nucleic acid targets described in the literature. %47 The database
also contains information about the drugs and ligands directed at these targets, as well as
corresponding disease conditions. This database currently contains 1535 targets and 2107 drugs/
ligands, including 19 entries listing potential anti-trypanosomatid use. The most simplistic
approach for searching the Tritryp genomes for potential targets similar to these existing targets
would be to carry out BLASTP or PSIBLAST searches of the Tritryp protein databases to identify
parasite proteins with significant sequence similarity to those in the TTD. The resulting list of
parasite proteins would need to be subsequently winnowed down by removing those that are
too similar to the human orthologues and/or are similar to proteins involved in more than two
pathways in humans, since drugs against these are likely to have deleterious effects on the
human host. However, given what we know about the imprecise nature of the relationship
between protein sequence and structure, it is likely that this method will have a significant false
negative rate (Le., it will miss many potentially useful targets because they won’t have sufficient
sequence similarity). Statistical learning methods, such as support vector machines (SVM) and
neural networks, have recently enjoyed considerable success for prediction of protein structure
and may be useful for identifying targets missed by simple BLAST searching. A SVM method
has been used to screen the human and HIV genome for druggable proteins, with a promising
degree of accuracy. *44 Similar methods could be used to screen the Tritryp genomes.
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Matching Drug-Like Chemicals to Parasite Proteins

Algorithms such as AUTODOCK have been used for some time to predict small molecules
that will potentially fill protein ligand-binding pockets, as a fitst step in rational drug design.
This process has been reversed to some extent by using docking software with integrated mo-
lecular dynamics simulation to predict which drugs are likely to bind (and inhibit) proteases
from human coronavirus,” cytomegalovirus,’* and human immunodeficiency virus (HIV).>?
A recent publication describes the use of this method to screen 2500 compounds in the
CHEMBANK database (htep://chembank.broad.harvard.edu) against 13 proteins from Plasmo-
dium falciparum whose structure had been determined by X-ray crystallography.> This ap-
proach found that the Kis predicted for three existing anti-malarial drugs compared well with
their known values and that their predicted inhibitory activity ranked in the top 5th percentile
of all tested drugs. Another 20 drugs were predicted to have multi-target activity, ie., they
showed high affinity with two or more proteins. Multi-target drugs are attractive because they
are less likely to encounter problems with development of drug resistance. It should be possible
to screen the Tritryp proteome for multi-target drugs using a similar approach. Obviously, one
major constraint is the availability (or lack thereof) of trypanosomatid proteins with known
structure. Currently, the protein structure database (PDB) contains 79 nonredundant structures
from the genera Leishmania or Trypanosoma. However, this number has been increasing rapidly
over the last few years due to the efforts of the Structural Genomics of Pathogenic Protozoa
(SGPP) consortium (htep://www.sgpp.org) and is likely to increase further in the near future.

Conclusion

The recent completion of the Tritryp genome sequencing project provides an unprecedented
opportunity for development of novel anti-trypanosomatid chemotherapeutic agents. The iden-
tification of more than 8000 new protein-coding genes, many of which are shared between the
Leishmania and Trypanosoma genera, vastly expands the potential drug targets available for
investigation. In fact, the situation has gone from a relative dearth of useful targets to an em-
barrassment of riches, with far more potential targets available than can possibly be studied
in detail. In this chapter, we have described several different computational approaches that
should be useful in reducing this smorgasbord of genes to a manageable number of high-value
targets, which will form the basis of detailed biological and pharmacological investigation. Of
course, target identification is only the first stages in the lengthy and expensive process of drug
development; with steps such as target validation, lead identification and optimization, as well
as preclinical pharmacological screening, necessary before a potential drug can enter clinical
trials. Nevertheless, these bioinformatic methods hold great promise in being able to identify
targets (and potential lead compounds in some cases) which have a higher probability of suc-
cessful drug development than traditional methods. While only time will reveal the validity of
this promise, we hope that this advent of the post-genomics era for trypanosomatid biology
heralds a renaissance in the discovery of much needed new drugs for the devastating diseases
caused by these parasites.
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Abstract

urines and pyrimidines are indispensable to all life, performing many vital functions for
P cells: ATP serves as the universal currency of cellular energy, cAMP and cGMP are key

second messenger molecules, purine and pyrimidine nucleotides are precursors for
activated forms of both carbohydrates and lipids, nucleotide derivatives of vitamins are es-
sential cofactors in metabolic processes, and nucleoside triphosphates are the immediate
precursors for DNA and RNA synthesis. Unlike their mammalian and insect hosts, Leishma-
nia lack the metabolic machinery to make purine nucleotides de novo and must rely on their
host for preformed purines. The obligatory nature of purine salvage offers, therefore, a plethora
of potential targets for drug targeting, and the pathway has consequently been the focus of
considerable scientific investigation. In contrast, Leishmania are prototrophic for pyrim-
idines and also express a small complement of pyrimidine salvage enzymes. Because the
pyrimidine nucleotide biosynthetic pathways of Leishmania and humans are similar, pyrimi-
dine metabolism in Leishmania has generally been considered less amenable to therapeutic
manipulation than the purine salvage pathway. However, evidence garnered from a variety of
parasitic protozoa suggests that the selective inhibition of pyrimidine biosynthetic enzymes
offers a rational therapeutic paradigm. In this chapter, we present an overview of the purine
and pyrimidine pathways in Leishmania, make comparisons to the equivalent pathways in
their mammalian host, and explore how these pathways might be amenable to selective thera-
peutic targeting.

Nomenclature

Purines and pyrimidines exist as both monomers and polymers. As monomers, they can
exist in multiple forms: (1) as free, planar, heterocyclic bases (also called nucleobases); (2) as
nucleosides in which an N-glycosidic linkage exists between the one carbon of the ribose or
2'-deoxyribose sugar and either the N9 nitrogen of the purine or N1 nitrogen of the pyrimi-
dine ring; and (3) as nucleotides in which one to three phosphate groups are covalently at-
tached to the five carbon of the ribose ring of a nucleoside. RNA and DNA are nucleotide
polymers and informational macromolecules.
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Purine Metabolism

The discovery that certain pyrazolopyrimidine nucleobases and nucleosides, analogs of naru-
rally occurring purines, are toxic to Leishmania, coupled with the obligatory nature of the
leishmanial purine salvage pathway, has spawned considerable interest in the purine salvage
pathway as a drug target.'™ The purine salvage pathway was initially characterized by direct
enzyme measurements in parasite lysates and by metabolic incorporation experiments into
intact parasites. These studies indicated that the purine salvage pathway of Leishmania is com-
plex, entwined, and functionally redundant. More recent molecular and genetic investigations,
coupled with the available annotated leishmanial genome sequencing projects, have revealed
new details about the purine pathway of Leishmania and have emphasized new targets for
therapeutic manipulation of the parasite.

Purine Transport in Leishmania

Most of our information about the transport of purines and pyrimidines into Leishmania
has been obtained from studies with L. donovani promastigotes, since this form can be easily
cultivated in defined medium and is amenable to genetic manipulation.’ It is clear from
experiments involving the supplementation of the cultivation medium with various exogenous
purine nucleobases and nucleosides that Leishmania are capable of transporting and utilizin§
any naturally occurring purine nucleobase or nucleoside, including xanthine and xanthosine,”
two purines that cannot be recycled into the nucleotide pool in mammalian cells. The first step
in purine salvage is the translocation of preformed purine nucleosides or nucleobases across the
parasite plasma membrane. Since nucleosides and nucleobases are hydrophilic and cannot pas-
sively diffuse across the lipid bilayer of the plasma membrane, uptake requires specialized trans-
location proteins or transporters. Through a battery of genetic, molecular, and biochemical
studies, as well as comparative in silico analyses on the available Leishmania genome databases,
four distinct purine transport loci have been identified within the Leishmania genome. In L.
donovani these are designated as LdNT -4, for Leishmania donovani Nucleoside or Nucleobase
Transporter. These transporters show limited homology to each other at the amino acid se-
quence level (~30 % identity), as well as to a family of nucleoside transporters in mammalian
cells, termed the Equilibrative Nucleoside Transporters (ENTs, Family 2.A.57 in the Trans-
porter Classification Database, http://www.tcdb.org).>? ENT transporters are distinguished
by an overall similarity in predicted topology (11 transmembrane domains and a long intracel-
lular loop between transmembrane segments 6 and 7) and possess a number of conserved or
signature residues, located primarily within predicted transmembrane (TM) domains® (Fig. 1).

The other class of nucleoside transporter expressed in specialized mammalian cells, desig-
nated Concentrative Nucleoside Transporter (CNT) because nucleoside uptake is coupled with
the cell’s electrochemical gradient” (Family 2.A.41 in the Transporter Classification Database,
http://www.tcdb.org), appears to be absent in Leishmania parasites based upon bioinformatic
analyses of the available genome databases.

The functional expression of Leishmania nucleoside/nucleobase (NT) genes within heter-
ologous expression systems,'>! as well as in nucleoside transport-deficient L. donovani,”
have enabled their ligand specificities and kinetic profiles to be assigned. The LINTT locus,
which comprises two genes LANT1.1 and LdNT1.2, and the LdNT2 gene encode for high
affinity nucleoside transporters with nonoverlapping ligand specificities.'>!* LANT1 is spe-
cific for the purine nucleoside adenosine, as well as for the pyrimidine nucleosides uridine,
thymidine and cytidine, !> while LINT2 exclusively recognizes the 6-oxopurine nucleosides
inosine, guanosine and xanthosine.”'* In contrast, LANT3 and LdNT4 appear to encode
nucleobase transporters. This observation is surmised largely from parallel work on the re-
lated kinetoplastid L. major. Studies on LmaNT3, the L. major homolog of LANT3, indi-
cates that it transports the purine nucleobases adenine, hypoxanthine, guanine and xanthine
with relatively high affinity.!> LAN'T3, which has not been characterized in detail, mediates
the translocation of adenine, hypoxanthine, guanine, and xanthine in yeast (Galazka, Gessford,
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Figure 1. Signature residues delineating the equilibrative nucleoside transporter family. Se-
quence comparisons were made between the following ENT family members, hENT1,'9hENT2, 1!
hENT3,'? hENT4,'2 LANT1,"® LmaNT1 (LmjF15.1240), LANT2,™ LmaNT2 (LmjF36.1940),
LANT3, LmaNT3,"5 LdNT4, LmaNT4 (LmjF11.0550), ToAT1,"® TbNT2,"” PINT1, '8 and TgAT.

and Ullman, unpublished). Likewise, studies on LmaNT4, the L. major homolog of LANT4,
suggest that this ENT is an adenine transporter, but exhibits a lower affinity for the nucleobase
than LmaNT?3 (Ortiz and Landfear, unpublished).

Although the leishmanial NTs share overlapping ligand specificities with mammalian
ENTs, there are some notable differences. Electrophysiological measurements in Xenopus
oocytes with heterologously expressed LANT1 and LANT2 demonstrate that unlike their
mammalian counterparts, which are equilibrative, these transporters couple a proton for
each molecule of ligand translocated.2® Moreover, unlike most human transporters, which
are exquisitely sensitive to the effects of the nucleoside transport inhibitors dipyridamole,
dilazep and S-nitrobenzyl-4-thioinosine, the leishmanial NTs are largely refractory. The elec-
trogenic nature of the leishmanial permeases and their refractoriness to classical mammalian
nucleoside transport inhibitors suggest that the nucleoside translocation mechanism may be
discrepant between Leishmania and human NTs.

Purine Transporters as Drug Targets in Leishmania

Because of the indispensable nature of purine salvage to Leishmania, purine transporters
may serve as drug targets or as portals through which to introduce toxins. To assess the physi-
ological consequences of loss of nucleoside transport on intact parasites and therefore to estab-
lish their suitability as drug targets, a series of null mutants have been created using targeted
gene replacement and selection for loss-of-heterozygosity.” Thus, we have created Aldnt1, Aldnt2,
and Aldnt1/Aldnt2 knockout cell lines. Transport studies on promastigotes and amastigotes of
these null mutants demonstrated an absence of adenosine transport in Aldnt] parasites, a lack
of inosine, guanosine, or xanthosine uptake in Aldnt2 cells, and the complete loss of purine
nucleoside uptake in Aldnz1/Aldns2 mutants.” Thus, LANT1 and LANT?2 appear to be the sole
routes for nucleoside uptake in both lifecycle stages of L. donovani. Despite these genetic le-
sions Aldntl, Aldnt2, and Aldnt1/Aldnt2 cells are all able to grow on any single, natural purine,
with the exception that parasites harboring a Aldnz2 lesion cannort utilize xanthosine.” More
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than likely, these discrepancies between transport and growth phenotypes can be ascribed to
the extracellular metabolism of purine nucleosides to their respective nucleobases by hydrolytic
activities present either in the leishmanial growth medium or on the parasite cell surface. Inter-
estingly, a nonspecific nucleoside hydrolase that recognizes all purine nucleosides appears to
localize to the parasite plasma membrane in L. donovani®' and thus may provide a route for
purine nucleosides to be converted to nucleobase, ligands for LANT3 or LANT4, thereby
circumventing the Aldnt1, Aldnt2, and Aldnt1/Aldnt2 lesions.

In spite of their lack of nucleoside transport, Aldnt1, Aldnt2, and Aldnt1/Aldnt2 cells are as
infectious and viable in 774 murine macrophages as wild type parasites during short-term
infectivity studies.” This is unsurprising given the propensity of these mutants to grow on
almost any natural purine. Consequently, our current hypothesis is that pharmacological inhi-
bition of LANT1 and/or LANT2 activity is unlikely to cause a loss of viability of Leishmania
parasites in vivo. However, these transporters may still prove effective for the specific targeting
of antileishmanial drugs. Indeed, studies with Aldnz] and Aldnt2 parasites have confirmed that
LdNT1 and LANT?2 serve as the primary conduit for uptake of the toxic nucleoside drugs
tubercidin, a toxic adenosine analog, and formycin B, a cytotoxic inosine isomer, since Aldnz!
and Aldnt2 mutants are highly resistant to these agents.

Structure-Function Studies on Purine Transporters

The successful exploitation of nucleoside transporters in Leishmania as a delivery system for
toxins is contingent on knowledge of the constraints governing ligand translocation, which are,
thus far, largely unknown. However, preliminary structure-function studies of LANTI and
LdANT?2 have yielded some hints about which helices line the ligand translocation channel and
have even uncovered particular residues that appear to play a role in ligand discrimination.

Site-directed mutagenesis of charged residues within predicted TM domains in LANT1 and
LANT?2 has revealed roles for some of these residues in transporter function. Mutation of the
charged residues Glu94 in TM2 of LANT1% or Asp389 in TM8 of LANT2? results in a prop-
etly localized but inactive transporter. These mutant proteins may fail to either bind or translocate
ligand; discrimination between these possibilities awaits a cell-free system in which to study these
transporters. Intriguingly, a K153R mutation in TM4 of LANT1 confers inosine transport capa-
bility upon the adenosine/pyrimidine nucleoside transporter,” and similar changes in ligand
specificity have been noted when the corresponding Lys residue in CINT2, a close relative of
LANT?2 from Crithidia fasciculata, is mutated (Arendt et al unpublished). Mutation of an amino
acid located in a similar position in TM4 of the human transporter hRENT1 also affects ligand
affinity, 2 suggesting that this portion of TM4 is important in ligand discrimination by ENTs.

Selection for nucleoside transport-deficient mutants by chemical mutagenesis has also high-
lighted important residues in leishmanial purine transporters. In the TUBAS cell line, which is
null for adenosine/tubercidin uptake,'® idnz1. 1 alleles carry inactivating mutations that map to
TMs 5 (G183D) and 7 (C337Y) in the mutant Idntl proteins.25 Interestingly, mutation of
Gly183 to Ala selectively abrogates uridine transport capability, while adenosine uptake kinet-
ics are unaltered. These data suggest that this particular Gly residue in TM 5 may line the
ligand translocation channel and that the uridine and adenosine binding sites are at least par-
tially independent. The FBDS cell line cannot take up inosine or guanosine'® and carries a
$189L mutation in one of its mutant [n¢2 alleles, which impairs both activity and efficient cell
surface localization of the mutant Idnt2 protein.?® Mutation of Ser189 to Ala or Thr enables
cell surface expression and activity.

Both Idnt1-Gly183 and Idnt2-Ser189 are located within TMS3, highlighting this predicted
TM domain as critical for ligand transport. Recently, TM5 of LANT1 has been probed extensively
by the substituted cysteine accessibility method.”” The results of this study indicate that a
hydrophilic face of TMS5 is accessible to solvent and that most residues on this face are pro-
tected from modification in the presence of ligand, indicating that TM5 lines the ligand trans-
location channel. Notably, both Gly183 and Ser187 (the equivalent of Ser189 from LdNT2)
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in LANTT are focated on this hydrophilic face, suggesting that these residues directly affect the
flow of ligand through the transporter. Data from chimeras between rat and human ENTs also
indicate that TMs 3-6 are important for ligand discrimination,®” suggesting that similar
parts of human and protozoan transporters contact ligand.

A structural model has recently been proposed for LINT2% based on threading of ENT
primary sequences onto the structure of the glycerol-3-phosphate transporter, a member of the
major facilitator superfamily, a family with similar secondary structures to ENT. In this model,
TMs 1,4, 5, 8, 10 and 11 of LANT? line a central channel (Fig. 2). Support for this model
comes from the fact that nearly all of the residues found to affect transport activity are located
in TMs 4, 5 and 8, all of which line the predicted pore of the ENT. This three-dimensional
structural mode! is therefore consistent with existing mutagenesis results and makes predic-
tions concerning the topological arrangement of helices within the protein that can be experi-
mentally validated, potentially providing valuable structural information for the ENT family.

Another consideration for the therapeutic exploitation of purine transporters is which moi-
eties on the ligand influence its ability to be transported first by mammalian purine transport-
ers and then by the parasite transporters on the surface of the intracellular amastigote. This
information will provide constraints for the rational design of effective purine analogs that can
gain access to enzymes within the parasite. Little is known about how Leishmania and human
nucleoside transporters contact ligand; however, the selectivities of human ENT1 vs. LANT1/
LdNT?2 are suggestive. The ubiquitously expressed hENT1 transports all natural purine and
pyrimidine nucleosides with moderate affinity®' *2, suggesting that key contacts are likely made
to substituents commeon to all ligands, e.g., the ribose hydroxyls and ring nitrogens within the
nuclecbase moiety. Indeed, the 3' hydroxyl of ribose and N3 of the pyrimidine heterocycle
(similar to N1 of the purine ring) are important for inhibition of uridine uptake by hRENT1.%
In contrast to the broad specificity of hENT1, LANT1 and LdNT2 discriminate between
amino and oxo substituents at the C6 position of the purine ring, implicating this position as
particularly vital in forming protein-ligand contacts. Taken together, these observations inti-
mate that drugs that can establish appropriate hydrogen bonds at spatial positions equivalent
to N1 and C6 (oxo or amino) in the purine and 3" OH in the ribose ring may be effectively
transported into the macrophage and then into Lefshmania amastigote. In addition, structure/

Figure 2. Structural model for arrangement of transmembrane helices in ENT family members.
Residues that impact ligand discrimination and transport activity have been identified in
helices 2, 4, 5, and 8, three of which are purported to line the water-filled channel (black).
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activity studies of TbAT1, an adenosine/adenine transporter from Trypanosoma brucei, show
that transported drugs need not structurally resemble purine as long as chemically equivalent
contacts are provided.* Hence, leishmanial nucleoside transporters may provide a gateway for
the uptake of diverse cytotoxins.

Purine Salvage Enzymes of Leishmania

Leishmania have developed an extensive network of salvage enzymes that enable them to
interconvert and metabolize any host purine to the nucleotide level. Through a variety of mo-
lecular and biochemical studies, the following purine salvage pathway has been proposed in
Leishmania.

The pathway is both complex and redundant; host purines can be metabolized to multiple
products before proceeding to the nucleotide level. For example, adenosine can either be
phosphorylated to produce AMP or hydrolyzed to adenine; adenine can be phosphoribosylated
to form AMP or deaminated to hypoxanthine and subsequently phosphoribosylated to IMP?
Previous studies on either intact parasites or crude cell lysates implicate adenine
phosphoribosyltransferase (APRT), hypoxanthine-guanine phosphoribosyltransferase (HGPRT),
and adenosine kinase (AK), as key enzymes within the leishmanial pathway, with the majority
of flux proceeding through HGPRT.2 These studies are complicated, however, by overlapping
substrate-specificities of enzymes and the rapid rate of flux through the pathway, which makes
the detection of metabolic intermediates difficult. Thus, to examine the role of each of these
enzymes a series of mutants were created in L. donovani. All of these mutants, including a triple
mutant that lacked AK, APRT, and HGPRT activity (Ahgpri/Aaprt/ak’), were able to prolifer-
ate in defined medium containing any natural purine nucleobase or nucleoside.?3¢ This sug-
gests that L. donovani in the absence of these activities are able to funnel purine nucleobases
through another enzyme in the pathway, xanthine phosphoribosyltransferase (XPRT), and
moreover, that none of these activities is essential for cell viability.

Introduction of the Axprz lesion into wild-type cells demonstrated that XPRT is the sole
route of xanthine metabolism.® However, all attempts to introduce the Axpr# mutation into cell
lines containing a Abgprt lesion were unsuccessful, even when high levels of exogenous adenine
and adenosine were supplied, which are substrates of APRT and AK, respectively.”” The Axprz
mutation could, however, be introduced readily in the presence of Agprz and 2k mutations
(a/e’/Aaprt/Axprt).37 These data suggest thar all exogenous purines are distilled to substrates for
HGPRT or XPRT, and that either HGPRT or XPRT is necessary for the synthesis of nucle-
otides and thus, for the survival of L. donovani.

The inability to create a cell line containing a Abgprt/Axprt lesion is due to the rapid deami-
nation of adenine to hypoxanthine by the enzyme adenine aminohydrolase (AAH), generating
a metabolic dead-end product, which cannot be utilized by the Abgprt/ Axpre cell line. Leishma-
nial AAH is biochemically distinct from mammalian adenosine deaminase (ADA), although
both catalyze a similar reaction that can be pharmacologically inhibited by 2'-deoxycoformycin
(dCF).*®% Hence we have demonstrated that the conditional lethality of the Ahgprt/Axpre
mutation can only be overcome by maintaining these parasites in medium containing both
adenine and dCE* Not surprisingly, these mutants are unable to proliferate within murine
macrophages in vitro. Currently our laboratory is investigating this Ahgpre/Axprt mutant as a
live vaccine candidate.

Purine Salvage Enzymes as Drug Targets in Leishmania

The obligatory nature of purine salvage for Leishmania highlights its therapeutic potential.
However, targeting Leishmania purine salvage is complicated since humans and Leishmania
share several of the same purine metabolizing activities, making the design of Leishmania-specific
drugs difficult.? Any therapeutic strategy that exploits Leishmania purine salvage must target
either an activity that is unique or essential to the parasite. Through genetic and biochemical
analyses we have identified enzymes that are unique to Leishmania including XPRT, AAH and
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possibly various nucleoside hydrolase activities.>*® Although none of these enzymes is likely to
be essential, they might be exploited to selectively metabolize cytotoxic purine analogs.

Another approach is to inhibit essential, not necessarily unique, enzymes within the Leish-
mania purine salvage pathway The genetic demonstration that HGPRT and XPRT are essen-
tial for purine salvage is a promising lead in the de51gn of novel therapeutics. Even though
humans also have HGPRT, differences may exist in the substrate-binding pockets of these
enzymes wherein an inhibitor may bind the leishmanial enzyme with higher affinity.* This
structure-based inhibitor design would be greatly facilitated by high-resolution crystal struc-
tures of Leishmania HGPRT and XPRT. In addition, since XPRT is also capable of transform-
ing hypoxanthine to the nucleotide level,® one might imagine that a single inhibitor could
cripple both HGPRT and XPRT. Furthermore, downstream enzymes such as adenylosuccinate
synthetase (ADSS) and adenylosuccinate lyase (ASL) (Fig. 3) may also be essential to purine
salvage in Leishmania and are currently under investigation in our laboratory.

Alternatively, a leishmanial enzyme that also has a human counterpart may be used to selec-
tively metabolize a subversive substrate into a toxic product. This approach is contingent upon
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Figure 3. Compartmentalization of the purine salvage pathway of Leishmania. Abbreviations
are as follows: AAH, adenine aminohydrolase; XPRT, xanthine phosphoribosyltransferase;
HGPRT, hypoxanthine-guanine phosphoribosyltransferase; ADSS, adenylosuccinate synthetase;
ASL, adenylosuccinate lyase; IMPDH, inosine monophosphate dehydrogenase; GMPS, gua-
nosine monophosphate synthase; GDA, guanine deaminase; AMPDA, adenosine monophos-
phate deaminase; GMPR, guanosine monophosphate reductase; APRT, adenine
phosphoribosyltransferase; AK, adenosine kinase. Enzymes that have been localized are shown
in black and those that are predicted to be in the denoted locations are depicted in gray.
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structural differences in the substrate-binding pocket. Examples of subversive substrates in-
clude the pyrazolopyrimidine analogs of hypoxanthine and inosine such as allopurinol, allopu-
rinol riboside, 4-thiopurinol, 4-thiopurinol riboside, and formycin B, which exert toxicity
through incorporation into mRNA.>#! Leishmania are capable of efficiently metabolizing all
five of these pyrazolopyrimidines into nucleotides, whereas humans are not.*! By far the most
studied pyrazolopyrimidine is allopurinol. The clinical efficacy of allopurinol, however, has
been disappointing, perhaps as a consequence of competition by natural substrates like
hypoxanthine with its metabolism.? Nevertheless, the tactic of using purine analogs that are
selectively metabolized by the enzymatic machinery of Leishmania remains appealing.

The Compartmentalization of Purine Salvage in Leishmania

The subcellular milieu of a protein is an important determinant of its specialized function
and can also impact drug-targeting paradigms. In Lesshmania and related parasites, some of the
major purine salvage enzymes are compartmentalized within the glycosome, a fuel metaboliz-
ing microbody that is unique to these parasites.”? Glycosomal targeting can be mediated by
either a COOH-terminal tripeptide or by a degenerate NH;-terminal signal designated per-
oxisomal targeting signal-1 (PTS-1) or peroxisomal targeting signal-2 (PTS-2), respectively.*?
It is not known whether proteins lacking these signals can also gain access to the glycosome by
“piggy-backing” on proteins with bonafide targeting signals. By direct confirmation of location
by immunocytochemical methods (highlighted in black in Fig. 3) or inferred from their primary
sequences (highlighted in gray in Fig. 3), the purine salvage pathway is thought to be compart-
mentalized in Leishmania between the glycosome and cytosol as depicted in Figure 3% (Jardim,
A. unpublished; Boitz, J. unpublished).

The fact that key purine salvage components are localized within the glycosome necessi-
tates, perhaps, the translocation of hypoxanthine, guanine, and xanthine across this intracellu-
lar membrane. However direct fluorescence studies with episomally expressed LANT1, LANT2
and LAN'T3, all tagged at the NHj-terminus with green fluorescent protein, suggest that these
transporters predominantly localize to the parasite plasma membrane and flagellum®?° (Carter
et al unpublished). That low levels of these proteins, not detectable in these experiments, are
located within the glycosomal membrane, cannot be excluded, however.

The basis for the compartmentalization of the purine salvage pathway within Leishmania is
not obvious. Glycosomal location may provide a plentiful source of ribose-5-phosphate from the
pentose phosphate pathway, which is also sequestered within the glycosome.** Ribose-5-phosphate
is needed for the synthesis of phosphoribosylpyrophosphate (PRPP), a cosubstrate for all PRT
reactions. However, the purine salvage mutant Ahgpre/Axprt complemented with episomal con-
structs of Agprt or xprt that lack a PTS-1 and thus mislocalize to the parasite cytosol, grows
robustly in either hypoxanthine or xanthine.” This suggests that the glycosomal location of
these key components of the purine salvage pathway is not necessary for their function or for
parasite viability. Despite the lack of an unambiguous explanation for the unusual organellar
distribution of purine salvage enzymes in Leishmania and related trypanosomatids, the clear-cut
association of therapeutically germane purine salvage enzymes within the glycosome is notewor-
thy not only from a biological perspective but also from a drug development point of view, as
drugs that target HGPRT or XPRT, such as the pyrazolopyrimidine nucleobase analogs® 46 must
traverse the glycosomal membrane to exert their antiparasitic effects.

Pyrimidine Metabolism

Our knowledge of pyrimidine metabolism in Leishmania is considerably less detailed than
our understanding of purine metabolism, although it has long been known that Leishmania is
prototrophic for pyrimidines. Previous biochemical studies in combination with more recent
genetic and in silico analyses have allowed the de novo biosynthetic and salvage pathways to be
defined. Moreover, several lines of evidence (discussed below) suggest that pyrimidine metabo-
lism may present a viable target for pharmacological intervention.
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Pyrimidine Biosynthesis in Leishmania

In both Leishmania and humans, de novo pyrimidine synthesis involves the sequential ac-
tion of six enzymes: glutamine-dependent carbamoylphosphate synthetase (CPS), aspartare
carbamoyltransferase (ACT), dihydroorotase (DHO), dihydroorotate dehydrogenase (DHOD),
orotate phosphoribosyltransferase (OPRT) and orotidine monophosphate decarboxylase
(OMPDQ)¥ (Fig. 4). Despite the obvious similarities in biochemical activities, there are strik-
ing discrepancies between the pyrimidine biosynthetic enzymes of Leishmania and humans
with respect to their organization into multi-functional polypeptides, allosteric regulation, use
of cofactors and cellular localization. In humans, a single gene encodes a multifunctional pro-
tein encompassing the first three pyrimidine biosynthetic enzymes (designated CAD for
CPS-ACT-DHO),*® while the leishmanial enzymes are encoded by separate genes (heep:/
www.genedb.org; Yates and Ullman, unpublished). Allosteric regulation of CPS governs the
rate of pyrimidine synthesis in human cells, and the enzyme is inhibited by both UTP and
CTP and stimulated by PRPR® In contrast, the leishmanial CPS is preferentially inhibited by
UDP and is unaffected by PRPR** Human DHOD (H-DHOD) is localized to mitochondria
and requires ubiquinone as a cofactor,”! while the Leishmania DHOD (L-DHOD) is cytoplas-
mic? and uses fumarate rather than ubiquinone as a cofactor.’* The last two enzymes of both
the mammalian and leishmanial pyrimidine pathways, OPRT and OMPDC, are fused to form
a bifunctional protein. However, the arrangements of the two enzymes are reversed; mamma-
lian cells express an OPRT-OMPDC, whereas the leishmanial enzyme is OMPDC-OPRT.
Furthermore, OPRT and OMPDC are cytosolic enzymes in mammals, while the presence of a
PTS-1 as well as cell fractionation studies?->* establish a glycosomal milieu for the parasite
OMPDC-OPRT bifunctional protein. This is the only enzyme present within the pyrimidine
de novo and salvage pathways that has a glycosomal location.

Another striking feature in Leishmania 2P and other trypanosomatids is the organiza-
tion of the pyrimidine biosynthetic genes®® (http://www.genedb.org; Yates and Ullman,
unpublished). In Leishmania all six activities are encoded within a contiguous genomic seg-
ment of approximately 25 kilobases. This operon-like grouping of genes involved in a single
metabolic pathway is remarkable in view of the fact that genes for virtually every other meta-
bolic pathway are scattered throughout the leishmanial genome.”
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Figure 4. De novo pyrimidine biosynthesis in Leishmania. Abbreviations are defined in the text.
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Figure 5. Pyrimidine salvage and nucleotide synthesis in Leishmania. Abbreviations are de-
scribed in the text. Gray text box and arrow indicate that UK enzymatic activity has not been
detected. The broken arrow represents the enzymatic steps for conversion of UMP into all other
pyrimidine nucleotides as described in the text.

Pyrimidine Salvage and Nucleotide Synthesis in Leishmania

The presence of a de novo synthesis pathway implies that pyrimidine salvage may be func-
tionally redundant and potentially less critical to the nutrition of the parasite than purine
acquisition. Similar to purine salvage, pyrimidine salvage is initiated by the translocation of
pyrimidine nucleosides or nucleobases across the parasite cell membrane via specific transport-
ers. As described earlier, leishmanial N'T1 is responsible for the transport of pyrimidine nucleo-
sides.’® The sole pyrimidine nucleobase transport activity in Leishmania has been characterized
biochemically in Z. major (LmU1) and shown to recognize uracil exclusively and with high
affinity,”® but has not yet been cloned.

Upon entry into the parasite, all pyrimidines (except thymidine, cytosine, thymine) are likely
converted to uracil, which is phosphoribosylated to UMP by uracil phosphoribosyltransferase
(UPRT; Fig, 5).

Leishmania also possess a cytidine deaminase (CD) activity that converts cytidine and
deoxycytidine to uridine and deoxyuridine, respectively.”” Uridine can then be converted to
uracil by an inosine-uridine nucleoside hydrolase enzyme®® and, possibly by other nucleoside
hydrolases (NH; Yates and Ullman, unpublished). There is conflicting evidence concerning
the existence of a uridine kinase (UK) activity, a more direct route for uridine salvage. UK
activity was not detected in L. mexicana® and unpublished data from this laboratory imply,
but do not prove, that UK is also absent in L. donovani. However, a gene encoding a putative
UK activity is present in the L. major genome database. Thymidine is salvaged relatively poorly™
and is likely directly phosphorylated to TMP by a thymidine kinase (TK), for which putative
genes are present in both L. major and L. infantum.

UMB the product of both the biosynthetic and salvage pathways, serves as the precursor for
all other pyrimidine nucleotides.% It is converted to UDP and UTP by nucleotide kinases, UTP
is aminated to CTP by CTP synthetase (CTPS), deoxyribonucleotides are synthesized from
ribonucleoside diphosphates by ribonucleotide reductase (RR), and thymidylate nucleotides are
produced via reductive methylation of dUMP utilizing N°,N'*-methylenetetrahydrofolate as
the methyl donor, a reaction catalyzed by a bifunctional dihydrofolate reductase-thymidylate
synthase (DHFR-TS) protein.

The Pyrimidine Pathway as a Drug Target in Leishmania

A common strategy for drug development is to target enzymes essential for viability. While it
is unlikely that pyrimidine salvage is essential, the possibility that de novo pyrimidine biosynthe-
sis is necessary for growth and virulence of L. donovani was tested by creating a Agps knockout via
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targeted gene replacement (Yates and Ullman, unpublished). Parasites deficient in CPS were
auxotrophic for pyrimidines and required supplementation with exogenous pyrimidines for sur-
vival and proliferation. Since it is not known if exogenous pyrimidines present in the phagolysosome
or mammalian bloodstream are sufficient to circumvent the Agps lesion, we are currently assessing
the ability of Acps L. donovani to infect macrophages in vitro. In the obligate intracellular parasite
Toxoplasma gondji, which both synthesizes and salvages pyrimidines, Agps mutants were avirulent
and moreover, elicited a protective immune response. 1 This suggests that the levels of exogenous
pyrimidines encountered by the parasite are inadequate to sustain growth. Further evidence sup-
porting the notion that de novo pyrimidine biosynthesis is essential comes from studies of the
related trypanosomatid, Trypanosoma cruzi, demonstrating that DHOD deficiency is lethal.52 In
L. donovani, the glutamine analog acivicin, which inhibits CPS and other enzymes that utilize
glutamine, kills both promastigote and intracellular amastigote forms.** Similarly, the transi-
tion state analogue N-(phosphonoacetyl)-L-asparticacid (PALA), which specifically targets ATC,
inhibits growth of both life cycle stages of L. donovani.®® Taken together, these results intimate
that the de novo pyrimidine biosynthesis pathway is essential for virulence and may, therefore,
represent a viable therapeutic target.

To date no drugs preferentially target leishmanial components of the pyrimidine biosyn-
thetic pathway. This is likely due to similarities in enzymatic activities shared between Leishma-
nia and humans. For example, acivicin and PALA inhibit both human and leishmanial pyrimi-
dine biosynthesis. Similarly, classical inhibitors such as methotrexate, which target leishmanial
DHEFR-TS, an essential component of thymidzlate synthesis,® are poor anti-leishmanial drugs
because they also inhibit the human enzyme.®’

In contrast, the unique properties of L-DHOD make it a promising target for drug devel-
opment. L-DHOD uses fumarate rather than ubiquinone as a cofactor, implying that the
substrate-binding pocket differs significanty from H-DHOD. This conjecture is supported by
a comparison of the crystal structure of the fumarate-utilizing Lactococcus lactis DHOD to that
of H-DHOD.® That structural differences in DHOD enzymes are amenable to the discovery
and design of selective inhibitors is supported by the development of specific inhibitors of
other parasite DHOD enzymes, specifically inhibitors of the P falciparum enzyme.” Likewise,
structural differences in the leishmanial and mammalian bifunctional enzymes that encode
OPRT and OMPDC may also be amenable to selective inhibition.

Leishmanial UPRT is a unique enzyme that, while probably not essential, could potentially
be subverted to selectively metabolize toxic pyrimidine analogs. Identifying analogs selectively
toxic to Leishmania could be challenging, as evidenced by the toxicity of the UPRT substrate
5-fluorouracil to both Leishmania®® and humans.”® While humans lack UPRT, they incorpo-
rate 5-fluorouracil into the nucleotide pool via alternative mechanisms; mechanisms that must
be bypassed for any uracil analog to demonstrate selective toxicity.

Summary

Purine and pyrimidine metabolism in Leishmania offers several metabolic steps for thera-
peutic intervention. The results of recent molecular and biochemical studies have elucidated
the details of the essential pathways for purine and pyrimidine acquisition/biosynthesis, brought
to light significant differences between the biochemistry of leishmanial and human enzymes,
and allowed the identification of “Achilles heels” in these pathways. These investigations have
also uncovered several unique activities, which may be amenable to pharmacological exploita-
tion. These include the leishmanial nucleobase and nucleoside transporters whose novel ligand
specificities make them useful as portals through which to target cytotoxins, and the
parasite-specific enzymes XPRT, AAH and UPRT whose activities may be plundered to acti-
vate prodrugs. Moreover, selective metabolism of prodrugs to the nucleotide level is achievable
in Leishmania despite overlapping activities with human counterparts. Given the literally thou-
sands of purine and pyrimidine analogs already available for high-throughput screening via
cell-based assays or using recombinant enzymes, the future development of purine- or
pyrimidine-based antileishmanial agents is quite promising.
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