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Cytochrome P450 (CYP) is a super-family of heme-containing monooxygenases and is involved in the metabolism of
endogenous xenobiotic compounigienome-wide analysis of the complete cytochrome P450 complement (CYPome) in
Leishmania species is presented here. Genome database search algorithms of 20 t#mmsarfia species and 3 strains

of Trypanosoma brucei was employed to describe the complete CYPome. Motif search analysis and phylogenetic studies
were carried out to investigate the sequence diversity and distribution of different Q¥shimania in comparison to

fungi, humans, plants and prokaryotessilico analysis predicted the presence of genes belonging to CYP51 and a plant-
like CYP710C gene that encodes a plant-like sterol C-22 desaturase, a key enzyme in stigmasterol biosynthesis. This is the
first report for the comparative analysis of stigma sterol biosynthetic pathway géeessiinania donovani, Arabidopsis

thaliana andCandida albicans. We provide experimental evidence of stigmasterol presercedmovani promastigotes.

We further demonstrate that amphotericin B-resistardonovani accumulated stigmasterol as the major sterol and
ergosterol to a lesser extent. In conclusion, this study is presumably the first comprehensive report on CYPome of
Leishmania and molecular evidence of a plant-like sterol C-22 desaturase degishimania.
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Introduction and a letterrespectivelyfFor instance, CYP51E refers

_ to the family 51 and sub-family E.
Cytochrome P450s (CYPs) are present in all three

domains of life and constitute a super-family of heme- CYP51 is involved in sterol biosynthesis and is
containing monooxygenases. CYPs are involved inreported as housekeeping CYP in fungi and is an
the metabolism of endogenous and xenobioticimportant target for anti-fungal drugs (Becher and
compounds (Bernhardt, 2006; Doddaparetral ., Wirsel, 2012; Kelly et al., 2009)CYP51s are found
2005; Kelly et al, 2009; Moktali et al, 2012). in sterol-producing animals, plants, protists, but rarely
in bacteria, producing 14-demethylated sterols

The CYI_D genome complements (CYPomes) of Kelly SL, 2005). The CYP51 reaction occurs in three
several species is available on the Cytochrome P45 teps; each reaction requires one molecule of oxygen

database (http://drnelson.uthsc.edu/Cytochromeand two NADPH-derived reducing equivalents
P450.html) (Nelson, 2009). The Cytochrome P450 (Akhtar et al., 1978:Aoyamaet al., 1984; Shyadehi

_r(‘jomif‘%'aé:‘(rs Committhee hasd ”‘Zmed all ,”ev¥'y et al., 1996).Another cytochrome P450 CYP61
dentifie S, using the standard convention for (sterol 22 desaturase) represents an ancient activity

this gene SUpéﬁm"Y' According to_the accepted as the super-family is present as CYP710 in plants
nomenclature, a family and sub-family use a numeral
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(Morikawa et al., 2006a). CYP710 plant P450s are In the present stugdwe have utilized the existing
classified as putative C-22 desaturase that producegenomic information in combination with different
stigmasterol and brassicasterol/crinostdrom (3- bioinformatic tools to better understand the CYPome
sitosterol and 24-epi-campesterol respectively of Leishmania. This study includes extensive genome
(Morikawaet al., 2006b). database searches and exploitation of a broad
_ L _ _ bioinformatics pipeline of 20 different strains of
I_sopren0|d Qe_nvatlve ster_ols are biologically the Leishmania species and 3 strains Bfypanosoma
mostlmport_antllpld_s pr'esent'ln all euka}ryotes. They brucei in order to identify all CYP members
plgy a c_ru0|al rol_e n ;lgn_al_llng behawour_ and are (CYPome). The characteristic motifs, phylogeny and
_cr|t|cally involved in maintaining membrane Integrity specific protein functions of these CYP proteins were
in eukaryotes (Edwards and Ericsson, 1999). Thealso analyzedWe also report the presence of

sterol biosynthetic pathway has been well studied inCYP710C1P450 family gene that encodes a plant-
fI‘_Jng" animals and Ig”ﬁ p_Iaaﬂérypgnosomatrl]ds (€-9.  |ike sterol C-22 desaturase, leading to stigmasterol
fypanosoma - an eishmania) synthesize biosynthesis it.eishmania. We further demonstrated

ergosterol, the major sterol present in fungi that A€ thatAmB-resistant strain accumulated stigmasterol
involved in growth and maintenance of viability in as the major sterol

parasites (de Souza and Rodrigues, 2009).

Ergosterol in fungi and stigmasterols in land Materials and Methods

plants are “22-unsaturated sterols that are structurallysequence Data

different from sterols of animal origin (cholesterol).

Sterol C-22 desaturase plays an important role as &5enome database analysis was done using a total of
terminal enzyme in the sterol biosynthesis in fungi and 23 strains/species (20 differeinéishmania straing
plants. Fungal cytochrome P450 monooxygenase species and 3 strainsGfypanosoma brucei) (Table
CYP61, is the sterol C-22 desaturase, the penultimateS1).

enzyme in the ergosterol biosynthetic pathway o

(Desmond and Gribaldo, 2009; Lepesheva and'dentification of CYP Genes

Waterman, 2007). In the case of plants, the firstThe identification process of the CYP genes in
cyclization of 2,3-oxidosqalene is mediated by | gishmania was a two-step process of identification
cycloartenol synthase and CYP710 (a C-22 and validation (Fig. S1). The identification of CYP
desaturase) for C-22 desaturation (Morikaval.,  genes was performed using HMMER v3.1b1, http://
2006b). Interestingly-eishmaniaandTrypanosomes  hmmerjanelia.og/) with Profile hidden Markov
being non-photosynthetic protozoans not only models derived from the Pfam seed alignment flatfile
synthesize lanosterol, but also contain CYP710C ( of PF00067 downloaded from the Pfam protein
major, XP_001684965) related genes (B&3h2012;  families database, (http://pfam.xfam.org/) against the
Kelly and Kelly 2013).The presence of CYP710C gg|ectedLeishmania proteomes. The cut off of
related gene suggests a possible role of these C'Zﬁositive hits was set at E-value-1GBupplementary
desatl_Jrases in the synthesis of stigmasterol in thesgijle S9 represents all the identified CYP protein
parasites. sequences (20 strains of differeetshmania straing
species and 3 strains @fypanosoma brucei). The

Most importantly the composition of sterols - ) ) A
positive hits were then subjected to a validation step

inside fungi and_eishmania is a major determinant ! : )= _ .
of the action of anti-fungal/anti-leishmanial polyene Nvolving hmm search usingeishmania-specific
antibiotic amphotericin B (AmBAmB binds withits ~ Profile (LeishHmmCYP).

mycosamine appendage to ergosterol (Palatas The sterol biosynthesis pathway information of
2011), a major sterol in fungil.eishmania and  Arabidopsis thaliana, Candida albicans and
Trypanosomes. This binding leads to the disruption | gishmania donovani was extracted from the KEGG

of membrane integrity coupled with an extensive metanolic pathway databasetp:/mww.genome.jp/
manipulation in redox balance resulting in the induction kegg-bin/show_pathway?mapDd0). A similar

of cell death (Gragt al., 2012). pathway was created by extracting the enzymes and
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their corresponding product information. 80 nM of AmB. Cells from the culture were again
) cloned on semi-solid medium in presence of the drug.
Motif Search The clone was namednB R80 and was resistant to

Motif search analysis (MSA) of all the identified 80 "M ofAmB.AmB-resistant liné\mB R80 showed

Leishmania CYPs was built by MUSCE v3.8.31 an I%O (50% inhibitory conce_:r_ltration) of 145 nM
program(Edgar 2004) and the consensus logos of (Making it 3.4 fold less sensitive &mB than the
the alignment generated ByebLogo (http:// W|Id-type strainAG83). Rgpeatgd cloning a'nd
weblogo.threeplusone.com/create.cgi) were used forS€/€ction process over a period of time resulted in the
visualization of conserved amino acids for each S€léction ofAmB-resistant lineshmB R200 (IG,
position (Crooket al., 2004; Schneider and Stephens, 248 nM) andAmB R400 (1G;,407 nM) that were 5.7

1990). fold and 9.5 fold less sensitiveAmB than the wild-
type strainAG83. Exposure of the wild-typ&G83
Construction of Phylogenetic Tree cell population to progressively increasing

concentrations odAmB resulted in the selection of a

Alignment of all the identified-eishmania and  gtrainAmB R400, which was capable of proliferation
Trypanosoma brucei CYPs was performed by i, 400 nM of AmB. Resistant parasites were

MUSCLE v3.8.31 program. The phylogenetic trees ronagated for more than 50 generations in presence
from alignments of protein sequences were qf the requisite drug concentration to stabilize the

constructed by Fast&e v2.1.7 with maximum-  c,jiure and were used for subsequent studies.
likelihood method (http://wwvmicrobesonline.ay/

fasttree/) (Priceet al., 2010). The tree data were
then submitted to iTOL(http://itol.embl.de/upload.cgi)
for viewing phylogenetic trees and making figures Parasites were cultured for two months in the absence
(Letunic and Bork, 2007). of drug pressure, and the JCvalues were
determined after 4, 6 and 8 weeks of sub-culture.

Sability of the AmB-resistant Lines

Parasite and Culture Conditions

L. donovani cloneAG83 (MHOM/IN/80/AG83) MTT Assay
(WT) was used in the present studifie parasites
were routinely cultured at 25°C in modified M-199
medium (Sigma, St. Louis. MO, USA) supplemented
with 10% fetal bovine serum (FBS; Gibco/BRL, Life
Technologies, Scotland, UK) and 0.13 mg/ml penicillin
and streptomycin. Cloning of the wild-type (WT)
strain ofL. donovani was carried out on a semi-solid
M199 containing 1% Bactagar (Difco), 10% FBS
and 0.13 mg/ml penicillin and streptomycin. Colonies
were picked, inoculated and propagated in liquid M199
medium.

The 50% inhibitory concentration (Lpwas
determined. Promastigotes were seeded into 96 well
plates at a density of 5x4.0ells/ml in 200 pl of the
M199 media with different drug dilutions. The culture
was incubated for the next 72 h at 22°C followed by
addition of 20 pl of MTT solution. The formazan
crystals were solubilized, by the addition of 50 pl of
solubilization buffer and optical density of the solution
was measured at 570 nm. The percentage viability
was calculated by comparing with untreated parasite
cultures. The experiments were performed in triplicate
Generation of Amphotericin B-resistant Lines and data are expressed as the mean + standard
deviation (SD).
The cloned wild-type parasites were grown in M199
media (with supplgments) in the presence of 40 qM Extraction of Sterols
of AmB. The parasite cultures were stabilized for six
sub-cultures before increasing the drug concentrationThe wild-type parasites were grown in M199 media
to one passage per week. The line propagating in 4@vhile theAmB-resistant parasites were cultured in
nM of AmB was plated on M199 agar plates in presence of the requisite drug concentrations.
presence of the drug, and a single colony was pickedStationary phase promastigotesYparasites) were
for culture. The cultures were subjected to step-wiseharvested (3000 rpm for 5 min at 4°C), and the pellets
increasing drug pressure with a final concentration of were repeatedly washed using ice-cold 1X PBS (pH
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7.4). The resulting cell pellet was re-suspended in 20seed alignment file for Cytochrome P450 family
ml dichloromethane: methanol solvent (2:1 vol/vol), (PF00067) from the Pfam database was used to build
vigorously mixed and incubated for 24 h at 4°C. The a profile using hmmbuild (a module of HMMER
suspension was then filtered using Whatman filter v3.1b1). The identification step was performed using
paper to separate proteifs.each filtrate, 0.2 volume hmmsearch (HMMER v3.1b1) to find out the possible
of 0.9% sodium chloride solution was added to CYP members based on the profile generated by
facilitate the removal of non-lipid contaminants into hmmbuild (generic HMMCYP) (Fig. S1A total of

the aqueous phase. The resulting turbid suspensio70 Cytochrome P450 proteins were identified from
was allowed to stand for 30 min af Ror phase 20 differentLeishmania genomes using NCBI,
separation, which was followed by a collection of UniProt andTriTrypDB database @ble S1). Most
lower dichloromethane phase in new tubes. Theof the species had 4 CYPs. Genomels. abnovani
extracts were completely evaporated in a stream ofand L. panamensis had 3 CYPs each whilk.
nitrogen gas and were immediately stored at -20°C.amazonensis and Leishmania donovani had one
These dried lipid residues were subsequently usedCYP each. Interesting)yL. turanica strain had 5

for sterol extraction (BA., 1967; Galli and Maroni, CYPs.A total of six CYP450s were identified in 3
1967). different Trypanosoma brucei genomesThe 3

Trypanosoma brucei strains had 2 CYPs eac e
For sterol extraction, dried lipid residues were y)p el

heated at 80°C for 2 h for saponification using 30%
ethanolic KOH. Sterol extraction was performed In addition, aLeishmania-specific profile
using hexane followed by drying the samples under a(LeishHmmMCYP) was generated to find any new or
liquid nitrogen stream. The dried residues were missing CYP proteins from thesishmaniagenome.
dissolved in dichloromethane followed by addition of Multiple sequence alignment (MSA) of all 70 CYPs
2 volumes of bis (trimethylsilyl) trifluoroacetamide using MUSCLE v3.8.31 program was built. Based
(BSTFA). Tubes containing the aliquots were sealed on the alignment file the profile (LeishHMmMCYP) has
and heated to 80°C in water bath for 1 h. The been constructed by hmmbuild. Genomes of 20
trimethylsilyl ethers of sterols were subjected to GC/ different strains ofLeishmania sp and 3 different
MS analysis. strains ofTrypanosoma brucei sp were searched

_ o using hmmsearch, for the presence of any new CYP
Measurement of Sterol Levels Using Gas Liquid members using LeishHmMmMCYP profile (Fig. S1). This
Chromatography Coupled to Mass Spectrometry  method again identified the same number of CYPs
(GC/MS) as reported ifable S2, thereby further validating the

For measurement of sterols, gas-liquid chromatographyProfile:

was performed using Shimadzu TD 1020 GC Mass Cytochrome P450 database (http://drnelson.
Spectrometer QP2010 Plus that was equipped withuthsc.edu/CytochromeP450.html) search for the
DB5 columns (methyl/phenyliloxan ratio, 95/5; reported CYPs irlLeishmania strains/species is
dimension 30 m by 0.25 mm). The gas carrier wassummarized inTable S3.The reported database
Helium (1ml/min). The column was kept at 270°C, indicates that some of the CYPs have incomplete
and the injector and detectors were maintained atsequence information.

300°C during analysis. The linear gradient for methyl
esters was maintained from 150°C to 180°C at 10°C/
min. MS conditions were 280°C, 70 e¥id 2.2 kV

Only two annotated cytochrome P450 proteins
from Leishmania having accession numbher
DQ267494 (CYP5122A1) and UniProt IB2TEF2
(X-ray structure available in PDB (http://

Results www.rcsb.og/pdb/) (PDB ID: 3L4D) (Hagroveet
I dentification of CYPome of Leishmania ﬁiersgjjéle Vermaet al., 201L) have been reported in

The protein sequences of 20 different species/strains -
of Leishmania and 3 ofTrypanosoma brucei were ~ Classification of CYPs
used to analyse the CYPomelle S1)The Pfam  In the next step, we classified the above-identified
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list of CYPs ofLeishmania and Trypanosoma identified list of CYPs inLeishmania. A comparison
brucei. In the absence of available seed alignmentof conserved motifs dfeishmania with the motifs
files for CYP51, CYP61 and CYP710, we first of fungi, human, plant and prokaryotes (Cleeal.,
generated three individual seed alignment files specific2014) was made. Our results show that in spite of
for CYP51, CYP710 and CYP61. This was done by high conservation of residues, there were some
MSA using only annotated CYP51, CYP710 and noticeable differences amongst the motifs.
CYP61 sequences from many model organismsComparison of the motif “a” (oxygen binding) of
(parasites not included) &ble S4-S6). Based on the Leishmania with fungi, human, plant and bacterial
MSA, three individual profiles were built using counterparts was made. It was observed that
hmmbuild (HMMER v3.1b1l) name)yCYP51 Leishmania motif “a” is similar to that of plant and
(CYP51proHMM), CYP710 (CYP710proHMM) and fungi.Ala, Gly, Asp andrhr (AGXDTX) are the most
CYP61 (CYP61proHMM)AN extensive search was conserved residues in this motif. In the case of
then performed using hmmsearch to find individual Leishmania, the third position of this motif contains
CYP51, CYP710 and CYP61 proteins amongst theHis and is very similar to archaea and bactekia.
total of 70 proteins identified in differebéishmania noticeable difference was the presence of Ser in place
strains/species.CYP51 and CYP710 were identifiedof Thr at the sixth position, showing similarity with
using the above profile éble S2)The CYP61 profile  plants. Motif “b” of Leishmania remains well
hits all the CYP710 class of proteidsalysis of all conserved (EXXR) and shows similarity with all the
the 6 proteins from th@rypanosoma strains led to  four kingdoms. Motif “c” (Heme locking region) of
the identification of CYP51 and none as CYP710/ Leishmania is similar to those of plants and fungi.
CYP61. Motif “c” (FXPERF/W) shows conservation of Phe,
Pro, Glu and\rg inLeishmania. The second position

is not conserved, while in the sixth position Phe is
replaced bylrp as in the case of fungi. Comparison

'~ of Leishmania motif “d” showed that the sequence
CYP710C1, CYP5123A1 and CYP5122A1) in FXXGXRXCXG is conserved and shows similarity

various strains/species oleishmania an'd to archaea and bacteria. The only noticeable
Trypanosx_)_me (_Table SZ._)Tab!g S2 also summarizes iterance was the frequent presence of His in place
the classification of the identified CYPs, chromosome ofArg in FGXGXR/HXCXG The second position (G/
location, and predicted sub-cellular localization of the S) is not highly conserved whereas the first, fourth
proteins and probable function(s) of the CYPs eighth and tenth positions (Phe, GGys, Gly), o )
Motifs highly conserved.

Further using Cytochrome P450 nomenclature
(http://drnelson.uthsc.edu/CytochromeP450.html), we
report different classes of CYPs (CYP51E1l

The family diversity of CYP genes differs considerably We also generated the sequence logo for
between species except for some well-conserved®YP>1 (CYP51proHMM), CYP710 (CYP710pro

regions. This family of proteins are reported to have TMM) and CYP61 (CYP61proHMM) profiles that
four conserved regions (Dergal., 2007; Kellyet were used for classification of the total CYPome (Fig.

al., 2009\Werck-Reichhart and Feyereisen, 20@0). 1)- CYPS1 profile showed that the motif "a” was
unique motif FXXGXRXCXG (located at position d  Similar toLeishmania except for the presence of His
in Fig. 1) corresponds to the heme-binding domain, !N Place 0Asp INAGQD/HTSS. In the third position,
The second conserved motif EXXR (located at position G IS dominant over His. In motif *b” the sequence
b in Fig. 1) and the third consensus PER (located af=*XR is highly conserved. Motif *c” shows similarity
position ¢ in Fig. 1) form E—R—R triad that is necessary {0 Léishmania motif “c” except for the presence of

for locking the heme pocket into position and assured”SP in place of Glui.e., FXPE/DR. Motif “d” showed
stabilization of the core structure. The fourth relatively 9€ater similarity taeishmania except at the second

conserved motiAGXDTT (located at apositiona in and sixth positions where the Gly and His were present

Fig. 1) contributes to oxygen binding and activation. &S invariant residues i.e., FGXGXHXCXG
Comparison of motifs of the CYP710 profile to

In the present studpequence logo of all the Leishmania motifs identified many differences. In
four conserved motifs was generated from the motif “a”, the Gly is replaced witila andThr is
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Fig. 1: Sequence logos of the conserved CYP motifs béishmania and their comparison with fungi, human, plant and prokaryotes.
The figure also illustrates a comparison with three individual profiles, i.e. CYP51 profile (CYP51proHMM), CYP710
profile (CYP710proHMM) and CYP61 profile (CYP61proHMM))

bits

bitg

Leishmania .04

pits
555

replaced wittila i.e. AG/AQDT/AST. Motif “b” was Ser i.eAG/SXDT/AST. The motif “b” and “c” remain
highly conserved. Howeverhen compared with the  well conserved and were highly similar to CYP710
other two profiles, Thr in the second position is of Leishmania. Motif “d” is also well conserved and
replaced withval i.e., ET/VLR. Motif “c” had an  shows greater similarity with the other two profiles.
insertion of an amino acid betwegrg and Phe and

also showed the frequent presenc@sy in place of  Phylogenetic Tree

Glui.e. FXPE/DRFThe sequence FXXGXHXCXG
of motif “d” remains conserved when compared to
the other two profiles, but comparison witishmania
showed greater similarity except at the second an
the sixth position where Gly and His were present as

invariant residues. Comparison of the CYP61 profile ) . .
with a CYP710 profile of_eishmania showed that CYP5122A1 were observed (Fig. Eashmaniaand

as far as motif “a” is concerned, the only difference Trypanosoma species wlere rerzlpresented in both
observed was the replacement of amino acid Gly withCYPSlEl’ CYP5122A1 clusteshereas CYP710C1

Alignment of all the identified CYPs was performed
by MUSCLE v3.8.31 program and the likelihood
dghylogenetic tree foceishmania andTrypanosoma
rucei is shown in Fig2. Four clusters of CYPs
belonging to CYP51E1, CYP710C1, CYP5123A1 and
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Linfantum\CYPSlZZAl

LaethiopicalL147|CYP5122A1

Ltropica[cyp5122Al
Lmajo,./

Fig. 2: Phylogenetic tree ofLeishmania and Trypanosoma brucei CYPs. The branches with blue colour indicate CYP51E1 and
orange colour indicates CYP710C1 proteins, branches with pink and cyan colours indicate CYP5123A1 and CYP5122A1
proteins respectively

and CYP5123A1 cluster consisted lafishmania distribution of CYP710, CYP51 dfeishmania and

species onlyL. turanica strain had two copies of CYP51 ofTrypanosoma and their comparison with
CYP5123A1 (CYP5123Alvl and CYP5123A1v2) fungi, plant, bacteria and animal counterparts (Fig.
(Fig. 2). The tree shows a wide distribution of species3)- Leishmania CYP710 and plant CYP710 reside in
along the clades. The distribution varies from speciesone branch, further indicating that they are highly
to species. Most of the species from both parasitessimilar. They were also found to be similar to CYP61

were evenly distributed in the phylogenetic tree. ~ Of fungi indicating their common ancestry
Leishmania CYP51 andTrypanosoma CYP51, on

The un-rooted phylogenetic tree shows the the other hand, were present in one branch and were
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Fig. 3: Phylogeny of Leishmania CYP51s, CYP710s andlrypanosoma brucei CYP51 and their counterparts from animal, plant,
bacteria and fungi. This is is based on 19 animal CYP51s, 10 bacteria CYP51s, 42 plant CYP51s, 23 fungal CYP51, 27
fungal CYP710 and 30 plant CYP710s (extracted from the CYP database (http://drnelson.uthsc.edu/CytochromeP450.html)

found to be closely related to bacteria and plant Farnesyltransferase (LDBPK_313050) promotes a
CYP51. Leishmania and Trypanosoma CYP51 are  head-to-head condensation of two molecules of
grouped in one cluster along with bacteria, plant, animalfarnesyl diphosphate to produce squalene (Fig. 4).
and fungi CYP51 indicating that they may have a Production of squalene then drives the synthesis of
common ancestor squalene-2,3-epoxide, a reaction catalyzed by the

_ _ _ enzyme squalene monooxygenase (LDBPK_131360).
Comparative Computational Analysis of Sterol/ gqa1ene-2,3-epoxide (30-carbon linear chain) is then
Stigmasterol Biosynthetic Pathway Genes of ¢y jized in the presence of lanosterol synthase
Leishmania donovani (LDBPK_060670) and sterol-24-c methyltransferase

A comparison of stigmasterol biosynthesis pathway (LDBPK_362510) to form lanosterol and 24-
of Arabidopsis thaliana, Candida albicans and methylene cycloartenol respectively the case of
Leishmania donovani was made using information plants, cycloartenol is formed from squalene-2,3-
extracted from KEGG metabolic pathway database€Poxide with the help of cycloartenol synthase
(http://www.genome.jp/kegg-bin/show_pathway? (AT2G07050), and then cycloartenol ungiees
map01.00) (Fig. 4, Supplementafigble S7). &rol demethylation at the C-24 position to form 24-
synthesis starts with the formation of farnesyl-PP from Mmethylene cycloartenol in the presence of
the condensation reaction of isoprenoids, catalyzedcycloartenol-C-24-methyltransferasel@G13710).
by the enzyme farnesyl diphosphate synthase.ln thecase of.eishmania donovani and Candida
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albicans, squalene-2,3-epoxide is directly converted the presence of 3-keto sterol reductase, which causes
to 24-methylene cycloartenol through the action of demethylation at C-4 i€. albicans which is also
sterol 24-c-methyltransferase and delta-24 absent inL. donovani.

methyltransferase respectively (Fig. 4). In Arabidopsis thaliana, zymosterol is

After the cyclization of squalene-2,3-epoxide to converted to lathosterol in two consecutive steps. The
form lanosterol, several sequential transformationsfirststep involves reduction at C-24 by the enzyme
occur to form ergosterol and 7- dehydrocholesterol. delta-24-sterol reductase to form cholesta-8-en-3beta-
One of the earliest steps in the lanosterol pathway isol which then undergoes isomerisation reaction to form
the demethylation of the ring system at the C14 lathosterol through the action of delta-7-isomerase.
position in a two-stage oxidative reaction catalyzed In Candida albicans andL. donovani, lathosterol is
by a cytochrome P-450-containing monooxygenasenot formed. 7-dehydrocholesterol which functions as
enzyme knavn as lanosterol-144-methyl demethylase a precursor of cholesterol is synthesized in the
(LDBPK_111100CYPS51E) to form 4,4-dimethyl presence of the enzyme lathosterol oxidase
cholesta-8,14,24-trienol,which then undergoes (LDBPK_231560) in the case bf donovani and is
reduction reaction catalyzed by the enzyme C-14 steroklso present in plants and fungi and is catalyzed by
reductase (LDBPK_322470) with NADPH as delta(7)-sterol-C5-(6)-desaturase-1 and sterol C5, 6
cofactor to form 14-demethyl lanosterol. It is then desaturases. larabidopsis, cholesterol formation
converted to fecosterol by the enzyme sterol 24-c-is driven by 7-dehydrocholesterol reductase, which
methyltransferase (LDBPK_ 362510, adds methyl can be converted to cholesterol ester in the presence
group at thec-24 position). This is followed by of steryl ester hydrolase (in the case of both
isomerisation of the double bonds in fecosterol, in aArabidopsis and Candida). In L. donovani
reaction catalyzed by C-8 sterol isomerase cholesterol is absent, as the enzyme 7-
(LDBPK _292250) to form episterol. Episterol further dehydrocholesterol reductase responsible for the
undergoes reduction reaction to form ergosterol. Here,conversion is not present. Desmaosterol is a molecule
5,7,24(28)-ergostatrienol is formed from episterol by similar to cholesterol. Desmosterol is an immediate
the enzyme lathosterol oxidase (LDBPK_ 231560). precursor of cholesterol @¥io et al., 2006).
5,7,24(28)-ergostatrienol is directly converted to Delta(24)-sterol reductase catalyzes the reduction of
ergosterol by sterol C-24 reductase (LDBPK__ desmosterol to cholesterol and vice versa. However
330730). Ergosterol is absen#irabidopsisthaliana desmosterol is absent in both donovani and
whereas, ifCandida albicans, ergosterol is the main  Candida albicans.
sterol. In the case @andida albicans, 5,7,24(28)-
ergostatrienol forms 5,7,22,24(28)-ergostatetraenol by 24-me_thy|ene gycloartenol undergoes C-14
the enzyme C-22 sterol desaturase (CaOlg.12645gemethylatlon reaction to form delta-8,14-sterol,

CYP61), which then forms gosterol. Howeverlin catalyzed by the enzyme lanosterol 14-alpha-
the case off eishmania donovani, this step is absent. demethylase (LDBPK 11100/CYPS1E). In contrast
' to L. donovani, arabidopsis contains enzymes sterol-

In comparison td. donovani, delta (14) sterol  4alpha-methyl oxidase and cyclopropyl isomerase that
reductase catalyzes the reaction to form 14-demethyktatalyzes the formation of cycloeucalenol and
lanosterol in plants and fungi as well. 14-demethyl obtusifoliol. Obtusifoliol is then converted to delta-
lanosterol is converted to 4-methyl zymosterol 8,14-sterol in the presence of sterol-14-demethylase.
carboxylate in the presence of C-4 methyl sterol Delta-8,14-sterol drives the formation of 4alpha-
oxidase inCandida albicans. However this reaction =~ Methylfecosterol in the presence of C-14 sterol
step is absent ih. donovani as well as inA. reductase (LDBPK_322470). 4alpha-methyl-
thaliana. 4-methyl zymosterol carboxylate is fecosterol leads to desaturation reaction at theC-5
converted to 3-keto-4-methyl zymosterol by the position to form 5-dehydroavenasterol in the presence
enzyme 3beta-hydroxysteroid-dehydrogenas@.in  of lathosterol oxidase (LDBPK_231560) In
thaliana and C-3 sterol dehydrogenaseGandida donovani. However in the case ofirabidopsis
albicans. 3-keto-4-methyl zymosterol formation drives thaliana, at least three products are formed from
the synthesis of 4-methyl zymosterol to zymosterolin 4alpha-methylfecosterol prior to the formation of 5-
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dehydroavenasterol, these are 24-methylenelophenolgrown in the absence of drug for several generations
24-ethylidene lophenol and delta-7-avenasterol retained the resistance phenotyiMe investigated
catalyzed by the enzymes delta-7-isomerase, 24+the cross-resistance profile of theB-resistant strain
methylenesterol C-methyltransferase and sterol 4-(AmB R200) to different anti-leishmanial drugs. There
alpha-methyl-oxidase. Sequential transformation of was no significant change in the sensitivity profile of
24-methylenelophenol leads to the formation of AmB R200 strain to sodium antimony gluconate
campesterol. Episterol formation is catalyzed by the (SAG), pentamidine, paromomycin and
sterol 4-alpha-methyl oxidase, which is present only miltefosine,when compared to the wild-type strain
in the plants. Episterol is converted to 5- (data not shown).

dehydroepisterol by the enzyme delta(7)-sterol-C5(6)- ) _

desaturase. This is then converted to 24-methylene GC/MS anglyss of the wild-typAG83 and
cholesterol and campesterol in the presence of théAmEf R,400 strain showed that grgosterol (21.4%)
enzyme 7-dehydrocholestrol reductase and delta-242nd itS isomer ergosta-5, 7, 22-trien-3-beta-ol (70%)

sterol reductase. Campestrol formation is absent incqnstitute more thar_l 90%. of total ergosterol ir_1 the
Leishmania donovani and Candida albicans. wild-type Leishmania while ergostero| and its

However in both these cases, 5-dehydroepisterol iS|soforms were lagely undetected in thamB-resistant

directly formed from 4alpha-methylfecosterol by the parasites (able 1).The amount of stigmasterol

enzyme lathosterol oxidase (LDBPK_231560) and (4.9%) and its _isof(_)rm stigmasta—_S, 22-dien-3-o (~
sterol C5, 6 desaturase. 56.5%) were significantly higher in t#enB R400

strains, as compared to the wild-tyh&83 (Table
Lathosterol oxidase also catalyzes the formation1). There was no significant difference in the
of 5-dehydroavenasterol. Cytochrome P450 composition in cholesterol and its isoforms in both wild-
(CYP710C), a hemeprotein catalyzes the formationtype andAmB-resistant parasites.
of stigmasterol from 5-dehydroavenasterolLin _ _
donovani (Fig. 4). Howeveyr in Arabidopsis Discussion

thaligna, a three-step reaction leads to the formation | qishmaniasis is caused by the protozoan parasites
of stigmasterol, from 5-dehydroavenasterol. Enzymes ¢ genusLeishmania and affects nearly 12 million

involved in the conversion are 7-dehydrocholesterol people worldwide with almost 2 million new cases
reductase, delta-24-sterol reductase and cytochrom%er year (http://wwwwho.int/tdr/diseases/leish/

P450 (CYP710A). Stigmasterol is abserﬁ:_mndida diseaseinfo.html). The disease treatment completely
albicans. Instead, 5-dehydroavenasterol is present. gjies on a limited repertoire of antileishmanial

_ _ _ _ N chemotherapyDue to the emgence of widespread
Sugmaster ol is the MaJ_Of Sterol in Amphotericin drug resistance against a limited pool of anti-leishmanial
B-resistant L. donovani drugs, identification and characterization of novel

AmB was found to inhibit the wild-typaG83 in a cellular drug targets ibeishmaniais one of the major

dose-dependent manner {JCA3 + 2.3 nM). (&ble tzhggit zSa_rea;tlr;Iprgéolzzoa_rllhr eseartl:hbglg[)ue:ck&t?.i
S8). AmB-resistant promastigotes &f donovani » =Ing " )- The availability of whole-

were obtained as discussed in the methods sectiong.]enome sequences for a numberlefshmania

Three lines resistant &mB designated asmB R80, _speci_es has enabled the research community to
AmB R200 andAmB R400 displayed approximately identify nov_el drug targets gnd the presence of
3.4-fold (IG,; 147 +3.0nM), ~ 5.5-fold (Ig; 248+ Pathways unique to the parasite.

2.5 nM), ~ 9.5-fold (IG, 407 + 6.0 nM) resistance We report diferent classes of CYPs
respectively témB. (Table S8)The growth pattern ~ (CYP51E1, CYP710C1, CYP5123A1 and
of the wild-typeAG83 andAmB-resistant parasites CYP5122A1) in various strains/species of
was determined over a period of 5 ddyseB-resistant  |eishmania and Trypanosomes. Leishmania CYPs
parasites showed same doubling time as compared t8howed highly conserved characteristic motifs. The
the wild-typeAG83 (data not shown)The drug-  characteristic motifs of.eishmania CYPs were
resistance phenotype was stable as parasites wheund to be similar to those of plants and fungi.
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Table 1: Composition of different stemls identified using GC/MS appoach in wild-type AG83 and AmB R400 strain of L.
donovani. Results corresponding to other components were detected in at least three biological replicates and are mean
concentration + S.D. of at least two independent experiments. ND: not detected

Name of sterol and isoforms % Composition
Wild-type AG83 AmB R400

Ergosterol and isoforms
Ergosterol 21.2+4.89 ND
Ergosta-5,7,22-trien-3-beta-ol 70.81+2.6 ND
Ergosta-5,24(28)-dien-3-ol 0.59 +0.33 ND
Ergosta-tetraen-ol 1.77 ND
Ergosta-5,22-dien-3-ol ND 0.7
Total egosterol 94.3 0.7
Cholesterol and isoforms
Cholesterol 1.375+0.39 1.245 + 0.46
Cholest-5-en-3-beta-ol 1.01 0.525 +0.16
(3-beta-5-alpha)-cholesta-8, 24-dien-3-ol 0.21 0.3+0.18
Cholesta-5,24-dien-3-ol ND 0.62
Total cholesterol 2.595 2.69
Stigmasterol and isoforms
Stigmasterol 2.7+0.79 4.29
Stigmasta-5, 22-dien-3-ol 29.67 56.47
Stigmast-5-en-3-ol ND 0.38
Total stigmasterol 32.37 61.14

The crystal structure of CYP51 frof cruz ergosterol synthesis is driven by lanosterol as the key

and T. brucei bound to the anti-fungal drugs intermediate. On the other hand, cycloartenol is the
fluconazole and posaconazole (Cletral., 2010; key intermediate in the synthesis of stigmasterol and
Hargroveet al., 2012b; Lepesheva amiaterman,  campesterol. IrArabidopsis thaliana, synthesis of
2011) and that of.. infantumbound to fluconazole is ~ stigmasterol and brassicasterol is catalyzed by two
available (Cheret al., 2010; Lepesheva and separate sterol C-22 desaturases, encoded by the
Waterman, 201). The structure would help in genesCYP710Al1 andCYP710A2, respectively
designing newer drugs with improved efficacy and (Morikawaet al., 2006a). These proteins belong to a
reduced toxicity (Chest al., 2010; Hargrovet al., small cytochrome P450 sub-family having four
2012a; Hargroveet al., 2012b; Lepesheva and members, denoted by CYP710A1-A4, and are related
Waterman, 201). Leishmania CYP51s and to the yeast sterol C-22 desaturase ErgSp acting in
CYP710s may provide a useful model for CYP ergosterol synthesis. Oum silico analysis showed
structure/function studies (Chest al., 2010;  the presence of a single CYP710C1 gene in
Hargroveet al., 2012a; Hargrovet al., 2012b; Leishmania species. In order to identify the biological
Lepesheva anwaterman, 201). relevance of plant-like CYP710 proteiriieé shmania,
_ . _ we employed a GC/MS based sterol (stigmasterol)

In_mamr_nallan cells, cholesterol is the main sterol profiling approach using wild-type aAdnB-resistant
found in various membranes. Howevegosterol  girains of_eishmania donovani. The rationale behind
plays a key role in eukaryotic organisms such as f“”g'including theAmB-resistance parasites in this
and protozoa. Plants usually possess more comple¥netabolic screen served two purposes. Firsily

sterol compositions. Sitosterol and stigmasterol are,,5nted to check the presence of stigmasterol and its
the major sterols in vascular plants. Cholesterol and
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isoforms in both the wild-type amdimB-resistant  plant-like genes. The presence of high levels of
parasites. Secondlthis approach served the purpose stigmasterol and its isoforms hmB-resistant

of identification and differential abundance of parasites in comparison to the wild-type suggests a
different sterols (critical tgets ofAmB), including dynamic change in the membrane properties in
stigmasterol in both wild-type andimB-resistant  resistant parasites. Howevethe biological
parasites. significance of this phenotype remains to be validated
in the case oAmB-resistance. Further studies are
underway to characterize the CYP710C1 gene in
Leishmania donovani using different molecular
approaches.

The presence of stigmasterol, ergosterol and
their corresponding isoforms In donovani clearly
indicates that.eishmania has acquired both the
fungus and plant pathways for sterol biosynthesis.
FurthermoreAmB has been reported to have a higher Acknowledgements
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