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ABSTRACT

Human leishmaniasis is an infectious disease caused by Leishmania protozoan parasites. Current chemotherapeutic options against the deadly disease have significant
limitations. The ergosterol biosynthetic pathway has been identified as a drug target in Leishmania. However, remarkable differences in the efficacy of antifungal
azoles that inhibit ergosterol biosynthesis have been reported for the treatment of leishmaniasis. To better understand the sterol biosynthetic pathway in Leishmania
and elucidate the mechanism underlying the differential efficacy of antifungal azoles, we developed a new LC-MS/MS method to study sterol profiles in promastigotes
of three Leishmania species, including two L. donovani, one L. major and one L. tarentolae strains. A combination of distinct precursor ion masses and LC retention
times allowed for specific detection of sixteen intermediate sterols between lanosterol and ergosterol using the newly developed LC-MS/MS method. Although both
posaconazole and fluconazole are known inhibitors of fungal lanosterol 14a-demethylase (CYP51), only posaconazole led to a substantial accumulation of lanosterol
in azole-treated L. donovani promastigotes. Furthermore, a key intermediate sterol accumulated by 40- and 7-fold when these parasites were treated with pos-
aconazole and fluconazole, respectively, which was determined as 4a,14a-dimethylzymosterol by high resolution mass spectrometry and NMR spectroscopy. The
identification of 4a,14a-dimethylzymosterol supports a branched ergosterol biosynthetic pathway in Leishmania, where lanosterol C4- and C14-demethylation re-
actions occur in parallel rather than sequentially. Our results suggest that selective inhibition of leishmanial CYP51 is insufficient to effectively prevent parasite
growth and dual inhibitors of both CYP51 and the unknown sterol C4-demethylase may be required for optimal antiparasitic effect.

1. Introduction

Leishmaniasis is an infectious disease caused by protozoan parasites
in the genus Leishmania and is endemic in 97 countries and territories
(World Health Organization, 2020). Depending on the causative species,
leishmaniasis has two major clinical manifestations. Visceral leishman-
iasis (VL), caused by L. donovani and L. infantum, shows infection of
internal organs and is fatal if left untreated. Cutaneous leishmaniasis
(CL), in which lesions develop at the site of sandfly bite, is caused by a
variety of Leishmania species, e.g., L. major in the Old World and L.
mexicana in the New World (Alemayehu and Alemayehu, 2017). It is
estimated that 350 million people worldwide are at risk of infection
(Dawit et al., 2013) with around 1.5 to 2 million new infections and 70,
000 deaths each year (Torres-Guerrero et al., 2017; Seifert, 2011).
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Leishmaniasis is the second most deadly parasitic disease after malaria
(Oryan and Akbari, 2016).

To date, there is no prophylactic or therapeutic vaccine approved
against human leishmaniasis (Ghorbani and Farhoudi, 2018; Pal-
atnik-de-Sousa and Nico, 2020). Current chemotherapies for leishman-
iasis are limited because of insufficient efficacy, serious adverse effects,
emerging drug resistance, and/or high cost (Current Treatment of
Leishmaniasis, 2174; Zulfiqar et al., 2017). Pentavalent antimonial
drugs are the first-line therapies for all forms of leishmaniasis, but they
show severe toxicities including cardiotoxicity, nephrotoxicity, pancre-
atitis, and hepatotoxicity, hence requiring additional clinical monitoring
during intravenous injection (Oliveira et al., 2009; Wise et al., 2012). In
North Bihar, India, failure of pentavalent antimonial drugs has been
reported due to drug resistance in L. donovani (Sundar, 2001).
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Paromomycin is an aminoglycoside antibiotic used for both CL and VL
treatment and must be administered via the intramuscular route. The
efficacy of paromomycin monotherapy varies between 36 and 96%
based on the geographical location of the disease (Sundar et al., 2007;
Hailu et al., 2010). Amphotericin B (AmB) is a macrolide polyene
antifungal agent that binds to ergosterol in Leishmania membranes,
increasing membrane permeability due to the formation of ion-channel
pores and leading to cell death (Kumar et al., 2017; Gray et al., 2012).
However, liposomal AmB (AmBisome®) is of high cost and requires
hospitalization for slow intravenous infusion and a cold chain for stor-
age and distribution (Freitas-Junior et al., 2012; de Menezes et al.,
2015). Miltefosine is the only approved oral treatment for VL, but its use
is limited by its high cost, gastrointestinal side effects, hepatotoxicity,
nephrotoxicity, and notably, teratogenicity (de Menezes et al., 2015;
Nagle et al., 2014). A decreasing miltefosine efficacy in Eastern Africa
due to reduced exposure has been reported in recent years (Dorlo et al.,
2017). Therefore, new safe and effective antileishmanial drugs with low
cost are urgently needed.

The sterol biosynthetic pathway has been identified as a drug target
in Leishmania because sterols are essential constituents of the Leishmania
membranes for their normal structure and function (de Souza and
Rodrigues, 2009). Like fungi, the main sterols of the Leishmania plasma
membrane are ergosterol and ergosterol-like sterols rather than
cholesterol in mammalian cells (de Souza and Rodrigues, 2009; Goad
and Holz, 1984; McCall et al., 2015). Therefore, drugs that interfere with
sterol biosynthesis have been evaluated for their antileishmanial activ-
ities. For example, terbinafine, a known squalene epoxidase inhibitor,
exhibits promising antileishmanial activities (Urbina et al., 2002).
Azasterols, which are inhibitors of the sterol 24-methyltransferase, show
good in vitro activity against Leishmania parasites (Magaraci et al.,
2003). Antifungal azoles, such as posaconazole (PSZ), fluconazole
(FLU), ketoconazole (KTZ), itraconazole (ITCZ), clotrimazole, and rav-
uconazole, are known to interfere with ergosterol biosynthesis by
inhibiting the lanosterol 14a-demethylase (CYP51) and they have been
explored for their potential against leishmaniasis (Wali et al., 1990;
Sousa et al., 2011; Teixeira de Macedo Silva et al., 2018; Joice et al.,
2018; de Macedo-Silva et al., 2013). However, remarkable differences in
the efficacy of antifungal azoles have been reported for the treatment of
leishmaniasis. For example, KTZ was tested for four weeks in patients
with VL and resulted in an 80% cure rate (Wali et al., 1990). On the
other hand, ITCZ was tested for three months in patients afflicted with
mucocutaneous leishmaniasis and only resulted in a 23% cure rate
(Calvopina et al., 2004). It was reported that PSZ is approximately
12-times more potent than FLU against wild type L. donovani axenic
amastigotes in vitro (Pandharkar et al., 2014) and that ITCZ is > 40-fold
more potent than FLU and voriconazole against intracellular L. major
amastigotes (Buckner and Wilson, 2005). Although it is uncertain what
underlies the differing efficacies of antifungal azoles against Leishmania,
their varying inhibitory activities against enzymes of Leishmania sterol
biosynthesis may be a possible mechanism.

Gas chromatography-mass spectrometry (GC-MS) has been used for
sterol and steroid analysis since the 1960s (Goad et al., 1997). Sterols
can be analyzed by GC-MS either directly or in their chemically deriv-
atized forms (Griffiths and Wang, 2009; Millerioux et al., 2018; Yao and
Wilson, 2016). GC-MS has been widely applied as a reliable analytical
method for the identification and quantification of sterols in Leishmania
(Goad and Holz, 1984; Beach et al., 1979; Raederstorff and Rohmer,
1986). Sterol compositions of several Leishmania promastigotes have
been identified and showed characteristics of yeast and other fungi
(Goad and Holz, 1984). Promastigotes of six species of Leishmania were
cultured in the presence of KTZ, ITCZ and FLU, and the effect of the
different azoles on growth and sterol composition of each strain was
evaluated. The inhibition by ITCZ was greater than or equal to KTZ,
whereas FLU was the least active (Beach et al., 1988). Recently,
high-performance liquid chromatography mass spectrometry
(HPLC-MS) or LC-MS/MS has been applied for analysis of select sterols,
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owing to a more straightforward identification and lack of requirement
for derivatization steps (Nagy et al., 2006; Igarashi et al., 2011; Skubic
et al., 2020; Trosken et al., 2004). However, no study has been reported
for LC-MS/MS analysis of a complete panel of sterol intermediates be-
tween lanosterol and ergosterol. In this study, we developed an
LC-MS/MS method to study the sterol profiles in promastigotes of three
Leishmania species. We investigated the sterol profiles of L. donovani and
L. tarentolae promastigotes with PSZ and FLU treatment. The interme-
diate sterol 4,14-dimethylzymosterol (4,14-DMZ) was purified from
PSZ-treated L. tarentolae culture. And the stereochemistry of the C4
methyl group was assigned through two-dimensional (2D) hetero-
nuclear multiple bond correlation (HMBC) and nuclear Overhauser ef-
fect (NOESY) NMR spectroscopy.

2. Materials and methods
2.1. Chemicals and reagents

Posaconazole (PSZ) was obtained from Carbosynth (Compton, UK).
Fluconazole (FLU) was purchased from Cayman Chemical (Ann Arbor,
MI). 5a-Cholesta-8,24-dien-3p-ol (zymosterol), 14-demethyl-14-dehy-
drolanosterol (FF-MAS), 4,4-dimethylcholesta-8,24-dien-38-0l (T-
MAS), cholesta-7,24-dienol, 7-dehydrodesmosterol, and cholesterol-d7
were purchased from Avanti Polar Lipids Inc. (Alabaster, AL). Ergos-
terol was acquired from Acros Organics (Geel, Belgium). M199 medium,
squalene, hexane, and fetal bovine serum (FBS) were acquired from
Sigma-Aldrich Corporation (St. Louis, MO). Lanosterol was obtained
from American Radiolabeled Chemicals Inc. (St. Louis, MO). Episterol
was purchased from Toronto Research Chemicals Inc. (North York, ON,
Canada). Cholesterol was ordered from MP Biomedicals LLC (Irvine,
CA). Optima LC/MS-grade water, optima-grade methanol, 2-propanol,
formic acid, adenine, 10 N sodium hydroxide solution, and HEPES
buffer (N-2-hydroxyethylpoperazine-N’-ethanesulfonic acid, pH 7.4)
were bought from Fisher Scientific (Pittsburgh, PA). Hemin and DMSO
were obtained from Alfa Aesar (Ward Hill, MA). Phosphate-buffer-saline
(PBS) 10X was acquired from Mediatech Inc (Manassas, VA). Pen Strep
and Schneider’s Drosophila media were bought from Life Technologies
Corporation (Grand Island, NY). Brain Heart Infusion (BHI) was pur-
chased from Becton-Dickinson and Company (Sparks, MD).

2.2. Parasites and culture conditions

L. donovani 1S (Sudan) (Ld1s) strain and L. major LV39 clone 5 (Rho/
SU/59/P) strain promastigotes were cultured at 27 °C in M199 medium
(pH 7.4) with 10% heat-inactivated FBS and additional supplements
(Kapler et al., 1990). Mid-log stage promastigotes (4-7 x 10° cells/mL)
were inoculated to 1 x 10° cells/mL and cultured to late log stage (2-3 x
107 cells/mL). Promastigotes (1 x 108) from each strain were harvested
by centrifugation and washed twice with PBS prior to sterol extraction as
described below.

L. donovani LV82 (MHOM/ET/67:LV82) promastigotes were ob-
tained by transformation of amastigotes collected from the spleen of an
infected hamster. These parasites were cultured in Schneider’s
Drosophila medium containing 25% heat inactivated FBS, 50 U/mL
penicillin, and 50 pg/mL streptomycin. LV82 parasite cultures were not
used beyond sixteen passages as promastigotes. For the investigation of
the sterol profile of LV82 promastigotes, parasite cultures were in late
log phase (~10% cells/mL) when they were used to prepare samples. To
compare sterol profiles of L. donovani promastigotes treated with vehicle
(0.4% [vol/vol] DMSO), PSZ (20 pM) and FLU (50 pM and 100 pM),
LV82 promastigotes were seeded at 5 x 10° cells/mL in 25 cm? culture
flasks. After 24 h incubation at 26 °C with an azole drug or the vehicle,
parasites were counted using a hemocytometer, then 3 x 107 parasites
were removed from each sample and centrifuged at 1800 g for 10 min at
4 °C. The supernatant was removed and the parasites were resuspended
in 1.5 mL of cold PBS and aliquoted to 107 parasites/tube. Parasites were
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centrifuged at 1800 g for 10 min at room temperature and the super-
natant was removed. Cell pellets were stored at —80 °C until sterol
extraction.

For the sterol profile study of drug-treated L. tarentolae promasti-
gotes, L. tarentolae UC strain promastigotes were obtained from ATCC.
Parasites were maintained as previously described (Yakovich et al.,
2006). Briefly, the parasites were grown in autoclave-sterilized BHI
medium (37 g/L supplemented with 10 mg/L filter-sterilized hemin,
which was added from a 2 mg/mL stock dissolved in 0.05N NaOH, and
50 units/mL Pen/Strep, which was added from a 10,000 units/mL
stock). Parasite cultures were in the late-log phase when they were used
to prepare the samples described below, and they were not used beyond
passage number fourteen. To compare sterol profiles of L. tarentolae
promastigotes treated with vehicle (0.4% [vol/vol] DMSO), PSZ (5 pM)
and FLU (40 pM), L. tarentolae promastigotes were seeded at 1 x 107
cells/mL in 250 mL flasks and maintained in an orbital shaker incubator
(Thermo Scientific, Model 420) set at 125 rpm. After 24 h incubation at
26 °C with either an azole or the vehicle, parasites were counted using a
hemocytometer, then washed twice with PBS buffer and stored at
—80 °C until sterol extraction.

2.3. Invitro growth inhibition assay with L. donovani LV82 promastigotes

L. donovani promastigotes were added to 96 well plates and were
incubated with serial two-fold dilutions of PSZ or FLU (200 nM-100 pM)
or 0.5% DMSO vehicle (v/v) at cell density of 10° parasites/mL and a
final volume of 100 pL in the medium described above. Plates were
incubated for 72 h at 26 °C, then 20 pL of a 20:1 solution of 2 mg/mL 3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyD)-2H-tetrazolium, inner salt (MTS):0.92 mg/mL phenazine
methosulfate (PMS) in Dulbecco’s Phosphate Buffered Saline was added
to each well and the plate was incubated at 26 °C for 6-7 h. An addi-
tional 12 pL of a 10% SDS solution in distilled water was added to each
well and the plate was incubated for an additional 1 h prior to mea-
surement at 490 nm with a SpectraMax M5 microplate reader (Molec-
ular Devices). Absorbance data were normalized with respect to the
positive and negative control values. Average positive control absor-
bance values for each experiment were >2.5 and assays were considered
valid if the calculated Z’ factor for the assay was >0.5.

2.4. Invitro growth inhibition assay with L. tarentolae

ICs( values of antifungal azoles (PSZ and FLU) on L. tarentolae pro-
mastigotes were determined with an assay adapted from the L. donovani
axenic amastigotes ICsg assay (Delfin et al., 2009). Briefly, L. tarentolae
promastigotes (2.5 x 10°) were seeded in each well of a 96-well plate,
then treated with different concentrations of PSZ (14 nM-30 pM) or FLU
(27 nM-100 pM). Cells were incubated at 26 °C for 3 days in a
water-jacketed incubator (Forma Scientific, Model 3546). Cell viabilities
were determined using the MTT assay (Maarouf et al., 1997). The
96-well plates were centrifuged at 1500 g for 30 min at 4 °C and the
supernatant was carefully removed. MTT reagent (50 pL; 2 mg/mL in
PBS) was added to each well and the plates were incubated for an
additional 3.5 h at 26 °C. After incubation, the plates were centrifuged at
1500 g for 30 min at 4 °C and the reagent was carefully aspirated. DMSO
(100 pL) was added to dissolve the purple dye. The absorbance was
measured at 540 nm using a plate reader (Tecan, Infinite M200 PRO).

2.5. Sterol extraction from Leishmania promastigotes

Free sterols were isolated using a hexane/isopropanol extraction
method (Zhang et al., 2002) with modifications. Briefly, upon thawing
on ice, parasite cell pellets (107 parasites for azole treatment studies and
108 parasites for sterol profile studies) were resuspended with 100 pL of
cold PBS. After vortexing for 30 s, cold hexane-isopropanol (3:2 [vol/-
vol]) extraction buffer (0.9 mL) containing an internal standard (IS; 50
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nM cholesterol-d7) was added to the resuspended parasites and then
vortex-mixed for another 30 s. After shaking at 1400 rpm (Eppendorf,
Thermomixer R) for 15 min at 4 °C, samples were centrifuged at 14,000
rpm (Eppendorf centrifuge 5415C) for 5 min. The top layer (approxi-
mately 600 pL) was transferred to a clean 1.5 mL tube and dried under a
stream of nitrogen at 50 °C using an evaporator (TurboVap LV, Zymark).
The dried samples were reconstituted with 200 pL methanol prior to
LC-MS/MS analysis.

2.6. Sterol analysis by LC-MS/MS

The analysis of sterols was performed using an LC-MS/MS system
comprising a Waters Acquity I-Class UPLC with a binary pump, an FTN
Sample Manager and a thermostatted column compartment, and a Xevo
TQ-S triple quadrupole mass spectrometer (Waters Corporation). The
ionization mode was electrospray chemical ionization (ESCI) positive
ion mode: corona voltage, 2.5 kV; cone voltage, 30 V; source offset, 50 V;
source temperature, 150 °C; desolvation temperature, 500 °C; des-
olvation gas flow, 1000 L/h; nebulizer gas, 7 bar. ESCI is equivalent to
atmospheric pressure chemical ionization (APCI) and they are different
only in that APCI is carried out in a dedicated ion source and ESCI is
achieved using an electrospray ion source inserted with a corona
discharge needle and operated under chemical ionization mode.
Extracted sterols were separated on an Agilent ZORBAX Bonus-RP C18
column (2.1 mm x 150 mm, 5 pm) coupled with an Acquity column in-
line filter (0.2 pm; Waters Corporation) equilibrated at 40 °C. LC mobile
phases consisted of water containing 0.1% [v/v] formic acid (A) and
methanol containing 0.1% [v/v] formic acid (B). The gradient started
from 80% B and held for 3 min with a flow rate of 0.6 mL/min. Then, the
mobile phase was increased from 80% B to 90% B over 12 min. After
washing the column with 90% B for 4 min, the column was re-
equilibrated with 80% B for 0.9 min before the next injection. The IS
(cholesterol-d7) retention time was used to calibrate the retention times
of other sterols monitored in the same LC injection. The total analysis
time for each injection was 20 min. The injection volume was 10 pL. The
characteristic multiple-reaction monitoring (MRM) transitions for ste-
rols were listed in Table 1.

2.7. Purification of the proposed intermediate sterol 4,14-dimethylzy-
mosterol from L. tarentolae promastigotes

L. tarentolae promastigotes were initially grown in the BHI medium
described above in a 1L or 2L flask placed in an orbiting shaker incu-
bator set at 125 rpm and 26 °C. Parasites were pelleted when reaching a
density of 2-3 x 108 cells/mL by centrifugation (Eppendorf, centrifuge
5804R) at 1200 g at 4 °C. The parasites were subsequently resuspended
in fresh BHI medium containing a final concentration of 5 pM PSZ
(added from a 50 mM stock dissolved in DMSO) at a cell density of 2 x
108 cells/mL. After 24 h incubation, parasites were counted using a
hemocytometer, then harvested by centrifugation at 1200 g at 4 °C. Cell
pellets were washed twice with PBS and stored at —80 °C until sterol
purification.

Free sterols were isolated using the modified hexane/isopropanol
extraction described above. Briefly, upon thawing on ice, parasite cell
pellets (6.3 x 10*! parasites) were resuspended with 10 mL of cold PBS.
The resuspended parasites were sonicated with a handheld probe at
power 10 (Fisher Scientific, Sonic Dismembrator Model 100) for 30 s.
Cold hexane-isopropanol (3:2 [vol/vol]) extraction buffer (90 mL) was
added to the parasites and then vortex-mixed for 15 min. Samples were
centrifuged at 4500 g (Eppendorf, centrifuge 5804R) for 5 min at 4 °C.
The top layer (60 mL) was transferred to a clean glass bottle. The
extraction step was repeated two more times and the top layers were
combined. The sterol extract was dried using a rotary evaporator at
50 °C and the dried extract was resuspended with DMSO/THF (1:1 v/v)
prior to injection into a preparative LC-MS system for purification.

Purification was carried out on a Waters Autopurification system
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Table 1
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LC-MS/MS detection of sterols and effects of posaconazole and fluconazole on the sterol levels in Leishmania parasites.

Fold Change in Sterol Level®

Molecular Retention Precursor Productlon -
Sterol . y L. donovani L. tarentolae
Sterol Name Weight Time lon Mass Mass
Group PSZ'(20 uM) FLU®(50 uM) FLU (100 yM)  PSZ (5 pM)vs. FLU (40 uM)
(g/mol) (min) (m/z) (m/z) vs. Vehicle vs. Vehicle vs. Vehicle Vehicle vs. Vehicle
Lanosterol 426.7 135 409.3 109.1 21 + 4*** 1.0+03 0.99+0.33 11+ 1% 2.0+ 0.2"*
4,14-Dimethylzymosterol 4127 125 3954 135.1 7.1+36*% 6.5+ 1.3** 16 + 1*** 8.7 £1.0"**
4-andfor 14-  14-Methylzymosterol 398.7 111 3814 109.1 1.1+0.1 4.7 +1.2** 4.4 +2.0*
methylated 14-Methylfecosterol 412.7 121 3954 135.1 07+03 5.1+ 04" 49+ 0.7
sterols 4-Methylzymc‘s,terolb 398.7 11.8 3814 1471 0.17 £0.12* 0.29+0.11* 0.16 + 0.04* 0° 1.1+£01
FF-MAS 410.7 11.9 3934 69.1 0.27 £0.08 0.30 + 0.07 0.32+0.12 ND* ND
T-MAS 412.7 13.2 3954 135.1 0.31+0.23* 0.33+0.14* 0.17 £ 0.16** ND ND
414 Zymostero:l 384.6 10.7 3674 95.1 0.0 +£0.0** 06+0.3 0.36 + 0.04* 0.07 £ 0.02***¢ 1.5+0.2**°
demethylated Fecosterol 398.7 11.6 3814 109.1 0.16+0.12*  0.29+0.10* 0.16 + 0.04* 0° 1.1+0.1
sterols Episterol® 398.7 11.8 3814 1471 0.16+0.12*  0.29 £ 0.10* 0.11+0.10* 0° 1.1+0.1
Cholesta-7,24-dienol 384.6 10.9 367.4 159.1 0.05 + 0.05** 0.58 + 0.28 0.28+0.17* 0.07 £0.02***° 15+0.2**°
7-Dehydrodesmosterol 382.6 10.0 365.4 159.1 0.07 £0.03*  0.08+0.03* 0.05 + 0.05* 0.03+0.03*** 0.81+0.18
5-dehydro 5-Dehydroepisterol 396.7 10.9 379.2 145.0 0.56 +0.08 043+0.11 0.33+0.12* <0.01 0.26 + 0.04***
sterols Ergosta-5,7-dienol 398.7 12.7 3814 1471 0.31+0.15 0.62+0.40 0.56 +0.28 0° 0°
Ergostatetraenol 394.6 97 3773 109.1 0.23+0.04 0.36+0.10 0.33+0.10 <0.01 0.39 £ 0.09**
Ergosterol 396.7 11.6 379.2 145.0 0.31+0.03 044+0.13 0.38+0.13 0.02 £ 0.01*** | 0.35+0.04***
?mean + standard deviation of triplicate determinations. Color coding:
b Episterol, fecosterol and 4-methylzymosterol could not be chromatographically separated.
©Zymosterol and Cholesta-7,24-dienol could not be chromatographically separated. 32>fold=8
d PSZ, posaconazole; FLU, fluconazole; ND, not detected in samples 8>fold=2
®this sterol was detected in vehicle-treated, but not azole-treated samples. 2>fold=0.5
*,**, *** unpaired two-tailed t-test (* P<0.05; ** P<0.01; *** P<0.001) 0.5>fold=1/8
1/8>fold=1/32
fold<1/32

with a Waters 2767 sample manager, a Waters 2525 HPLC pump, and a
Waters 2996 photodiode array detector. LC mobile phases consisted of
(A) water containing 0.05% [v/v] difluoroacetic acid and (B) acetoni-
trile containing 0.05% [v/v] difluoroacetic acid. A gradient elution was
used for purification, which began from 80% to 100% B over 5 min and
held at 100% B for 30 min with a flow rate of 20 mL/min. The sterols
were separated on a Waters Atlantis T3 preparative C18 column (19 mm
x 150 mm, 5 pm). The detection wavelength was set at 214 nm. For mass
characterization, UPLC-HRMS analyses were carried out on a Waters
Acquity UPLC with a photodiode array UV detector and an LCT Premiere
TOF mass spectrometer. A Waters Acquity Atlantis T3 UPLC C18 column
(2.1 mm x 50 mm, 1.7 pm) was used for separation and the column
temperature was set at 35 °C. The detection wavelength was set at 214
nm. The gradient was from 80% to 95% B over 10 min and held at 95% B
for 3 min with a flow rate of 0.6 mL/min.

2.8. NMR analysis of the proposed intermediate sterol 4,14-
dimethylzymosterol

Around 10 mg of the purified sterol was dissolved in 0.6 mL of
deuterated chloroform (CDCl3). All NMR experiments (*H, 3C, DEPT,
COSY, HSQC, HMBC, NOESY) were run on an Avance AVIII 500 MHz
spectrometer equipped with a multinuclear BBFO cryoprobe. Chemical
shifts (8) are reported in ppm, and coupling constants are reported in Hz.
The 7.26 ppm resonance of residual CHCl3 for proton spectra and the
77.15 ppm resonance of CDCl; for carbon spectra were used as internal
references. The known 'H and '3C NMR assignment of lanosterol was
used as a reference for the structural assignment of the proposed inter-
mediate sterol (Emmons et al., 1989).

2.9. Data analysis

Unless mentioned otherwise, all experiments were performed in
triplicate. Student’s t tests (unpaired, two-tailed) were used to compare
the mean values of sterol levels in azole-treated parasites to that of
vehicle control. One-way analysis of variance (ANOVA) followed by
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Tukey’s test was used to evaluate sterol level differences between PSZ-
treated, FLU-treated, and vehicle control parasites, where P < 0.05
was considered statistically significant. All data analyses were per-
formed using GraphPad Prism (v. 9.3.1, San Diego, CA).

3. Results

3.1. MS/MS fragmentation of sterol standards and LC-MS/MS method
development for sterol analysis

APCI (i.e., ESCI) was employed in this study to ionize sterols in the
MS ion source, as sterol lipids are very hydrophobic and devoid of
nitrogen-containing moieties. APCI was also the method of choice for
LC/MS analysis of lanosterol and cholesterol oxides (Trosken et al.,
2004). As expected, dehydrated molecular ions ([M-+H-18]") were the
predominant ions detected during MS full scan analysis before MS/MS
fragmentation (data not shown) (Rossmann et al., 2007; Razzazi-Fazeli
et al., 2000; Trosken et al., 2006). Upon collision-induced dissociation
(CID), dehydrated molecular ions underwent extensive fragmentation as
shown by the product ion scan spectra of sterol standards (Fig. S1).
Major MS/MS fragments that were used for MRM method development
in Table 1 are shown in Fig. 1 with proposed fragmentation pathways.
The ion at 69.1 m/z was a common fragment that could be formed from
the primary cleavage of the C22-C23 bond in the side chain of A%
sterols (double bond at C24-C25 position). In addition, many fragment
ions were observed following secondary/tertiary fragmentation of the
primary fragment ions that were formed after fragmentation at the
C17-C20 bond. For example, the lanosterol primary fragment ion at
298.3 m/z further fragmented across the C-ring to produce fragment
ions at 95.1, 109.1 and 123.1 m/z (Fig. 1). As a result, the 409.4 m/z
precursor ion and 109.1 m/z product ion pair was chosen as the MRM
transition for LC-MS/MS detection and quantification of lanosterol
(Table 1). The lanosterol primary fragment ion at 298.3 m/z was
observed at 297.4 and 299.5 m/z (Fig. S1A), presumably due to desa-
turation of the radical cation (298.3 m/z) in the MS collision cell to
produce the 297.4 m/z ion and subsequent saturation of this ion to
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Fig. 1. Major MS/MS fragments of lanosterol, T-MAS, zymosterol and ergosterol and proposed CID fragmentation pathways.

produce the 299.5 m/z ion. In comparison to lanosterol, T-MAS (a oxides (Razzazi-Fazeli et al., 2000). Another study employed a reversed
14-desmethylated sterol) produced a different set of fragment ions phase C8 column (e.g., Symmetry Shield C8) to separate lanosterol and
(81.1, 95.1 and 109.1 m/z) upon fragmentation across the C-ring with a FF-MAS (Trosken et al., 2004). In our study, reversed phase Zorbax
mass shift of 14 Da due to the removal of the C30 methyl at the C14 Bonus-RP columns provided good separation and efficient elution of
position (Fig. 1). This pattern of 14 Da mass shift could be observed for sterol standards, resulting in optimal peak shape and very little peak
other sterols and resulted in product ions with degenerate masses tailing (Fig. 2A). The unique characteristics of Zorbax Bonus-RP sta-
(Fig. S1). This has made it difficult to use distinctive fragment ions for tionary phase chemistry may have contributed to the desirable results.
specific MS/MS detection of sterols. As a result, product ions for MRM For example, the embedded polar amide group is designed to reduce
method development were chosen for their intensity rather than speci- unwanted silanol interactions and enable earlier elution of highly hy-
ficity for each individual sterol and a good LC separation was hence drophobic molecules at a lower concentration of organic mobile phase
required for specific detection of sterols having the same molecular than what’s required for a traditional long-chain alkyl stationary phase
weight. (e.g., C18 or C8). When Aquasil C18 or Symmetry Shield C8 columns

To achieve a good LC separation of sterols, it was reported that a were used, elution was achieved using isocratic 60/40 acetoni-
relatively hydrophilic reversed phase column (e.g., Aquasil C18) pro- trile/methanol or 98% methanol for cholesterol oxides and
vided more retention and selectivity for the separation of cholesterol lanosterol/FF-MAS, respectively (Trosken et al., 2004; Razzazi-Fazeli
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Fig. 2. Representative LC-MS/MS chromatograms of sterol standards (A) and extracted sterols from Leishmania donovani LV82 promastigote parasites
treated with the vehicle (B), posaconazole (C), or fluconazole (D). Corresponding MRM transitions and retention times can be found in Table 1. LV82 pro-
mastigotes were treated with 0.4% DMSO vehicle, 20 uM PSZ, or 50 pM FLU. Arrows indicate the LC retention time of corresponding sterol standards.
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et al., 2000). In contrast, gradient elution of seven sterol standards was
achieved between 80 and 90% methanol over 12 min using a Zorbax
Bonus-RP column (Fig. 2A). Importantly, sterol LC retention time was
stable through multiple LC injections. For example, the IS (cholester-
0l-d7) retention time averaged (+ standard deviation) 12.72 + 0.08 min
(0.6% CV) and 12.44 4 0.03 min (0.3% CV) for the twelve consecutive
injections in Fig. 3 and another twelve consecutive injections in Fig. 4,
respectively. Overall, our new method requires only 20 min of LC
analysis time (including gradient separation and column
re-equilibration) for each sample injection.

More importantly, the combination of distinct precursor ion masses
and different LC retention times allowed for specific detection of each
sterol standard using the newly developed LC-MS/MS method (Table 1).
In addition, it was observed that reversed phase LC retention times
reflect structural differences of the sterols. Sterols with additional
methyl/methylene groups and/or saturated carbon-carbon bonds eluted
later than those without. For example, lanosterol (13.5 min) has one
additional methyl group at the C-14 position than T-MAS (13.2 min) and
T-MAS has one additional saturated C14-C15 bond than FF-MAS (11.9
min). Similarly, episterol (11.8 min) and ergosterol (11.6 min) have one
additional methylene group at the C-24 position than zymosterol (10.7
min) and 7-dehydrodesmosterol (10.0 min), respectively; and cholesta-
7,24-dienol (10.9 min) has one addition saturated C5-C6 bond
compared to 7-dehydrodesmosterol (10.0 min). This relationship be-
tween LC retention time and sterol structure was used to postulate
structures of additional sterols present in the Leishmania parasites when
authentic standards were not available, e.g., 4,14-dimethylzymosterol,
14-methylzymosterol, 14-methylfecosterol, 4-methylzymosterol, fecos-
terol, 5-dehydroepistrerol, ergosta-5,7-dienol and ergostatetraenol
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(Table 1 and Scheme 1). Because episterol, fecosterol and 4-methylzy-
mosterol have the same molecular weight and precursor ion mass (m/
z 381.4) and they eluted very closely to each other (11.8,11.6 and 11.8
min), our LC-MS/MS method was not able to resolve these sterols;
therefore the episterol quantification reported herein comprises all three
sterols. Similarly, zymosterol (10.7 min) and cholesta-7,24-dienol (10.9
min) could not be fully resolved chromatographically, but separate
peaks could be integrated on the partially separated sterols for their
quantification.

3.2. Comparison of sterol profiles between L. donovani, L. major, and
L. tarentolae promastigotes

Free sterols (unesterified) have been shown to reflect the effect of
antifungal azoles on Leishmania (Beach et al., 1988) and the impact of
genetic deletion of sterol biosynthetic enzymes in Leishmania (Xu et al.,
2014). As such, profiles of free sterols of L. donovani (strains LV82 and
Ld1s), L. major (strain LV39), and L. tarentolae (strain UC) were deter-
mined using the new LC-MS/MS method. The IS-normalized LC-MS/MS
peak areas of thirteen sterols from these Leishmania promastigotes
cultured in vitro are shown in Fig. 3. Many intermediate sterols between
lanosterol and ergosterol from the canonical linear sterol biosynthetic
pathway (Scheme 1) could be identified in all three Leishmania species.
These included lanosterol, 14-methylzymosterol, zymosterol,
episterol/fecosterol/4-methylzymosterol, 5-dehydroepisterol, ergo-
stateraenol, and ergosterol. Unexpectedly, FF-MAS was not detected in
any of the Leishmania promastigotes and a low level of T-MAS was
detected in the promastigotes of two L. donovani strains. Furthermore,
several intermediate sterols belonging to the proposed branched sterol

Fig. 3. Comparison of sterol profiles for Leishmania promastigotes of different species. Relative quantification of each sterol among different species was
achieved by extracting free sterols from 108 parasites and normalizing LC-MS/MS signals by internal standard spiked into each sample. Bars and error bars represent

the mean and standard deviation of triplicate determinations.
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Fig. 4. Differential effects of posaconazole (squares) and fluconazole (triangles) on the sterol profiles of L. donovani (A) and L. tarentolae (B) promasti-
gotes. Fold change vs. vehicle control was calculated by taking the ratio of IS-normalized LC-MS/MS signals of each sterol between antifungal azole-treated and
vehicle-treated promastigotes. Bars and error bars represent the mean and standard error of three independent measurements. The lines connecting the symbols are

to distinguish different treatments and the order of sterols on the x-axis is arranged to follow the conversion of 4- and/or 14-methylated sterols to 4,14-demethylated
sterols, then to 5-dehydro sterols from left to right as shown in the Scheme 1.
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Scheme 1. Proposed branched ergosterol biosynthesis pathway in Leishmania. A similar pathway was proposed previously by Goad et al. (Goad and
Holz, 1985).

biosynthetic pathway (Scheme 1) were detected in the three Leishmania
species. These included 4,14-dimethylzymosterol, 14-methyl-
zymosterol, cholesta-7,24-dienol, and 7-dehydrodesmosterol, although
4,14-dimethylzymosterol was below the limit of detection in one (Ld1s)

of the two L. donovani strains.
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3.3. Differential effects of posaconazole and fluconazole on the sterol
profile of Leishmania promastigotes

Consistent with previous studies examining the effects of PSZ and
FLU on Leishmania (de Macedo-Silva et al., 2013; Pandharkar et al.,
2014; Buckner and Wilson, 2005), PSZ inhibited L. donovani promasti-
gote growth at micromolar concentrations over a period of 72 h, while
FLU exhibited a much weaker effect on L. donovani proliferation
(Fig. S2). Similarly, PSZ was a much stronger inhibitor of L. tarentolae
promastigote growth than FLU over a range of concentrations (Fig. S3).
Sterol profiles of L. donovani and L. tarentolae promastigotes incubated
with or without these antifungal azoles are shown in Fig. 4 and Table 1.
As expected, antifungal azole treatments reduced the level of many in-
termediate sterols in the promastigotes relative to the vehicle-treated
promastigotes. These included 5-dehydro sterols (ergosterol, ergostate-
traenol, 5-dehydroepisterol, ergosta-5,7-dienol, and 7-dehydrodesmos-
terol) and 4,14-demethylated sterols (zymosterol, fecosterol, episterol,
and cholesta-7,24-dienol). In addition, low levels of FF-MAS and T-MAS
were detected in the untreated L. donovani LV82 promastigotes and were
further reduced upon antifungal azole treatments, likely due to inhibi-
tion of the leishmanial CYP51 by antifungal azoles, leading to the
decreased production of these 14-demethylated metabolites of lano-
sterol (Scheme 1). Neither FF-MAS nor T-MAS was detectable in the
L. tarentolae promastigotes before or after antifungal azole treatments. It
should also be noted that there was not a significant change in the
cholesterol level after antifungal azole treatment (Fig. 4). This is
consistent with the result reported by Xu et al. where the CYP51 gene
was deleted from L. major, (Xu et al., 2014) although an earlier report by
Beach et al. showed a greater change in the cholesterol level after
antifungal azole treatment (Beach et al., 1988).

Interestingly, several intermediate sterols from the proposed
branched sterol biosynthetic pathway (Scheme 1) saw substantial
accumulation upon antifungal azole treatments and the pattern of
accumulation showed a clear difference between the PSZ and FLU
treatments. For example, in the L. donovani promastigotes, lanosterol, a
known substrate of CYP51, accumulated when treated with PSZ (21-
fold), but not FLU (1-fold) (Table 1). 4,14-Dimethylzymosterol accu-
mulated by 40-fold and, to a lesser degree, 7-fold when treated with PSZ
and FLU, respectively. In contrast, 14-methylfecosterol increased by
about 90-fold when treated with FLU, whereas no accumulation was
observed when treated with PSZ (Table 1). In the L. tarentolae promas-
tigotes, lanosterol accumulated by 11-fold and, to a much less degree, 2-
fold when treated with PSZ and FLU, respectively (Table 1). 4,14-Dime-
thylzymosterol accumulated by 16-fold and 8.7-fold when treated with
PSZ and FLU, respectively. Instead of 14-methylfecosterol, 14-methyl-
zymosterol (a 24-C desmethylated analog of 14-methylfecosterol;
Scheme 1) showed the greatest accumulation by 56-fold and 189-fold
when treated with PSZ and FLU, respectively. Taken together, pos-
aconazole and fluconazole exerted different effects on sterol profiles of
Leishmania promastigote parasites and a proposed novel intermediate
sterol, 4,14-dimethylzymosterol, was highly accumulated in antifungal
azole-treated parasites.

3.4. Purification and structural determination of an unknown
intermediate sterol 4,14-dimethylzymosterol that is key to the proposed
branched ergosterol biosynthesis pathway in Leishmania

Due to the similar sterol profiles and effects of antifungal azole
treatments as shown above and the ease of culturing non-pathogenic
organisms at high cell densities, L. tarentolae promastigotes were
selected as a surrogate system to L. donovani to biosynthesize the key
intermediate sterol, 4,14-dimethylzymosterol, for HPLC purification
and structural elucidation using NMR. Two liters of L. tarentolae culture
with a final concentration of 5 uM PSZ yielded 6.3 x 10! parasites after
24 h incubation. After sterol extraction and purification by preparative
chromatography, approximately 4.3 mg of the target sterol with greater
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than 99% purity was obtained. The predicted exact mass of 4,14-dime-
thylzymosterol was 412.37 Da and it was expected to produce a dehy-
drated ([M+H-18]") precursor ion mass of 395.37 m/z, which was
confirmed by the high resolution TOF mass spectrometry (Fig. 5A).
The 1D and 2D NMR spectra of a lanosterol standard and the un-
known sterol were obtained and shown in Fig. 5B to I and Figs. S4-S6.
The data analysis focused on the chemical shifts of the methyl groups in
lanosterol and in the unknown, as well as their 2D correlations with
neighboring proton and carbon atoms. The absolute structure of the
unknown target sterol was resolved as 4a,14a-dimethylzymosterol,
which lacks “methyl 29” with respect to lanosterol. The 1D 'H and '3C
NMR spectra of the compound were consistent with data presented
earlier for 4,14-dimethylzymosterol (4a,14a-dimethylcholesta-8,24-
dien-3p-ol) (Goad and Holz, 1985). Key observations included: (i) 7
methyl groups in the unknown, whereas 8 methyl groups were present in
lanosterol (Fig. 5B and C); (ii) 3 quaternary carbon atoms in the un-
known (Fig. 5E), whereas 4 quaternary carbon atoms were present in
lanosterol (Fig. 5D); (iii) C28 protons present as a doublet in the un-
known, whereas C28 and C29 protons occurred as singlets in lanosterol
(Fig. 5B); (iv) HMBC correlations of C28 protons with neighboring
carbon atoms C3, C4, and C5, similar to the correlations of C19 protons
with neighboring carbon atoms C5 and C10 (indicated by blue arrows in
Fig. 5G); (v) NOESY correlations between H3/H5 and H3/H28 (Fig. 5I).

4. Discussion

Although the intermediate sterol 4a,14a-dimethylzymosterol has
been isolated from ketoconazole-treated L. mexicana promastigotes and
identified by GC-MS using relative retention times and MS fragments
and by 'H NMR and '3C NMR in 1980s (Goad and Holz, 1985; Berman
et al., 1984), the stereochemistry of the C4 and C14 methyl groups was
only tentatively assigned. In the present study, we were able to elucidate
the stereochemistry of 4a,14a-dimethylzymosterol at C4 using 2D NMR.
Instead of purifying this sterol from L. donovani or L. mexicana,
L. tarentolae was cultured for sterol purification for the following three
reasons. First, a higher cell density (>2.6 x 108 cells/mL) can be ach-
ieved in L. tarentolae culture using a relatively inexpensive medium
(Fritsche et al., 2007). Second, L. tarentolae was easier to handle in larger
scale culture since it’s non-pathogenic to humans. Third, L. tarentolae
shares >90% of its genes with other pathogenic Leishmania species,
including L. donovani and L. mexicana (Raymond et al., 2012), and
similar changes in sterol profiles were observed after antifungal azole
treatment as shown in this study.

The newly developed LC-MS/MS sterol analysis method will allow a
more comprehensive analysis of the key intermediates involved in the
sterol biosynthesis pathway in Leishmania and enable analysis of the
sterol profiles of drug-resistant lines, such as amphotericin B resistant
Leishmania parasites with altered sterol biosynthesis, (Pountain et al.,
2019) facilitating discovery of potential surrogate markers for drug
susceptibility. However, the method presents two limitations. First,
episterol (Cag A7’24(28)), fecosterol (Cag A8’24(28)), and 4-methylzymos-
terol (Cog A%2*) are indistinguishable by the LC-MRM detection due
to having the same molecular weight and similar chemical structure.
Second, zymosterol (Cyy A824) and cholesta-7,24-dienol (Cay A724)
could not be consistently distinguished because they are isomers, and
their mass spectra are practically identical. Further optimization of the
LC method, such as employing multiple solvent gradient (e.g., meth-
anol/water vs. methanol/acetone/n-hexane), may be sufficient to
separate isomers differing only in the double bond position (Nagy et al.,
2006). Due to lack of synthetic standard, the identification of 14-meth-
ylfecosterol and 4,14-dimethylzymosterol (which are isomers of
Cao-sterol T-MAS), 14-methylzymosterol and ergosta-5,7-dienol (which
are isomers of Cog-sterol episterol), and 5-dehydrosterolepisterol (which
is an isomer of Cag-triene sterol ergosterol) was challenging. However,
using the structural differences of the sterols (e.g., additional methyl/-
methylene groups and/or saturated carbon-carbon bonds), sterols with
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Fig. 5. Structural determination of the purified intermediate sterol 4,14-dimethylzymosterol. (A) The exact mass of the dehydrated precursor ion was
determined by high resolution TOF mass spectrometry. (B-G) The 1D and 2D NMR spectra of lanosterol (reference) and the purified intermediate sterol. 'H spectra
(B), DEPT (C-E), HMBC (F, G), and NOESY (H, I). 4,14-Dimethylzymosterol is referred to as “unknown” in the figures.

identical masses were identified based on their LC elution order
(Table 1) (Armitage et al., 2018).

Previous studies suggested the post-squalene sterol biosynthesis
pathway in Leishmania species might bifurcate into more than one
branch (Beach et al., 1988; Goad and Holz, 1985; Hargrove et al., 2011).
The presence of a trace amount of 4,14-dimethylzymosterol indicates
that C4-demethylation occurs early in the pathway (Fig. 3 and Scheme
1). Eburicol, obtusifoliol, and 4,4-dimethylfecosterol were not detected
in any WT strains examined or antifungal azole-treated promastigotes,
indicating that the C24-methylation reactions happen only after
C4-demethylation of lanosterol. The detection of episterol and fecosterol
suggested the zymosterol C24-methylation happened before
C8-isomerization in the pathway (Fig. 3 and Scheme 1). 5-Dehydroepis-
terol can be formed from addition of a A® double bond to episterol,
catalyzed by AS-desaturase. It appears that the C24-methylation can also
happen after C8-isomerization and A®-desaturation of zymosterol,
resulting in the formation of cholesta-7,24-dienol,
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7-dehydrodesmosterol, and 5-dehydroepisterol. The presence of
ergosta-5,7-dienol and ergostatetraenol suggests that the reaction se-
quences of A%*®®)._reduction and A??-desaturation may vary in their
order to form ergosterol. Taken together, our own and previously re-
ported observations support the proposed branched ergosterol biosyn-
thetic pathway as shown in Scheme 1. It should also be noted that there
are other un-identified peaks in the LC-MRM chromatograms of sterol
extracts of untreated L. donovani promastigotes (Fig. 2B) and
azole-treated promastigotes (Fig. 2C and D). This suggests that the
ergosterol biosynthetic pathway in Leishmania could be more complex
than what is proposed in Scheme 1, which requires further investigation
in the future.

5-Dehydroepisterol has been reported as the most abundant sterol in
several Leishmania promastigote strains (Goad and Holz, 1984; Gome-
z-Eichelmann et al., 1988; Haughan et al., 1993). For L. major LRC-L38
strain, episterol was identified as the major sterol, which accounted for
42% of the total sterol (Goad and Holz, 1984). In LV39 strain, it’s been
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observed that ergosterol was the major sterol although significant
amounts of 5-dehydroepisterol were also detected (Mukherjee et al.,
2019). In our present investigation of the LV39 strain, both 5-dehydroe-
pisterol and ergosterol were readily detected (Fig. 3), although relative
concentrations could not be ascertained due to the lack of an authentic
standard of 5-dehydroepisterol. Compared to LV39, Ldls, and LV82,
L. tarentolae UC strain produced the highest level of ergostatetraenol and
the lowest level of ergosterol (Fig. 3), suggesting ergostatetraenol as the
major final sterol for the L. tarentolae UC strain and that there may be
more limited AZ*®®)_reductase activity in the L. tarentolae UC promas-
tigotes (Scheme 1).

Antifungal azoles have differential effects on both leishmanial
growth and sterol profiles. Consistent with previous studies with
L. donovani axenic amastigotes (Pandharkar et al., 2014) and with
L. amazonensis and L. major intracellular amastigotes (Buckner and
Wilson, 2005), PSZ displayed a much more dramatic effect on
L. donovani and L. tarentolae promastigote growth than FLU (Figs. S3 and
S4). When the L. donovani promastigote growth inhibition measured by
the MTS/PMS assay and by microscopic enumeration (at 5, 10 and 20
pM for PSZ and 12.5, 25 and 50 pM for FLU) were compared, similar
trends were observed for PSZ and FLU (data not shown). In addition, the
lack of inhibitory activity by FLU was also previously reported for
several species of Leishmania parasites by microscopic enumeration (ICsq
values greater than 50 pg/mL) (Kulkarni et al., 2013). These observa-
tions indicate a good agreement between tetrazolium-based prolifera-
tion assays and direct cell counting for these antifungal azoles, although
the risk of test compounds affecting mitochondrial membrane potential
and/or metabolism and, consequently, tetrazolium-based proliferation
assays should always be assessed for new compounds. To further reveal
the differential effects of PSZ and FLU against L. donovani, we compared
the sterol profiles of PSZ- and FLU-treated promastigotes to the
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vehicle-treated control promastigotes. In PSZ-treated LV82, there was a
substantial accumulation of lanosterol and 4a,14a-dimethylzymosterol,
in contrast to little to moderate accumulation in FLU-treated LV82
(Table 1). In FLU-treated LV82, significant accumulation of
C4-desmethyl sterols (14-methylfecosterol and 14-methylzymosterol)
and 4o0,140-dimethylzymosterol was observed, in contrast to little
accumulation of the C4-desmethyl sterols in PSZ-treated LV82 (Table 1).
It appears that PSZ (at 20 pM) inhibited ergosterol biosynthesis at earlier
steps: complete inhibition of the lanosterol C14-demethylation reaction
and partial inhibition of the lanosterol C4-demethylation reaction,
leading to the formation and accumulation of 4a,14a-dimethylzymos-
terol upon inhibition of subsequent C4 and C14-demethylation reactions
(likely by PSZ; Scheme 1 and Table 1). In L. tarentolae promastigotes
treated with PSZ (at 5 pM), a higher concentration of PSZ was likely
needed for more effective inhibition of the 4-demethylation steps,
providing a possible explanation for the accumulation of 14-methylzy-
mosterol (Scheme 1 and Table 1). In comparison to PSZ, FLU (at 50 or
100 pM) disrupted ergosterol biosynthesis at different steps, i.e., only
Cl14-demethylation reactions were inhibited whereas C4-demethylation
reactions were not affected (Scheme 1 and Table 1). This selective in-
hibition of C14-demethylation reactions by FLU allowed the conversion
of lanosterol to 4,14-dimethylzymosterol by C4-demethylation, result-
ing in the lack of lanosterol accumulation in FLU-treated L. donovani
(Table 1). Once again, these observations support the proposed
branched ergosterol biosynthetic pathway as shown in Scheme 1.
Considering the branched pathway and the greatly reduced anti-
leishmanial potency of fluconazole (likely a selective sterol 14-demethy-
lase [CYP51] inhibitor) relative to posaconazole (likely a dual inhibitor
of sterol 4-demethylase and 14-demethylase), we believe that selective
inhibition of leishmanial CYP51 is insufficient to effectively prevent
parasite growth, and dual inhibitors of both CYP51 and sterol 4-
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demethylase may be required. 14-Methylfecosterol and 14-methylzy-
mosterol (both are C4-desmethylsterols) appear to be less toxic sterol
intermediates compared to methylated sterols like lanosterol, as it was
reported that C4-desmethylsterols were able to provide a functional
sterol for cell growth by compensating the depletion of ergosterol and/
or by stabilizing the membrane against the disruptive effects of lano-
sterol (Xu et al., 2014; Watson et al., 1989). This may explain why flu-
conazole was much less toxic to Leishmania parasites despite the
apparent depletion of ergosterol and ergosterol-like sterols, because it
failed to accumulate lanosterol (Table 1). In contrast, posaconazole was
able to accumulate lanosterol by inhibiting both 4- and 14-demethyla-
tion reactions (Scheme 1). As such, dual inhibitors of both
C14-demethylation and C4-demethylation should be more promising
antileishmanial drug candidates than selective CYP51 inhibitors. Work
is in progress to identify and characterize the novel enzyme responsible
for catalyzing the lanosterol C4-demethylation to form the key inter-
mediate sterol 4,14-dimethylzymosterol.

In summary, a key intermediate sterol 4a,14a-dimethylzymosterol
was purified and its structural stereochemistry was assigned through 1D
and 2D NMR. Our sterol profile analysis using antifungal azoles as
chemical probes supported the proposed branched ergosterol biosyn-
thesis pathway in Leishmania donovani. Our study and previous reports
suggest that selective inhibition of leishmanial CYP51 is insufficient to
effectively prevent parasite growth and dual inhibitors of both CYP51
and sterol C4-demethylase may be required.
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