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Abstract

Pathogenic protozoa threaten lives of several hundred million people throughout the world and are
responsible for large numbers of deaths globally. The parasites are transmitted to humans by insect
vectors, more than a hundred of infected mammalian species forming reservoir. With human
migrations, HIV-coinfections, and blood bank contamination the diseases are now spreading
beyond the endemic tropical countries, being found in all parts of the world including the USA,
Canada and Europe. In spite of the widely appreciated magnitude of this health problem, current
treatment for sleeping sickness ( 7rypanosoma brucei), Chagas disease ( 7rypanosoma cruzi) and
leishmaniasis (Lefshmania spp.) remains unsatisfactory. The drugs are decades old, their efficacy
and safety profiles are unacceptable. This review describes sterol 14a-demethylase, an essential
enzyme in sterol biosynthesis in eukaryotes and clinical target for antifungal azoles, as a
promising target for antiprotozoan chemotherapy. While several antifungal azoles have been
proven active against 7rypanosomatidae and are under consideration as antiprotozoan agents,
crystal structures of sterol 14a-demethylases from three protozoan pathogens, 7rypanosoma
brucel, Trypanosoma cruziand Leishmania infantum provide the basis for the development of
new, highly potent and pathogen-specific drugs with rationally optimized pharmacological
properties.
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INTRODUCTION

The Pathogens, Diseases and Geographic Distribution

Trypanosomatidae form a family of unicellular eukaryaotic parasites from the order
Kinetoplastiaa, phylum Euglenozoa, supergroup Excavates [1]. The major human pathogens
include a number of species in the genera Leishmaniaand Trypanosoma. All these
organisms have complex life-cycles shuttling between insect and mammalian hosts [2].

Trypanosoma cruzi causes Chagas disease, or American trypanosomiasis [3]. It is
transmitted by 7riatomine vectors (Kissing bugs). In mammals 7. cruz/resides both extra-
and intra-cellularly, as bloodstream trypomastigotes and proliferative amastigotes,
respectively. The severity of the acute stage of infection varies from non-symptomatic to
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fatal (up to 2%) cases, depending on the parasite burden and strain, host immunosystem, etc.
Chronic form of the disease develops in 30-40% infected, often 10 to 20 years later. It
predominantly affects the heart and gastrointestinal tract, though the parasite is also found in
other organs and tissues. The disease is endemic in 18 countries in South and Central
America. 16 to 18 million people are infected, ~50,000 die each year and more than 100
million people are at risk.

Two morphologically indistinguishable species of Trypanosoma brucei, transmitted by
tsetse fly (Glossinag), cause sleeping sickness: West African trypanosomiasis ( 7. brucei
gambiense) or East African trypanosomiasis ( 7. brucei rhodesiense) [4]. This extracellular
parasite first multiplies in the bloodstream; later it crosses the blood-brain barrier and
migrates to the central nervous system, invading cerebrospinal fluid. The symptoms include
psychiatric disorders, seizures, coma and ultimately death. Sleeping sickness is endemic in
36 Sub-Saharan African countries, with an estimated 300,000 new cases and ~30,000 deaths
per year, >60 million people are at risk.

Leishmania is transmitted by sand fly (Plebotomine) [5]. In mammals the parasite exists
intracellularly, multiplying within host macrophages. About 30 pathogenic species are
morphologically indistinguishable but cause different forms of the disease. The cutaneous
forms, localized and diffuse (L. major, L. tropica, L. mexicana, L. aethiopid), appear as
obvious skin reactions. In mucocutaneous forms (L. braziliensis, L. panamensis) the lesions
destroy the mucous membranes of the nose, mouth and throat cavities and surrounding
tissues. Visceral leishmaniasis (L. donovani, L. infantum/L. chagasi), also known as kala-
azar, is characterized by high fever, substantial weight loss, swelling of the spleen and liver,
and anemia. Post-kala-azar dermal leishmaniasis may follow successful treatment of visceral
leishmaniasis. Leishmaniasis is endemic in 88 countries in Africa, America, Asia and
Europe, with ~12 million people infected, ~2 million new cases per year and 1/10t of the
world population at risk of infection.

In addition to being transmitted by insects, the diseases are also spread by blood transfusion,
organ transplantation, from mother to child. Sleeping sickness, visceral leishmaniasis and
chronic form of Chagas disease are invariably fatal when untreated.

CURRENT TREATMENT AND FUTURE PROSPECTS

Though parasitic protozoan diseases constitute the world’s most widely spread human health
problem since they are concentrated in the poorest parts of the world, they remain neglected
and receive little attention from the pharmaceutical industry and scientific funding agencies
[6]. There are currently no vaccines [2, 7], and therefore chemotherapy remains the only
option.

Four major clinical drugs used worldwide for treatment of leishmaniasis Fig. (1) are: two
pentavalent antimonials including meglumine antimoniate (pentostam, since 1947) and
sodium stibogluconate (glucantime, since 1950), pentamidine (lomidine, since 1940) and
amphotericin B (fungizone, since1959), the incidence of resistance being 10-25% of cases.
Recently, a new oral chemotherapeutical agent miltefosine (not shown) has become
available for treatment of cutaneous and visceral leishmaniasis in India, Colombia and
Germany [http://en.wikipedia.org/wiki/Miltefosine]. Amongst the four drugs used against
sleeping sickness, suramin (since 1921) and pentamidine are only effective at the first, acute
stage of infection since they do not cross the blood brain barrier. Melarsoprol (since 1949) is
extremely toxic causing death in up to 10% of patients and eflornithine (developed in 1990)
generally does not cure East African trypanosomiasis. Two clinical drugs against Chagas
disease, benznidazole and nifurtimox (both introduced in the late 1970s) are effective only
for the acute stage of infection but do not treat the symptomatic, chronic form of the disease.
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Except for the polyene antibiotic amphotericin B, which depletes ergosterol from the
parasite membranes, the drugs are non-specific, the mechanisms of their action remain
unclear. The disadvantages include high toxicity, severe side effects and low efficacy. Safer
and more efficient drugs are badly needed. Major current approaches for the development of
new therapies for human trypanosomiasis and leishmaniasis include blind screening for
compounds having expressed antiparasitic effect in cellular experiments, searches for novel
targets in the parasite genomes as well as searches for new effective compounds to act on
potential drug-targets known to be essential for parasite biology [8-17].

1. Sterol Biosynthesis in Trypanosomatidae

Sterol biosynthesis is an ancient metabolic pathway which is believed to play a key role in
the diversification and evolution of eukaryotic organisms [18, 19]. Sterols (cholesterol in
vertebrates, ergosterol in fungi and sitosterol in plants) are required for the formation of
viable eukaryotic membranes [20]. They define the membrane fluidity and permeability;
modulate activity of membrane-bound proteins and ion channels. In addition, sterols serve
as precursors for biologically active molecules that act at a nanomolar concentration
(hormonal) level and regulate growth and development processes [21, 22]. Essential roles of
steroid hormones in animals and plants are well established. Several reports indicate that
functional (regulatory) sterols must be important in fungi [23-26] and 7rypanosomatidae as
well [27-29].

Though some protozoa (e.g. Plasmodium) do not have a sterol biosynthetic pathway in their
genome, sequencing of nine genomes of 7rypanosomatidae (7. brucei brucei, T. brucei
gambiense, T. congolense, T. vivax, T. cruzi, L. major, L. infantum, L. brasiliensis, L.
amazonensis) established that all the enzymes from this pathway are present in these
parasites. Sterol biosynthesis in Trypanosomatidae begins with acetoacetyl-CoA
condensation, and proceeds via mevalonate and farnesyl-pyrophosphate to produce squalene
and then squalene 2,3-epoxide Fig. (2a). Similar to fungi and animals and opposite to plants
and algae, where squalene 2,3-epoxide is converted into cycloartenol, 7rypanosomatidae
cyclyze it into lanosterol Fig. (2b). This is in agreement with other genomic information
supporting divergence of 7rypanosomatidae from an evolutionary ancestor other than
photosynthetic organisms [1, 30]. Further reactions on the lanostan skeleton comprise
demethylations of the sterol core and modification of the sterol rings and its C20-C27 arm.
Although the sequence of these postlanosterol steps in the pathway(s) remains to be
clarified, analysis of 7rypanosomatidae sterol composition indicates that sterol biosynthesis
in these organisms leads to formation of multiple ergostane-based products, the major sterol
component in 7. cruziand Leishmania spp. being represented by ergosterol and its 24-
methylated and alkylated derivatives Fig. (2c) [27, 28, 31-33]. Contrary to other
Trypanosomatidae, bloodstream forms of 7. bruceiare known to build their membranes
using host cholesterol from the human plasma. Therefore exogenous cholesterol Fig. (2d) is
the major sterol in bloodstream forms of 7. brucel. However, it has been shown that
formation of trace amounts of ergosterol derivatives is still required for the parasite growth,
indicating that in the conditions of cholesterol abundance, the endogenous sterol
biosynthesis is down-regulated but not eliminated completely [28].

Interestingly, there are several publications that report a possibility of multi-organelle
location of the sterol biosynthetic pathway in Trypanosomatidae. In addition to endoplasmic
reticulum, the sterol biosynthetic enzymes have been found in the parasite mitochondrion
and glycosomes [34-36]. The reason for the possible broader subcellular distribution of the
pathway is not quite clear, yet it might support multiple regulatory functions of endogenous
sterols in Trypanosomatidae.
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2. Sterol Biosynthetic Enzymes as Potential Drug Targets for Trypanosomatidae

There are several enzymes on the sterol biosynthetic pathway that have potential to serve as
future targets for anti-trypanosomal chemotherapy. Extensive reviews of the details can be
found in [36-38]. The most apparent examples on the list comprise HMG-CoA reductase,
which in humans serves as clinical target for statins [39], farnesyl diphosphate synthase, the
target for bisphosphonates [40], squalene synthase, which is inhibited by quinuclidine
derivatives [41], sterol 24-methyl transferase inhibited by azasterols [42, 43] (this enzyme is
unique for human pathogens and not present in humans [44]) and sterol 14a-demethylsae.

The major advantage of sterol 14a.-demethylase as an antiprotozoan drug target is connected
with the fact that inhibitors of this enzyme imidazole and triazole derivatives Fig. (3a) are
already efficiently used as antifungal agents, in clinical medicine and in agriculture [45, 46].
In addition to blocking sterol biosynthesis, the potency of azoles is enhanced by
accumulation of toxic methylated sterols that lead to fungal growth arrest and cell death. An
antiparasitic effect of antifungal azoles in 7rypanosomatidae cells has been observed by
multiple investigators, the first reports being published in 1981 [47-53]. Azoles damage the
parasite membranes, affect division, multiplication and dramatically alter sterol composition
[31-33, 54]. Antifungal drugs ketoconazole and fluconazole were shown to be effective /n
vivo for treatment of leishmaniasis [e.g 55, 56]. The newest clinical antifungal drug,
posaconazole, approved in 2006 by FDA as a salvage therapy for treatment of opportunistic
fungal infections in immumocompromised patients [57] was shown to produce a curative
effect in the acute and chronic forms of Chagas disease [58-60] and has been reported to
enter clinical trials in 2010 [37, 61]. Other azoles obtained from anti-fungal drug
development programs Fig. (3b) were also proven to have trypanocidal activity, both /n vitro
and /n vivo [62-64].

3. Sterol 14a-Demethylase: Catalytic Reaction, Substrate Specificity and the basis for
Inhibition and Screening for New Binding Ligands

Sterol 14a.-demethylase is a cytochrome P450 monooxynenase (CYP51 gene family), the
heme-thiolate protein that catalyses a unique three-step reaction of oxidative removal of the
14a-methyl group from the sterol core Fig. (4a). The reaction involves three sequential
cytochrome P450 catalytic cycles [http://en.wikipedia.org/wiki/Cytochrome_P450] each
requiring delivery of two electrons and two protons. When the sterol substrate binds in the
enzyme active site in such a way that the 14a.-methyl group is positioned about 5 A above
the heme iron plane, the P450 accepts the first electron from the electron transfer protein,
cytochrome P450 reductase (CPR), and its heme iron is reduced from the resting ferric
(Fe3*) to the active ferrous (Fe?*) state [65]. Delivery of the first electron enables binding of
an oxygen molecule in the distal axial position of the reduced iron, in close proximity to the
sterol 14a-methyl group. After this, the second electron is transferred by CPR, reducing the
heme bound oxygen. Then two catalytic protons arrive from the protein surface causing the
molecular oxygen scission and release of one water molecule while introducing the other
atomic oxygen into the methyl group of the substrate (-C-H —-C-O-H). The second cycle of
catalysis converts the 14a-alcohol group into the 14a-aldehyde; the third cycle results in
release of formic acid and introduction of the A14-15-double bond into the sterol ring D.

There are only five naturally occurring compounds that can be metabolized by sterol 14a-
demethylases Fig. (4b). Lanosterol and 24,25-dihydrolanosterol are their natural substrates
in animals. Fungal sterol 14a.-demethylases metabolize lanosterol and/or 24-
methylene-24,25-dihydrolanosterol (eburicol). Obtusifoliol is the substrate for sterol 14a.-
demethylase from plants. Amongst 7rypanosomatidae, sterol 14a.-demethylase in 7. cruziso
far represents the only exception in terms of its substrate preferences. /n vitro, the enzyme
clearly prefers eburicol [66], suggesting that this parasite uses the postlanosterol portion of
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the sterol biosynthetic pathway similar to that in filamentous fungi. Accumulation of
eburicol in 7. cruziupon treatment of the parasite with antifungal azoles [31-33, 54]
supports this suggestion. We have found that this preference toward the C4-
doublemethylated sterol substrates in 7. cruzi sterol 14a-demethylase is connected with one
amino acid, 1105, in the B’-helix [66]. Sterol 14a-demethylases from other
Trypanosomatidae have plant-specific phenylalanine in this position (F105). Accordingly,
similar to the plant orthologs, they reveal strict specificity to C4-monomethylated sterols
(obtusifoliol and 4-norlanosterol) [67, 68]. Although both obtusifoliol and norlanosterol
have been identified in Leishmania spp. upon their inhibition with azoles [27, 69], it remains
to be clarified which of them or both serve as the natural sterol 14a-demethylase substrate 7/n
vivo. While the differentiation between the C4-double versus C4-monomethylated sterol
substrates is defined by a single amino acid residue, general sequence identity amongst
sterol 14a.-demethylases across phyla varies between 22 and 30%. The question how these
enzymes maintain their strict functional conservation at such a low amino acid sequence
identity has remained a major puzzle in the CYP51 family for many years.

In the substrate-free state the active site cavity of sterol 14a-demethylase contains the water
molecule that is coordinated to the heme iron. Apparently, this water is rather strongly
bound to the iron and only partially displaced by the substrate, remaining in the iron
proximity and participating in the catalytic proton delivery [29]. Heterocyclic compounds,
such as imidazole, triazole, pyridine and pyrimidine derivatives, which contain a basic atom,
serve as stronger ligands for the heme iron. They coordinate to the heme easily replacing the
water from the iron coordination sphere and affect substrate binding and metabolism.

Alterations in the heme iron environment upon ligand binding are reflected in the P450
absorbance spectrum. Thus, the five-coordinated high spin form of the protein, e.g.: if the
water is expelled from the iron coordination sphere by a substrate analogous compound,
reveals a blue shift in the Soret band maximum (from 417 to 390 nm). Replacement of the
water by another ligand that directly coordinates to the heme iron causes a red shift in the
maximum (from 417 to 420-427 nm, depending on the compound). This feature of the
enzyme can serve as a basis for optical screening for new potential inhibitors [31].

4. Low Sequence Similarity of Sterol 14a-Demethylases Across Biological Kingdoms
Predicts a Possibility their Selective Inhibition

It is well known that inhibitory effects of azoles drastically vary depending on the
composition of the non-ligated portion of their molecule [70]. Thus, small compounds (e.g.
imidazole) have very weak influence on the enzyme activity, while inhibitory potencies of
the larger structures e.g. in Fig. (3) are sufficient to cure fungal infections. This implied an
important role of additional interactions that must be formed between the inhibitor and
amino acid residues inside the protein globule.

Accordingly, low amino acid sequence identities between the sterol 14a.-demethylase
orthologs from fungal pathogens and human host suggested that azoles with high potencies
to inhibit fungal cell growth and low toxicity in human cells are likely to act as selective
inhibitors of fungal enzymes [70]. Later, when heterologously expressed and purified
eukaryotic sterol 14a-demethylases became available for reconstitution of their activity /n
vitro [21], high selectivity of fluconazole towards the enzyme from C. albicans with no
inhibitory effect on the human ortholog has been proven [71]. Sterol 14a.-demethylases in
Trypanosomatidae also have low amino acid sequence identity to the human enzyme (25—
26%). On the other hand, their identities to fungal sterol 14a.-demethylases are even lower,
only 22-24% Fig. (5). Therefore, azoles that serve as potent antifungal drugs are not
necessarily the best inhibitors for Trypanosomatidae.

Curr Top Med Chem. Author manuscript; available in PMC 2012 July 06.
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We have cloned, expressed, purified and reconstituted enzymatic activities of sterol 14a-
demethylases from 7. brucei [67], T. cruzi[66] and L. infantum [72]. Including the direct
testing of the inhibitory effects on the enzyme activity into the search for new inhibitors
allowed us to identify several novel highly potent compounds. Two carboxamide-containing
imidazole derivatives in Fig. (6) are amongst the most promising leads. We have found that
completely inhibiting activity of sterol 14a-demethylases from 7rypanosomatidae at
equimolar ratio to the enzyme [e.g. 31], these compounds, unlike ketoconazole or
posaconazole, do not have any inhibitory effect on human sterol 14a-demeyhlase, molar
excess of the inhibitor over the human enzyme up to 200-fold has been tested [29, 73]. Their
direct targeting of the parasite sterol 14a-demethylase in cellular experiments has been
confirmed by 7. cruzisterol analysis [31, 54]. These inhibitors have low general cytotoxicity
(ECsg >50 M in the human leukemia cell line HL60 [31]) and produce antiparasitic effects
in trypanosomal cells comparable with that of posaconazole (ECgg<1pM) [31, 73].
However, contrary to posaconazole or fluconazole, they do not enhance the 7. cruziCYP51
gene expression and do not require increase in the dosage to maintain constant cellular
growth inhibition over time [73], which we believe suggests their weaker propensity to
induce resistance in the parasite. Evaluation of these inhibitors /n vivo, in animal model of
Chagas disease as well as analysis of their pharmacokinetic properties is currently
underway.

Two other highly potent inhibitory scaffolds, disubstituted imidazoles and derivatives of
anticancer drug tipifarnib (triazole-based) were identified by Buckner et al. [74, 75]. In this
case the investigators originally observed strong anti-parasitic effects the compounds 7.
cruzi and then analysis of the parasite sterols has shown that they actually inhibit sterol 14a.-
demethylase. Testing these inhibitors in the reconstituted reaction confirmed their high
inhibitory potencies and selectivity to the enzyme from 7. cruzi [76]. Curative effects of
these compounds on Chagas disease have already been proven in murine models.

5. Structural basis for the Development of Selective Anti-protozoan Sterol 14a-
Demethylase Inhibitors

Though humans can consume cholesterol from the diet, inhibitors selective for pathogenic
sterol 14a-demethylases are still highly desirable, especially in the cases of extended
treatment, to prevent formation of harmful methylated sterols in human body and also to
avoid potentially negative effects, e.g. on steroid hormone biosynthesis. Crystal structures of
protozoan sterol 14a.-demethylases provide an opportunity for structure-directed
development of such inhibitors. We have determined structures of the enzymes from 7.
brucei, ligand-free (3g1q) and VNI-bound (3gw9) [29], 7. cruzi, bound to posaconazole
(3k10), fluconazole (3khm) and VNF (3ksw) [73] and L. /nfantum, bound to fluconazole
(314d) [72].

We have found that unlike many (especially drug-metabolizing) cytochromes P450, which
are know to exhibit high conformational flexibility, sterol 14a-demethylases have a very
rigid active site cavity. This feature must be essential for the enzyme ability to maintain
proper orientation of the substrate during the three steps of catalysis and preserve their
functional conservation across phylogeny. Binding of different ligands do not cause
significant rearrangements within the cavity, except for the subtle movement in the closest
to the heme part of the I-helix (A291-region). In all inhibitor-bound sterol 14a.-demethylases
this part of the helix shifts about 1.5 A away from the heme iron providing space for the
azole ring coordination Fig. (7a).

The structures uncover specific details essential for the potency of each particular inhibitor.
Thus, the complex of 7. cruzi sterol 14a.-demethylase with posaconazole [73] depicts an
additional binding subsite on the protein surface, around the substrate access channel. This
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subsite is formed about 25 A away from the heme iron by 12 amino acid residues from
helices A”, F” and B4-hairpin. The residues surround the posaconazole long arm which
extends outside the protein globule Fig. (7b). As a result, in addition to the azole ring
coordination to the heme iron, 25 protein residues (13 of them are from the active site
cavity) tightly wrap the inhibitor and position it within the enzyme geometry. The surface
interactions must be importantfor the potency of posaconazole to inhibit fungal sterol 14a-
demethylase as wells, since single amino acid substitutions of G54 (that align with G49 in
Trypanosomatidae) by the bulky and less flexible arginine or tryptophan are found in the
sequences of sterol 14a-demethylase from posaconazole-resistant strains of Aspergillus
fumigatus [T7].

Another example, stronger inhibitory effect of fluconazole on sterol 14a-demethylase from
T. cruziversus L. infantumand T. brucei can be due to disruption of the heme support in the
T. cruzienzyme as a result of repositioning of two conserved heme-contacting tyrosines
(Y103 and Y116) upon fluconazole binding Fig. (7c). No such repositioning is seen in the L.
infantum enzyme (Y102 and Y115), most likely because of neighboring F104 (substrate
preference defining 1105 in 7. cruzi sterol 14a-demethylase). This bulky residue pushes
fluconazole back to the I-helix, restraining it from intercalation between the heme plane and
the heme propionate supporting tyrosines.

The complex of 7. bruceisterol 14a-demethylase with VNI (1.9 A resolution), in addition to
the heme iron coordination with the imidazole nitrogen and multiple van der Waals contacts
within the active site cavity (at the distance of 5 A VNI is surrounded by 25 amino acid
residues, 15 of them being located within 4 A), reveals formation of a hydrogen bond
network not seen before in other cytochrome P450-inhibitor complexes. This network Fig.
(7d) connects, via the inhibitor carboxamide group fragment, unique for this inhibitory
scaffold, two functionally essential CYP51 family signature [21] regions, helices B” and 1,
strengthening the binding and altering the heme environment. We believe that this hydrogen
bond network adds to the VNI inhibitory potency and is likely to be a reason for its high
selectivity to the protozoan sterol 14a-demethylases [29]. Quite unexpected, VNF, which is
structurally highly similar to VNI binds to 7. cruzi sterol 14a.-demethylase in an opposite
orientation Fig. (7e), including 180° rotation of its carboxamide group. Although the
electron density for the hydrogen bond network around VNF can not be clearly seen at
medium resolution (3.05 A), it is quite likely that the comparably strong inhibitory potencies
and antiprotozoan selectivity of these two compounds might have the same origin [73].

Structural information provides important insights into general aspects of sterol 14a-
demethylase inhibition. Thus, elevated susceptibility of the enzyme to the heme-coordinated
inhibitors might be connected with the high proximity of the middle part of their I-helix to
the heme. The I-helix potentially can serve as a “seat-belt” holding the inhibitors and
preventing their replacement in the active site by the substrate. In this regard, it is not
excluded that weaker inhibition of the human sterol 14a-demethylase by azoles might be its
“lucky” specific feature: while in the sterol 14a-demethylases from protozoan pathogens the
I-helix is whole, there appear to be a low energy loop-like interruption in the middle part of
the I-helix in the human ortholog Fig. (8a).

Moreover, although eukaryotic sterol 14a.-demethylases reveal high similarity in the
location of the backbone of their major structural elements across species Fig. (8b), amongst
47 residues that form their access channel and active site cavity (the residues are marked
with black triangles in Fig. (5)) only 9 (G49, P52, Y103, F110, Y116, G292, H294, T/s295
and R361 (7. brucei numbering)) are conserved amongst protozoan, fungal and human
orthologs Fig. (8c); while the majority of the other residues disclose a high tendency to be
phyla-specific [78]. Differences in the topology of the area potentially available for ligand
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binding can be used for structure-directed development of highly selective, ideally species-
specific sterol 14a-demethylase inhibitors.

6. Non-Azole Structures as Potential Alternative Inhibitors of Sterol 14a-Demethylase

Acquired azole resistance is a major problem in current antifungal chemotherapy [79], four
different mechanisms being discussed as its possible causes (mutations in sterol 14a-
demethylase, the CYP51 gene amplification, development of active azole efflux pumps or
activation of alternative routes for sterol biosynthesis). Development of resistance to
fluconazole was demonstrated in the laboratory strains of 7. cruzi[80]. Although highly
effective inhibitors potentially have lower propensity to induce resistance, search for non-
azole inhibitory structures can be a very helpful alternative.

Using optical high-throughput screening for new binding ligands followed by web search for
structurally similar compounds, we identified several non-azole inhibitors of protozoan
sterol 14a-deethylases [54, 81]. Though their inhibitory potencies are so far relatively lower
than those of the best azoles, we have found that they produce strong a antiparasitic effect in
Trypanosomatidae; e.g. compounds a and b in Fig. (9) at 20 .M concentration being able to
completely clear the parasite amastigotes from 7. cruziinfected cardiomyocytes [81]. We
believe that structure-directed modification of these compounds will allow us to further
increase their inhibitory potencies.

The substrate analog A7-14a-methylenecyclopropyl-dihydrolanosterol (MCP) is another
promising example of a non-azole CYP51 inhibitor Fig. (9¢), ECsqg in T. cruzicells being ~5
KM [54]. Interestingly, we found that while MCP can be easily replaced by VNI in the
oxidized (ferric) form of the enzyme, the inhibitory effects of MCP and VNI in the reaction
(ferrous form) are comparable. It suggests that MCP may work as a mechanism-based
inhibitor [54], which would be the first example of this type of inhibitor for sterol 14a.-
demethylase.

CONCLUSIONS

Current lack of efficient treatment for human trypanosomiasis and leishmaniasis is largely
related to the lack of attention to this group of neglected tropical diseases. Multiple searches
for new antiprotozoan drugs and drug targets must eventually change the situation.
Identification of more than 8,000 new protein coding genes in the pathogen genomes [82]
vastly expands potential options for investigations aimed at development of novel highly
specific agents. However, this requires time, while millions of people are suffering
presently. Inhibitors of sterol 14a-demethylase obtained from antifungal drug development
programs can be used in antitrypamosomal chemotherapy almost immediately. Their
combination with the currently available clinical antiprotozoan drugs should allow
decreasing the drug dosages thus minimizing their side-effects, toxicity and shortening the
treatment time. High resolution three-dimensional structures of 7rypanosomatidae CYP51s
open an excellent opportunity for rational development of new inhibitors, highly potent and
specific for the protozoan sterol 14a.-demethylases which should allow achieving much
stronger antiparasitic efficiency and therefore a weaker tendency to cause resistance. As a
future prospective, combinatory chemotherapy, which would concomitantly target several
sterol biosynthetic enzymes, appears to be especially advantageous since it increases the
chances of complete blockage of the endogenous sterol flow in the parasites.
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disease.
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Fig. 4.

Sterol 14a-demethylase catalysis. (a) The tree step reaction, each step requires two reducing
equivalents, two protons and one molecular of oxygen. The electrons are delivered from
NADPH by cytochrome P450 reductase (CPR). CPR uses FAD and FMN as cofactors, and
the electron flow occurs from NADPH to EAD and then to FMN. Proton delivery route in
sterol 14a-demethylase most likely begins from the cytoplasm-exposed surface of the
molecule and involves conserved E205 (Helix F’, 7. brucei numbering)), the I-helix CYP51
signature residues H297, T295, A291 and the active site water molecule [29]. (b) Five
substrates of sterol 14a-demethylases.
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Fig. 5.

Structure-based alignment of sterol 14a-demethylases from 7rypanosomatidae, fungi and
human. Amino acid residues forming substrate-binding cleft surface are marked with grey
triangles.
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\§/ DN

Fig. 6.
Two potent carboxamide-containing imidazole inhibitors of protozoan sterol 14a-
demethylases. VNI [29] and VNF [72] are the Protein Data Bank codes of the compounds.
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Fig. 7.

Crystal structures of protozoan sterol 14a-demethylases. (a) Superimposition of ligand-free
(magenta, 7. brucei) and inhibitor-bound structures: VNI-bound 7. brucei (gray),
posaconazole-bound 7. cruzi (blue) and fluconazole-bound L. infantum (cyan) orthologs,
ribbon representation. Middle part of the I-helix is framed. (b) Surface binding subsite in
posaconazole-bound 7. cruzi sterol 14a-demethylase (surface representation, I-helix is
shown). (c) Fluconazole bound to sterol 14a-demethylases from L. infantumand T. cruzi.
Substrate preference defining residues (F104 in L. /nfantum (cyan) vs 1105 in 7. cruzi
(blue)) are shown as Van der Waals spheres. (d) VNI bound in the active center of sterol
14a-demethylase from 7. brucei, hydrogen bond network around the inhibitor carboxamide
fragment is shown as green dotted lines. (€) VNF bound in the active center of sterol 14a-
demethylase from 7. cruzi. Protein is in the same orientation as in d.

Curr Top Med Chem. Author manuscript; available in PMC 2012 July 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lepesheva and Waterman

’)
e

Fig. 8.

Page 21
c
{ XD
//~x /’Ze’/ 4 /’c
=7, ’:1/ :
L= Y tf 4 r
Ll )| N\ 5
‘«V e\ P, /q]
r e .
> ;ﬁl’ LN
e =
Jo

Sterol 14a-demethylases from protozoa and human reveal minor structural differences that
allow selective inhibition of the enzyme from pathogens. (a) The I-helix in human sterol
14a-demethylase (Accelrys). (b) Superimposition of the orthologs from L. infantum and
human, the protein backbone is displayed as ribbon diagram (rms deviation for the Ca atoms
1.3 A), the side chains of the residues in the active site cleft that are identical in both
enzymes are shown. (c) Enlarged view of the active site area (L. /nfantum numbering). 1102,
Y115 and R360 provide hydrogen bonds to the heme propionates in all sterol 14a.-
demethylases, H293 and T294 are likely to participate in the proton delivery route [29].
Variations in the amino acid composition of the rest of the cavity can be used as a basis for

the development of highly specific inhibitors.
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Fig. 9.

Non-azole inhibitors of protozoan sterol 14a-demethylases. HTS-derived (a) N-(3-(1H-
indol-3-yl)-1-oxo-1(pyridin-4-ylamino)propan-2-yl)-4-methylcyclohexanecarboxamide and
(b) 2-(1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yI)-N-(2-(pyridin-3-
yl)ethyl)acetamide and (c) substrate analog delta7-14amethylenecyclopropyl-
dihydrolanosterol.
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