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Abstract 1 

Visceral leishmaniasis, caused by Leishmania donovani, is a life-threatening parasitic disease, but 2 

current antileishmanial drugs are limited and have severe drawbacks. There have been efforts to 3 

repurpose antifungal azole drugs for the treatment of Leishmania infection. Antifungal azoles are 4 

known to potently inhibit the activity of cytochrome P450 (CYP) 51 enzymes which are 5 

responsible for removing the C14α-methyl group of lanosterol, a key step in ergosterol 6 

biosynthesis in Leishmania. However, they exhibit varying degrees of antileishmanial activities in 7 

culture, suggesting the existence of unrecognized molecular targets for these compounds. Our 8 

previous study reveals that, in Leishmania, lanosterol undergoes parallel C4- and C14-9 

demethylation reactions to form 4α,14α-dimethylzymosterol and T-MAS, respectively. In the 10 

current study, CYP5122A1 is identified as a sterol C4-methyl oxidase that catalyzes the sequential 11 

oxidation of lanosterol to form C4-oxidation metabolites. CYP5122A1 is essential for both L. 12 

donovani promastigotes in culture and intracellular amastigotes in infected mice. Overexpression 13 

of CYP5122A1 results in growth delay, differentiation defects, increased tolerance to stress, and 14 

altered expression of lipophosphoglycan and proteophosphoglycan. CYP5122A1 also helps to 15 

determine the antileishmanial effect of antifungal azoles in vitro. Dual inhibitors of CYP51 and 16 

CYP5122A1, e.g., clotrimazole and posaconazole, possess superior antileishmanial activity 17 

against L. donovani promastigotes whereas CYP51-selective inhibitors, e.g., fluconazole and 18 

voriconazole, have little effect on promastigote growth. Our findings uncover the critical 19 

biochemical and biological role of CYP5122A1 in L. donovani and provide an important 20 

foundation for developing new antileishmanial drugs by targeting both CYP enzymes. 21 

22 
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Introduction 1 

Human leishmaniasis is a complex of diseases caused by protozoan parasites of the genus 2 

Leishmania. The Leishmania parasites exist in the form of replicative promastigotes in the midgut 3 

of female sand flies. During a sand fly’s blood meal, the infective metacyclic promastigotes are 4 

injected into the host and then taken up by macrophages, where they transform into intracellular 5 

amastigotes that can survive, persist, and disseminate within the host [1-3]. The main clinical 6 

manifestations include cutaneous, mucocutaneous, and visceral leishmaniasis. Among them, 7 

visceral leishmaniasis (VL) is the most severe, affecting liver, spleen, and bone marrow, and is 8 

fatal in over 95% of cases if left untreated [4]. There are an estimated 50000 to 90000 new VL 9 

cases per year globally [4]. VL is caused by Leishmania donovani in East Africa and on the Indian 10 

subcontinent and by Leishmania infantum in Europe, North Africa, and Latin America [5].  11 

 12 

To date, there is no human vaccine for VL [6]. Chemotherapeutic drugs are limited and have 13 

drawbacks such as toxicity, long treatment regimens, emerging resistance, and/or high cost [7]. 14 

Therefore, there is still an unmet medical need for safe and effective antileishmanial drugs. The 15 

sterol biosynthesis pathway in Leishmania has been reported as a potential antileishmanial drug 16 

target [8, 9]. Sterols (e.g., cholesterol and ergosterol) are integral components of biological 17 

membranes for regulating membrane fluidity and permeability. In addition, studies have shown 18 

that the perturbation of the sterol composition in Leishmania spp. led to mitochondrion dysfunction, 19 

superoxide accumulation, hypersensitivity to heat, and/or attenuated virulence in mice [10-12]. 20 

Unlike mammalian cells that synthesize cholesterol, Leishmania parasites synthesize ergosterol 21 

and other ergostane-based sterols. Ergosterol biosynthesis begins with the removal of methyl 22 

groups at lanosterol C4 and C14 positions (Scheme 1). The C14-demethylation of the sterol 23 



 5 

precursor lanosterol is mediated by the sterol C14α-demethylase (CYP51). Leishmanial CYP51 1 

can be inhibited by antifungal azole drugs, a class of fungal CYP51 inhibitors, which results in the 2 

accumulation of C14-methylated sterol intermediates and the depletion of ergostane-based sterols 3 

[13]. However, antifungal azoles exhibited significantly different antileishmanial activities in vitro. 4 

For example, ketoconazole or itraconazole at 1 µg/mL inhibited the growth of multiple strains of 5 

L. donovani and L. infantum promastigotes (<20% growth compared with control) whereas 6 

fluconazole did not (>80% growth) [13]. Fenticonazole and tioconazole were able to eliminate the 7 

intracellular amastigotes of L. infantum with EC50 values of 2.9 ± 0.3 µM and 4.0 ± 0.2 µM but 8 

voriconazole failed [14]. Miconazole and clotrimazole were submicromolar inhibitors of 9 

intracellular L. major and L. amazonensis, while fluconazole and voriconazole were ineffective 10 

against these intracellular parasites (<50% inhibition) at 10 µM concentrations [15]. These results 11 

suggest that there may be other molecular targets in play that determine the antileishmanial activity 12 

of antifungal azoles. Our previous study examined differential sterol profiles of azole-treated L. 13 

donovani promastigotes and proposed a branched ergosterol biosynthetic pathway in Leishmania 14 

[16]. Specifically, the C14- and C4-demethylation reactions of lanosterol occur in parallel rather 15 

than sequentially as in fungi and the inhibition of both reactions may be required for optimal 16 

antileishmanial effect. As such, identification and characterization of the enzyme(s) responsible 17 

for lanosterol C4-demethylation is of paramount importance to understand sterol biology in 18 

Leishmania and lay a foundation to discover effective antileishmanial treatments that target the 19 

sterol biosynthetic pathway.  20 

 21 

In most eukaryotes, the O2-dependent sterol C4 demethylation is catalyzed by three enzymes: a 22 

C4 sterol methyl oxidase that sequentially generates hydroxy, aldehyde and carboxylate 23 
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intermediates, a C4 decarboxylase, and a 3-ketosterol reductase (ERG27) [17-19]. In yeast and 1 

vertebrates, the same C4 sterol methyl oxidase (ERG25) works on both C4 methyl groups, whereas 2 

plants have two distinct ERG25 homologs that oxidize 4,4-dimethylsterols and 4α-methylsterols, 3 

respectively [20]. To date, information regarding the identity and therapeutic implications of sterol 4 

C4-demethylase in Leishmania remains scarce, which is in sharp contrast to CYP51 which has 5 

been investigated biochemically, genetically and pharmacologically in Leishmania and related 6 

trypanosomatids [21-24]. 7 

 8 

CYP5122A1 is a recently identified cytochrome P450 (CYP) enzyme which is well conserved 9 

among trypanosomatids [25] (Supplementary Fig. 1). Its amino acid sequence is only 22% 10 

identical to the CYP51 sequence and hence they belong to different CYP families, i.e., family 5122 11 

and 51, respectively. It was reported that a heterozygous deletion of the CYP5122A1 gene impairs 12 

parasite growth, mitochondrial function, and infectivity, although a CYP5122A1 null mutant was 13 

untenable [25]. In addition, it was suggested that CYP5122A1 could be involved in ergosterol 14 

biosynthesis in Leishmania as the ergosterol content was reduced by 70% in the heterozygous 15 

knockout parasites and partially restored by complementation of CYP5122A1 through episomal 16 

expression [25]. Moreover, CYP5122A1 heterozygous knockout parasites were significantly more 17 

sensitive to ketoconazole than the wild-type L. donovani promastigotes, although the underlying 18 

mechanism remains unknown [26]. It is also not clear if CYP5122A1 catalyzes the C4-19 

demethylation reaction as CYP51 does for the C14-demethylation. 20 

 21 

In this study, an N-terminal truncated construct of L. donovani CYP5122A1 was cloned, 22 

heterologously expressed, purified, and spectrally characterized. By reconstituting the catalytic 23 



 7 

activity of CYP5122A1 in vitro, its biochemical function in ergosterol biosynthesis was elucidated. 1 

Additionally, the essentiality of CYP5122A1 was evaluated for both L. donovani promastigotes 2 

and amastigotes using a complementing episome-assisted knockout approach coupled with 3 

negative selection. The effects of CYP5122A1 on cell growth, differentiation, stress responses, 4 

and expression of surface glycoconjugates were also assessed. Lastly, the association between 5 

CYP5122A1 inhibition and antileishmanial activities of antifungal azoles was determined. These 6 

results support that CYP5122A1 acts as the bona fide sterol C4-methyl oxidase, is essential to L. 7 

donovani, and determines the antileishmanial activity of antifungal azoles.  8 

 9 

  10 
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Materials and Methods 1 

Chemicals and Reagents 2 

Lanosterol (>=93% pure) and reduced nicotinamide adenine dinucleotide phosphate (NADPH) 3 

were obtained from Sigma-Aldrich (St. Louis, MO). 5α-Cholesta-8,24-dien-3β-ol (zymosterol), 4 

14-demethyl-14-dehydrolanosterol (FF-MAS), 4,4-dimethylcholesta-8,24-dien-3β-ol (T-MAS), 5 

and cholesterol-d7 were purchased from Avanti Polar Lipids Inc (Alabaster, AL). 4α,14α-6 

Dimethylzymosterol (4,14-DMZ) was isolated from the sterol extract of L. tarentolae [16]. 7 

Dilaurylphosphatidylcholine (DLPC), dimyristoylphosphatidylcholine (DMPC), and 8 

dimyristoylphosphatidylglycerol (DMPG) were a gift from Dr. Philip Gao at the Protein 9 

Production Group, University of Kansas. Emulgen 911 was purchased from Desert Biologicals 10 

(Phoenix, AZ). Reagents used in Leishmania work were purchased from Thermo Fisher Scientific 11 

(Waltham, MA) or VWR (Radnor, PA) unless otherwise specified. 12 

 13 

Cloning, expression, and purification  14 

The CYP5122A1 and CYP51 enzymes used in this study were the truncated forms of the full-15 

length proteins (XP_003861867.1 and XP_003859085.1) without the transmembrane domains (the 16 

first 60 and 31 amino acids for CYP5122A1 and CYP51 as shown in Supplementary Fig. 1). A 17 

solubility tag MAKKTSSKGKL [27] and a His-tag were added to the N- and C-terminus, 18 

respectively, to facilitate protein purification. Their gene sequences were incorporated into the 19 

pCWori vector (a gift from Dr. Emily Scott; University of Michigan) and confirmed by Sanger 20 

sequencing prior to expression. NEB® 5-alpha F'Iq competent E. coli (New England Biolabs) 21 

transformed with the plasmids were grown at 37 °C. When OD600 reached 0.6, isopropyl β-D-1-22 

thiogalactopyranoside (IPTG; 0.7 mM; Gold Biotechnology) and δ-aminolevulinic acid (1 mM; 23 



 9 

Acros Organics) were added and then the E. coli culture was incubated at 25 °C and 200 rpm for 1 

48 h. The cells were harvested by centrifugation at 6675 g for 30 min. Protein purification was 2 

performed as described previously [28]. The molecular weight and purity of the proteins were 3 

confirmed by SDS-PAGE. 4 

 5 

The sequence encoding the C-terminal His-tagged Trypanosoma brucei NADPH-cytochrome 6 

P450 reductase (TbCPR; XP_828912.1) was incorporated into the pCWori vector and confirmed 7 

by Sanger sequencing. The protein expression procedure was similar to the one for CYP enzymes 8 

and the only difference was that IPTG (0.7 mM) and riboflavin (4 µg/mL) were added when OD600 9 

was 0.6. The purification procedure was also modified from the one for CYP enzymes. TbCPR 10 

was purified by Ni-NTA chromatography followed by dialysis for 24 h in the buffer containing 11 

50 mM Tris (pH 7.6), 10% glycerol, 0.1 mM EDTA, and 1 mM DTT. The molecular weight and 12 

purity of TbCPR were confirmed by SDS-PAGE. 13 

 14 

Western blot analysis 15 

Polyclonal antisera of CYP5122A1 and CYP51 were raised against the purified recombinant 16 

proteins in rats (a gift from Dr. Jianming Qiu of the University of Kansas Medical Center). To 17 

determine the levels of CYP5122A1, CYP51, lipophosphoglycan (LPG), and 18 

proteophosphoglycan (PPG), promastigote lysates were boiled in SDS-containing sample buffer 19 

at 95-100 °C for 5 min and resolved by SDS-PAGE. After transfer to a PVDF membrane, blots 20 

were probed with rat anti-CYP5122A1 (1:500), rat anti-CYP51 (1:500), or monoclonal antibody 21 

CA7AE (1:1000, for LPG and PPG) [29] followed by HRP-conjugated anti-rat or anti-mouse 22 

secondary antibodies. Antibody to alpha-tubulin (Thermo Fisher Scientific) was used as the 23 
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loading control. Similar experiments were performed to determine the LPG and PPG levels in the 1 

culture supernatant of stationary phase promastigotes. 2 

 3 

UV-Vis spectroscopy 4 

The ferric absolute spectra, carbon monoxide (CO) difference spectra, and substrate binding 5 

difference spectra for CYP51 and CYP5122A1 were recorded on a Cary 3500 UV/Vis 6 

spectrophotometer (Agilent) by following published protocols [30]. The active P450 content and 7 

the binding constant of sterol substrates were determined as described by Hargrove et al. [22]. 8 

 9 

Reconstitution of CYP51 and CYP5122A1 catalytic activity 10 

The standard reconstitution reaction (100 µL) contained 1 µM CYP enzyme, 5 µM TbCPR, 50 µM 11 

substrate, and 50 µg/mL phospholipids (DLPC:DMPC:DMPG = 5:4:1, w/w/w) in 100 mM 12 

phosphate buffer (pH 6.2) with 3.3 mM MgCl2. The reaction was initiated with the addition of 13 

1 mM NADPH and then incubated at 37 °C for up to 1 h. To obtain the metabolites of lanosterol 14 

in the CYP5122A1-catalyzed reaction for NMR analysis, the reaction mixture was slightly 15 

modified, which contained the 3 µM CYP enzyme, 12 µM TbCPR, 30 µM lanosterol, and 16 

50 µg/mL phospholipids in the same buffer (4 mL each reaction and a total of 385 mL). After 17 

adding 1 mM NADPH, the reaction was incubated at 37 °C for 2 h. The sterols in the reconstitution 18 

reactions were extracted and analyzed by liquid chromatography-tandem mass spectrometry (LC-19 

MS/MS) as previously described [16]. 20 

 21 

Sterol purification 22 



 11 

The crude sterol sample was dried under a vacuum using a rotary evaporator and redissolved in 1 

1:1 (v/v) DMSO: tetrahydrofuran. Sterol purification was performed using an Agilent 1260 Infinity 2 

II HPLC system with a G7157A Agilent prep autosampler, a G7161A Agilent binary pump, a 3 

G7115A Agilent diode array detector, and a G1364E Agilent fraction collector. The sterols were 4 

separated on a Waters XBridge BEH C18 OBD prep column (19 mm × 250 mm, 5 μm). LC mobile 5 

phases consisted of (A) water containing 0.05% (v/v) difluoroacetic acid and (B) acetonitrile 6 

containing 0.05% (v/v) difluoroacetic acid. A gradient elution was used for purification, which 7 

began from 75% to 100% B over 10 min and held at 100% B for 35 min with a flow rate of 20 mL/ 8 

min. The detection wavelength was set at 214 nm and 254 nm. 9 

 10 

NMR analysis 11 

All NMR spectra were acquired on an Avance AVIII 500 MHz spectrometer equipped with a 12 

multinuclear BBFO cryoprobe. Approximately 2 mg of the purified sterol metabolite was 13 

dissolved in 0.5 mL of deuterated chloroform (CDCl3). NMR experiments including 1H, 13C, 14 

DEPT, COSY, HSQC, and HMBC were recorded with extended runtimes. Chemical shifts are 15 

reported in ppm, and coupling constants are reported in Hz. The chemical shifts at 7.26 ppm and 16 

77.15 ppm for proton and carbon spectra respectively are from residual CHCl3 in CDCl3 and were 17 

used as internal references. 1H and 13C NMR assignments of lanosterol were used as a reference 18 

for the structural assignment of the proposed sterol metabolite. 19 

 20 

CYP inhibition assay  21 

The inhibition assays for CYP5122A1 and CYP51 were carried out as described previously for 22 

leishmanial CYP51 [28]. All tested compounds were dissolved in DMSO except miltefosine, 23 



 12 

pentamidine isethionate, paromomycin sulfate, and amphotericin B deoxycholate which were 1 

dissolved in water. Briefly, a CYP enzyme (50 nM) was incubated with the fluorogenic substrate 2 

7-benzyloxy-4-trifluoromethylcourmarin (BFC; 50 µM) and various concentrations of test 3 

compounds in 100 mM phosphate buffer (pH 7.4) and 3.3 mM MgCl2. Compound solvents 4 

(DMSO and water) were used as the negative control. The reaction was initiated with the addition 5 

of cumene hydroperoxide (100 µM), incubated at 37 °C, and monitored at an emission wavelength 6 

of 538 nm and an excitation wavelength of 410 nm on a Tecan Infinite® M200 Pro microplate 7 

reader. For test compounds, the percentage of inhibition at each concentration was calculated as 8 

(1 – RFUcompound/RFUcontrol) × 100, where RFU is the relative fluorescence unit. A plot of the 9 

percentage of inhibition versus the logarithm of the compound concentration was fit with the 10 

following two-parameter logistic equation to obtain the IC50 value (GraphPad Prism version 8.4.0): 11 

y = 
100

1 + (
x

IC50
)
Hill Slope

 12 

 13 

Leishmania donovani 1S2D culture and genetic manipulations of CYP5122A1 14 

Leishmania donovani strain 1S2D (MHOM/SD/62/1S-CL2D) clone LdBob promastigotes were 15 

cultivated at 27 °C in a complete M199 medium (M199 with 10% heat-inactivated fetal bovine 16 

serum and other supplements, pH 7.4) [31]. To monitor growth, culture densities were measured 17 

daily using a Beckman Z2 Cell Counter. Log phase promastigotes refer to replicative parasites at 18 

densities <1.0 × 107 cells/ml, and stationary phase promastigotes refer to non-replicative parasites 19 

at densities >2.0 × 107 cells/ml. 20 

 21 
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To delete chromosomal CYP5122A1 alleles, the upstream and downstream flanking sequences 1 

of CYP5122A1 (∼1 Kb each) were amplified by PCR and cloned in the pUC18 vector. Genes 2 

conferring resistance to blasticidin (BSD) and puromycin (PAC) were cloned between the upstream 3 

and downstream flanking sequences to generate pUC18-KO-CYP5122A1:BSD and pUC18-KO- 4 

CYP5122A1:PAC, respectively. To generate the CYP5122A1+/- heterozygotes 5 

(∆CYP5122A1::BSD/CYP5122A1), wild-type (WT) L. donovani promastigotes were transfected 6 

with linearized BSD knockout fragment (derived from pUC18-KO-CYP5122A1:BSD) by 7 

electroporation and transfectants showing resistance to blasticidin were selected and later 8 

confirmed to be CYP5122A1+/- by Southern blot as previously described [32]. To delete the 9 

second chromosomal allele of CYP5122A1, we used an episome-assisted approach as previously 10 

described for other genes [33]. First, the CYP5122A1 open reading frame (ORF) was cloned into 11 

the pXNG4 vector to generate pXNG4-22A1 and introduced into CYP5122A1+/- parasites. The 12 

resulting CYP5122A1+/- +pXNG4-22A1 cell lines were then transfected with 13 

linearized PAC knockout fragment (derived from pUC18-KO-CYP5122A1:PAC) and selected 14 

with 15 μg/ml of blasticidin, 15 μg/ml of puromycin and 150 μg/ml of nourseothricin. The 15 

resulting CYP5122A1 chromosomal null mutants with pXNG4-522A1 16 

(∆CYP5122A1::BSD/∆CYP5122A1::PAC + pXNG4-CYP5122A1 or Cyp5122A1¯+ pXNG4-22A1) 17 

were validated by Southern blot as previously described for other genes [32]. 18 

 19 

Determination of in vitro antileishmanial activities of antifungal azole compounds in 20 

CYP5122A1 mutants of L. donovani strain 1S2D 21 

Stock solutions for test compounds were prepared at 10 mM in DMSO. To measure the 22 

antileishmanial activity of these inhibitors, log phase promastigotes were inoculated in complete 23 



 14 

M199 media at 2.0 × 105 cells/ml in 24-well plates (1 ml/well). Inhibitors were added to various 1 

concentrations and control wells contained DMSO only (0.1-0.5%). Culture densities were 2 

determined after 48 h using a Beckman Z2 Cell Counter. 3 

 4 

Promastigote essentiality assay 5 

L. donovani WT, CYP5122A1+/- +pXNG4-22A1, and Cyp5122A1¯+ pXNG4-22A1 promastigotes 6 

were inoculated in complete M199 media at 1.0 × 105 cells/ml in the presence or absence of 50 7 

μg/ml of GCV (the negative selection agent) or 150 μg/ml of nourseothricin (the positive selection 8 

agent). Every three days, cells were reinoculated into fresh media with the same negative or 9 

positive selection agents, and percentages of GFP-high cells for each passage were determined by 10 

flow cytometry using an Attune NxT Acoustic Flow Cytometer. After 14 passages, individual 11 

GFP-high and GFP-low clones of Cyp5122A1¯+ pXNG4-22A1 were isolated by fluorescence-12 

activated cell sorting (FACS), followed by serial dilution in 96-well plates and expanded in the 13 

presence of GCV and absence of nourseothricin. via serial dilution in 96-well plates. The GFP 14 

levels of selected clones were determined by flow cytometry. 15 

 16 

Mouse infection 17 

Female BALB/c mice (7-8 weeks old) were purchased from Charles River Laboratories 18 

International (Wilmington, MA). All animal procedures were performed as per approved protocol 19 

by Animal Care and Use Committee at Texas Tech University (PHS Approved Animal Welfare 20 

Assurance No A3629-01). To determine whether CYP5122A1 is required during the intracellular 21 

amastigote stage, day 3 stationary phase promastigotes were injected into the peritoneal cavity of 22 

BALB/c mice (5.0 × 108 cells/mouse, 10 mice per group). For each group, starting from day one 23 



 15 

post infection, one-half of the mice received GCV at 7.5 mg/kg/day for 14 consecutive days (0.5 ml 1 

each, intraperitoneal injection), while the other half (control group) received an equivalent volume 2 

of sterile PBS. At 4- or 7-weeks post infection, mice were euthanized through a controlled flow of 3 

CO2 asphyxiation and infected spleens were isolated and homogenized. Parasite numbers in spleen 4 

homogenates were determined by limiting dilution assay [34] or qPCR as described below. 5 

 6 

Quantitative PCR (qPCR) 7 

To determine parasite loads in infected mice, genomic DNA was extracted from spleen 8 

homogenate and qPCR reactions were run in triplicates using primers targeting the 28S rRNA gene 9 

of L. donovani [32]. Cycle threshold (Ct) values were determined from melt curve analysis. A 10 

standard curve of Ct values was generated using serially diluted genomic DNA samples from L. 11 

donovani promastigotes (from 0.1 cell/reaction to 105 cells/reaction) and Ct values >30 were 12 

considered negative. Parasite numbers in spleen samples were calculated based on their Ct values 13 

using the standard curve. Control reactions included sterile water and DNA extracted from the 14 

uninfected mouse spleen. 15 

 16 

To determine pXNG4-22A1 plasmid levels in promastigotes and amastigotes, a similar standard 17 

curve was generated using serially diluting pXNG4-22A1 plasmid DNA (from 0.1 copy/reaction 18 

to 105 copies/reaction) and primers targeting the GFP region. qPCR was performed with the same 19 

set of primers on DNA samples from promastigotes or spleen and the average plasmid copy 20 

number per cell was determined by dividing the total plasmid copy number by the total parasite 21 

number based on Ct values. 22 

 23 
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To determine the transcript levels of SHERP (small hydrophilic endoplasmic reticulum-associated 1 

protein), total RNA was extracted from promastigotes and converted into cDNA using a high-2 

capacity reverse transcription kit (Bio-Rad), followed by qPCR using primers targeting SHERP or 3 

28S rRNA genes. The relative expression level of SHERP was normalized to that of 28s rRNA 4 

using the 2−ΔΔ(Ct) method [35]. Control reactions were carried out without leishmanial RNA and 5 

without reverse transcriptase. 6 

 7 

Leishmania donovani 1S2D stress response assays  8 

L. donovani promastigotes were cultivated in complete M199 media (pH 7.4) at 27 °C until they 9 

reach the stationary phase. For heat tolerance, promastigotes were incubated at 37 °C. To test their 10 

sensitivity to acidic pH, promastigotes were transferred to a pH 5.0 medium (same as the complete 11 

M199 medium except that the pH was adjusted to 5.0 using hydrochloric acid). For starvation 12 

response, promastigotes were transferred to PBS (pH 7.4). For resistance to oxidative or nitrosative 13 

stress, parasites were incubated in various concentrations of H2O2 or S-nitroso-N-14 

acetylpenicillamine (SNAP). Cell viability was determined at the indicated times by flow 15 

cytometry after staining with 5 μg/ml of propidium iodide. Parasite growth was monitored using a 16 

Beckman Z2 Cell Counter. 17 

 18 

Growth inhibition and sterol analysis experiments with L. donovani LV82 parasites 19 

L. donovani LV82 (MHOM/ET/67/LV82) promastigotes were assayed to examine the effects of 20 

azole drugs on parasite growth and sterol composition according to methods detailed by Feng et 21 

al. [16]. In brief, low-pass LV82 promastigotes obtained by transforming amastigotes from 22 

infected hamster spleens were cultured in Schneider’s Drosophila medium (Gibco) containing 25% 23 
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heat-inactivated fetal bovine serum (Sigma-Aldrich) and penicillin-streptomycin (Gibco). Growth 1 

assays were performed after three-day incubation of promastigotes at 26 °C with or without azole 2 

drugs in the above medium containing 50 U/mL penicillin and 50 μg/mL streptomycin using 3-3 

(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner 4 

salt (MTS):phenazine methosulfate (PMS) as an indicator of parasite growth as described earlier 5 

[16]. Absorbance values for individual wells measured at 490 nm were normalized to positive and 6 

negative controls, then normalized absorbance values were plotted against concentration. 7 

Normalized data were fitted to the equation y=m1+(m2-m1)/(1+(x/m3)m4) in KaleidaGraph v4.5 8 

(Synergy Software); absolute EC50 values were then calculated as described by Joice et al [36] 9 

with standard deviations calculated using R (drc) package [37]. At least three independent 10 

experiments were used to determine the effect of different azole concentrations on parasite growth. 11 

Validity criteria for experiments were as outlined in Feng et al. [16]. Samples for sterol analysis 12 

were obtained after incubating LV82 promastigotes treated for 24 hr at 26 °C with either vehicle 13 

(0.4% DMSO v/v), clotrimazole (20 µM), or voriconazole (50 µM). Promastigotes exposed to 14 

clotrimazole were maintained in Schneider’s Drosophila medium containing 25% heat-inactivated 15 

FBS containing 100 U/mL penicillin and 100 μg/mL streptomycin and promastigotes exposed to 16 

voriconazole were cultured in Schneider’s Drosophila medium containing 25% heat-inactivated 17 

FBS containing 50 U/mL penicillin and 50 μg/mL streptomycin. After exposure to azole drugs or 18 

vehicle, parasites were centrifuged, washed with PBS, and stored at -80 °C prior to analysis as 19 

mentioned earlier [16].  20 

  21 



 18 

Results 1 

Purified CYP51 and CYP5122A1 exhibited characteristic spectral properties of a CYP 2 

enzyme. 3 

L. donovani CYP5122A1 and CYP51 have an N-terminal transmembrane domain anchored to the 4 

endoplasmic reticulum, which needs to be removed from the recombinant protein constructs to 5 

facilitate expression and purification. We tested several truncations of CYP5122A1, and the 6 

removal of the first 60 amino acids from the N-terminus yielded the best expression results (data 7 

not shown). Recombinant CYP51 (removal of the first 31 amino acids from the N-terminus) was 8 

designed based on a previous study on the N-terminal truncated L. infantum CYP51 [22]. After 9 

expression and chromatographic purification, recombinant CYP5122A1 and CYP51 were 10 

obtained at high purity as indicated by the SDS-PAGE result (Fig. 1A-B). Subsequent Western 11 

blot analysis of CYP5122A1 (Supplementary Fig. 2) showed that the recombinant protein had 12 

slightly lower molecular weight compared with the wild-type proteins detected in Leishmania spp. 13 

because of the deletion of the transmembrane domain.  14 

 15 

CYP enzymes have an iron-containing heme as a prosthetic group whose different oxidation states 16 

can be characterized using UV-Vis spectroscopy. Results of spectral analysis demonstrated that 17 

the two proteins possessed properties typical of a CYP enzyme. Purified CYP5122A1 and CYP51 18 

were in the oxidized state and displayed the Soret peak at 420 nm and 419 nm, respectively (Fig. 19 

1C-D). Upon reduction with dithionite and binding to CO, both enzymes exhibited the Soret peak 20 

at around 450 nm and almost no absorption at 420 nm in the presence of lanosterol (insets of Fig. 21 

1C-D). This indicated that they existed in the catalytically active P450 form rather than the inactive 22 

P420 form. 23 
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 1 

In the natural context, a CYP enzyme requires two electrons during a catalytic cycle. The electrons 2 

are donated by the cofactor NADPH and transferred to the CYP sequentially by its redox partner, 3 

CPR. However, three putative CPRs (XP_003862234.1, XP_003864839.1, and XP_003864409.1; 4 

protein sequence identity ranges from 21% to 27% between them) have been reported in the L. 5 

donovani genome and none has been studied or characterized to our knowledge. Previously, a 6 

recombinant CPR from another trypanosomatid T. brucei (TbCPR) has been characterized for its 7 

P450 reduction activity and used as a surrogate CPR to reconstitute catalytic activities of CYP 8 

enzymes from Leishmania and T. cruzi [22, 38, 39]. Here, in the presence of NADPH, TbCPR was 9 

able to transfer the first electron to leishmanial CYP5122A1 and CYP51, and the resulting reduced 10 

CO difference spectra (Supplementary Fig. 3) were similar to the ones reduced by sodium 11 

dithionite. Therefore, TbCPR may be used as a surrogate redox partner in place of the endogenous 12 

leishmanial CPR for studying the catalytic activities of the two leishmanial CYP enzymes, 13 

although exact biochemical roles of the three putative leishmanial CPRs warrant future 14 

investigations. 15 

 16 

CYP5122A1 had binding specificity to C4-methylated sterols. 17 

When a substrate binds to the CYP enzyme, it displaces the distal H2O ligand of the heme iron, 18 

converting the heme iron from the low-spin state to the high-spin state. Such binding mode is 19 

termed “type I binding” and will yield a UV-Vis difference spectrum with a peak at 390 nm and a 20 

trough at 420 nm [30]. This unique feature was employed for identifying potential substrates of 21 

CYP5122A1. Five intermediate sterols within the ergosterol biosynthetic pathway (lanosterol, 22 

4,14-DMZ, FF-MAS, T-MAS, and zymosterol; Scheme 1) were tested due to their same tetracyclic 23 
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ring structure, only differing in the number of methyl groups at C4 and/or C14 positions. Among 1 

them, sterols with at least one C4-methyl group (lanosterol, 4,14-DMZ, FF-MAS, and T-MAS) 2 

showed type I binding to CYP5122A1 (Fig. 2A), regardless of whether the C14-methyl group is 3 

present (lanosterol and 4,14-DMZ) or absent (FF-MAS and T-MAS). Zymosterol, which has no 4 

C4- or C14-methyl group, did not induce any appreciable change in the difference binding 5 

spectrum (Fig. 2A). These results suggest that C4-methylated sterols like lanosterol, 4,14-DMZ, 6 

FF-MAS, and T-MAS may serve as substrates of CYP5122A1. In comparison, CYP51, which is 7 

known to act as a C14-demethylase, exhibited a binding specificity distinct from CYP5122A1 (Fig. 8 

2B). Only sterols with a C14-methyl group (lanosterol and 4,14-DMZ) showed typical type I 9 

binding to CYP51, consistent with a previous report [22]. The C14-demethylated sterols (FF-MAS 10 

and T-MAS) did not elicit any change in their difference binding spectra. Interestingly, zymosterol, 11 

which lacks both C4- and C14-methyl groups, produced an atypical difference binding spectrum 12 

with a peak at 411 nm and a trough at 432 nm (Fig. 2B), which differs from the typical binding 13 

spectral changes, i.e., type I, II and reverse type I (also called pseudo or modified type II) [40]. 14 

Similar atypical spectral changes were also observed for the binding of racemic and S-bicalutamide 15 

to CYP46A1 through the bridging water ligand [41]. This suggests that zymosterol can enter into 16 

the binding pocket of CYP51, albeit unable to dislodge the hexacoordinated water molecule. 17 

 18 

CYP5122A1 acted to oxidize the C4-methyl group of sterols in Leishmania. 19 

Using TbCPR as the redox partner, the catalytic activities of CYP5122A1 and CYP51 were 20 

reconstituted in vitro with the addition of NADPH. Interestingly, the optimal reaction pH was pH 21 

6.2-6.6 for both enzymes, rather than physiological pH (Supplementary Fig. 4). Metabolite profiles 22 

were analyzed by comparing LC-MS/MS chromatograms of the reactions in the presence and 23 



 21 

absence of NADPH. As expected, CYP51 catalyzed the C14-demethylation of lanosterol and 4,14-1 

DMZ and converted them to FF-MAS and 4-methylzymosterol, respectively (Fig. 3A and 3B). 2 

The alcohol, aldehyde, and carboxylate/formyloxy [42] intermediate metabolites generated during 3 

the sequential oxidation were also detected. The LC-MS/MS MRM (multiple reaction monitoring) 4 

transitions used for monitoring the intermediate oxidation metabolites of lanosterol and 4,14-DMZ 5 

were: 425>109 and 411>109 (hydroxy), 423>109 and 409>109 (aldehyde), 439>109 and 397>95 6 

(carboxylate/formyloxy), respectively, based on the dehydrated molecular ions and common 7 

fragment ions of sterols [16]. In contrast, no oxidation metabolites were detected in the reactions 8 

of FF-MAS and T-MAS with CYP51 (Fig. 3C and 3D).  The MRM transitions used for monitoring 9 

the intermediate oxidation metabolites of FF-MAS and T-MAS were: 409>109 and 411>109 10 

(hydroxy), 425>109 and 409>109 (aldehyde), 423>109 and 425>109 (carboxylate/formyloxy), 11 

respectively. In addition, zymosterol was oxidized by CYP51 to form a hydroxylated metabolite, 12 

which was detected in the MRM transition of 383>95 (Fig. 3E). This is consistent with the atypical 13 

difference binding spectrum of zymosterol and CYP51 observed above, although the exact location 14 

of hydroxylation remains unknown, presumably on or near C14. 15 

  16 

When compared to CYP51, CYP5122A1 clearly showed a different substrate specificity and 17 

formed oxidation metabolites of different identities. Sterols that exhibited type I binding spectral 18 

change with CYP5122A1 (i.e., lanosterol, 4,14-DMZ, FF-MAS, and T-MAS) were also 19 

metabolized by this enzyme, yielding a mixture of alcohol, aldehyde, and/or 20 

carboxylate/formyloxy metabolites of the corresponding sterol substrate (Fig. 3A-D), whereas 21 

none of the zymosterol oxidation metabolites was detected (Fig. 3E). Importantly, the oxidation 22 

metabolites of lanosterol formed by CYP5122A1 had different LC retention times from those 23 
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formed by CYP51. For example, the alcohol metabolite formed by CYP5122A1 (peak 7 in Fig. 1 

3A) was eluted at 9.6 min, whereas the alcohol metabolite formed by CYP51 (peak 3 in Fig. 3A) 2 

was eluted at 7.1 min. This indicates that CYP5122A1 did not catalyze the same C14 methyl 3 

oxidation as CYP51 did. In contrast to CYP51, CYP5122A1 converted FF-MAS and T-MAS (both 4 

are C4-dimethylated and C14-demethylated sterols) to their corresponding alcohol, aldehyde, and 5 

carboxylate/formyloxy metabolites (Fig. 3C and 3D). Additionally, it was observed that 6 

CYP5122A1 converted 4,14-DMZ (a C4a-monomethylated and C14-methylated sterol) to an 7 

alcohol metabolite, but no aldehyde or carboxylate/formyloxy metabolite was detected (Fig. 3B). 8 

This result, along with the weaker binding of 4,14-DMZ to CYP5122A1 (Fig. 2A), suggests that 9 

CYP5122A1 may not be the optimal enzyme to catalyze the second C4-demethylation reaction 10 

and other enzymes like leishmanial Erg25 may still play a role, which warrants future 11 

investigations. No oxidation metabolite formation was seen for zymosterol with CYP5122A1. As 12 

expected, NADPH was required for the catalytic activity of both CYP51 and CYP5122A1 (Fig. 13 

3). Taken together, these findings prompted us to propose CYP5122A1 as a sterol C4-methyl 14 

oxidase or a sterol C4-demethylase, assuming that the carboxylate metabolites formed by 15 

CYP5122A1 will be decarboxylated and reduced by a dehydrogenase/decarboxylase and a 3-16 

ketosterol reductase, respectively. 17 

 18 

To fully elucidate the biochemical role of CYP5122A1, its reaction with lanosterol was scaled up 19 

from 0.1 mL to 385 mL so that sufficient amounts of oxidation metabolites could be isolated, 20 

purified, and analyzed by NMR spectroscopy for structural identification. The 1D and 2D NMR 21 

spectra of the aldehyde metabolite (2 mg; referred to as “unknown”) were successfully collected. 22 

The 1H and 13C NMR assignments of lanosterol were used as a reference for the structural 23 
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assignment of the unknown lanosterol metabolite. The singlet at 9.4 ppm in the 1H spectrum and 1 

the signal appearing at 207 ppm in the 13C spectrum indicate the presence of the aldehyde group 2 

in the molecule (Fig. 4A-B). The hydrogen atoms on the methyl groups 18 (0.68 ppm, s), 21 (0.91 3 

ppm, d), 26 (1.60 ppm, s), and 27 (1.68 ppm, s) in the unknown compound exhibited chemical 4 

shifts identical to those in lanosterol (Fig. 4C). However, the hydrogen atoms on 19-Me (1.03 ppm, 5 

s) and 28-Me (1.09 ppm, s) had a downfield shift, indicating the presence of a nearby electron-6 

withdrawing group. Noteworthy, the 1H signal associated to 29-Me of lanosterol (0.81 ppm, s, 7 

lanosterol) was not observed in the 1H spectrum of the unknown compound as shown by the dotted 8 

arrow in Fig. 4C. Moreover, the signal associated with 30-Me (0.88 ppm, s) is present in both 1H 9 

spectra of lanosterol and the unknown compound (Fig. 4C). These results alluded to a structure 10 

containing an aldehyde group that replaces one of the methyl groups at the C-4 position. The 11 

structural assignment was confirmed by the HMBC spectrum which displayed the correlations 12 

from H-28 to C-3, C-4, C-5, and C-29 (Fig. 4D-E) and from H-29 to C-4 (Fig. 4F). Unfortunately, 13 

the stereochemistry of the unknown compound at the C-4 position could not be ascertained due to 14 

the low signal intensities in the NOESY spectrum (data not shown). In addition to C-4, the 15 

assignment of C-3 and C-5 was confirmed by the HSQC correlations between C-3 and C-5 with 16 

their corresponding protons H-3 and H-5 (Fig. 4G-H). However, it should be noted that not all of 17 

the observed signals in the NMR spectra were contributed by the aldehyde metabolite. In the 1H 18 

NMR spectrum (Fig. 4C), the broad peak at 1.26 ppm and the multiplet at 0.86 ppm (indicated by 19 

asterisks) were caused by the contamination of grease. The broad peak at 1.56 ppm corresponded 20 

to water. The singlet at 1.51 ppm was due to an unknown impurity present in the sample and was 21 

not related to the molecule of interest. Taken together, these NMR spectroscopy and LC-MS/MS 22 

results clearly indicate that CYP5122A1 catalyzes the sequential oxidation reaction of the 23 
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lanosterol C4 methyl groups, leading to C4-demethylation during ergosterol biosynthesis in 1 

Leishmania. 2 

 3 

CYP5122A1 was essential for L. donovani promastigotes in culture. 4 

To assess the essentiality of CYP5122A1, we applied a complementing episome-assisted knockout 5 

approach coupled with negative selection (Supplementary Fig. 5A) [43]. Briefly, we first replaced 6 

one allele of the CYP5122A1 gene with the BSD-resistance cassette to generate the Ld22A1+/‒ 7 

mutant by homologous recombination. The heterozygotes (half knockout) were then episomally 8 

transfected with pXNG4-22A1 carrying SAT, GFP, and TK, followed by the replacement of the 9 

second allele of CYP5122A1 with the PAC-resistance cassette to generate the null mutant Ld22A1‒ 10 

+pXNG4-22A1 (Supplementary Fig. 5B-C). Promastigotes were able to proliferate in complete 11 

M199 medium after these genetic manipulations, though Ld22A1+/‒ +pXNG4-22A1 and Ld22A1‒ 12 

+pXNG4-22A1 exhibited delayed growth in vitro (Supplementary Fig. 6A). They attained the 13 

same plateau densities as Ld1S WT and Ld22A1+/‒ on day 5 (one day later). The obtained mutants 14 

were assessed at the protein level by Western blot analysis (Supplementary Fig. 6B-C). Compared 15 

to Ld1S WT, Ld22A1+/‒ showed a reduced level of CYP5122A1 (p < 0.01), whereas the 16 

heterozygous and null mutants transfected with pXNG4-22A1 had overexpression of CYP5122A1 17 

(p < 0.001). Meanwhile, the genetic manipulation of CYP5122A1 did not affect the CYP51 18 

expression significantly (Supplementary Fig. 6B-C). 19 

 20 

To determine if CYP5122A1 is required for promastigotes, Ld22A1+/‒ +pXNG4-22A1 and 21 

Ld22A1‒ +pXNG4-22A1 (clone #1 and #2) were cultivated in the absence or presence of selective 22 

drugs (nourseothricin as the positive selection drug to retain pXNG4-22A1 and GCV as the 23 



 25 

negative selection drug to expel plasmid) and analyzed for GFP expression in each passage as a 1 

readout for plasmid retention (Fig. 5). When growing in media containing nourseothricin (+SAT), 2 

all cell lines maintained high levels of GFP fluorescence (> 95% GFP-high) through multiple 3 

passages as expected (Fig. 5A-C). Without nourseothricin or GCV, the heterozygous mutant and 4 

clone #1 of the chromosomal-null mutant retained high levels of GFP, whereas the percentage of 5 

GFP-high population in clone #2 of the chromosomal-null mutant gradually decreased to ~30% 6 

after 17 passages. These findings allude to clonal variations among the CYP5122A1 mutants in 7 

their ability to retain pXNG4-22A1 in the absence of selective pressure. When cultivated in the 8 

presence of GCV and absence of nourseothricin, cells would favor eliminating the plasmid to avoid 9 

toxicity if the plasmid did not contain any essential genes. Conversely, if there was an essential 10 

gene on the plasmid, cells would retain the plasmid despite the associated cost [43]. As shown in 11 

Fig. 5A, Ld22A1+/‒ +pXNG4-22A1 promastigotes progressively lost their GFP expression to < 5% 12 

GFP-high by passage 17 in GCV , indicating that pXNG4-22A1 was dispensable in this cell line 13 

which had one CYP5122A1 endogenous allele.  In comparison, GCV treatment lowered the 14 

percentage of GFP-high population in Ld22A1‒ +pXNG4-22A1 to a much lesser extent (~58% and 15 

~30% for clone #1 and #2, respectively; Fig. 5A and D). To examine if the plasmid was required 16 

for the survival and proliferation of Ld22A1‒ +pXNG4-22A1, we separated GFP-high and GFP-17 

low cells from Ld22A1‒ +pXNG4-22A1 clone #2 grown in the presence of GCV (Fig. 5D) by 18 

FACS and then isolated two single clones of each population via serial dilution. Importantly, 19 

clones isolated from the GFP-low population (#2-1 and #2-2) quickly regained GFP expression 20 

after two rounds of amplification (+GCV, -SAT) (Fig. 5E-F). Southern blot analysis verified that 21 

clones from both GFP-high (#2-15 and #2-16) and GFP-low (#2-1 and #2-2) populations had 22 

retained the pXNG4-22A1 plasmid (Fig. 5G). Finally, western blots revealed robust expression of 23 
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CYP5122A1 in these sorted clones at levels similar to Ld22A1+/- +pXNG4-22A1 and Ld22A1‒ 1 

+pXNG4-22A1 grown in the presence of SAT. Together, these results supported that CYP5122A1 2 

is essential for L. donovani in the promastigote stage. 3 

 4 

CYP5122A1 was essential for L. donovani amastigotes in mice. 5 

To investigate whether CYP5122A1 is required during the amastigote stage, we infected the 6 

BALB/c mice with day 3 stationary phase promastigotes and treated them with either PBS (solvent 7 

control) or GCV. The weights of spleens from uninfected and infected mice were measured at 4- 8 

or 7-weeks post infection as a readout for splenomegaly, a symptom of VL (Fig. 6A). Parasite 9 

loads in infected spleens was determined by qPCR analysis (Fig. 6B). As expected, the infection 10 

with Ld1S WT increased spleen weight in mice and the parasite growth was not affected by GCV 11 

treatment at weeks 4 and 7 post infection. Compared with the WT-infected group, the parasite 12 

loads in mice infected by Ld22A1+/‒ were significantly lower (p < 0.05), indicative of attenuated 13 

virulence. This could be partially reversed by the episomal expression of CYP5122A1, as we 14 

detected in mice infected by Ld22A1+/‒ +pXNG4-22A1 or Ld22A1‒ +pXNG4-22A1 with PBS 15 

treatment at week 4 post infection (Fig. 6A-B). GCV treatment reduced the splenomegaly and 16 

parasite loads at week 4 post infection, but not week 7 post infection for Ld22A1‒ +pXNG4-22A1. 17 

It is possible that the effect of GCV (administered during the first two weeks) had worn down by 18 

week 7. Importantly, amastigotes of Ld22A1‒ +pXNG4-22A1 with either PBS or GCV treatment 19 

maintained much higher levels of the plasmid (average of 8-28 copies per cell) than Ld22A1+/‒ 20 

+pXNG4-22A1 (average of < 2 copies per cell) (Fig. 6C). Together, these results demonstrated 21 

that CYP5122A1 is indispensable for L. donovani amastigotes in mice. 22 

 23 
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Genetic manipulation of CYP5122A1 altered sterol composition and affected the expression 1 

of surface glycoconjugates and promastigote stress responses. 2 

The effects of genetic manipulation of CYP5122A1 on sterol synthesis were analyzed by LC-3 

MS/MS (Table 1). Several 4,14-methylated sterols (lanosterol, 4CH2OH-LS, and 4,14-DMZ) were 4 

significantly accumulated in Ld22A1+/‒ during log and stationary phases, while CYP5122A1 5 

overexpression caused downregulation of these sterols. In addition, neither FF-MAS nor T-MAS 6 

(formed by lanosterol C14-demethylation by CYP51) was detected in the Ld1s WT, Ld22A1+/‒, 7 

Ld22A1+/‒+pXNG4-22A1, or Ld22A1‒ +pXNG4-22A1 promastigotes. This suggested that 8 

lanosterol C4-demethylation, rather than C14-demethylation, appears to be the dominant reaction 9 

during ergosterol biosynthesis in these parasites.   10 

 11 

LPG and PPG are two major phosphoglycans in Leishmania promastigotes. They are critical for 12 

parasite attachment to the midgut of sand flies and for the establishment of infection in mammalian 13 

macrophages [44]. LPG is a glycosylphosphatidylinositol (GPI)-anchored cell surface molecule 14 

and has been identified as a virulence factor [45]. PPG has the GPI-anchored form present on the 15 

cell surface and the secreted form lacking in the GPI anchor [46]. Previously it was found that the 16 

levels of GPI-anchored molecules were affected by changes in sterol composition in Leishmania 17 

[11]. Considering that we observed the altered sterol profiles by genetic manipulation of 18 

CYP5122A1, we investigated if the expression of LPG and PPG was also impacted. Western blot 19 

analysis (Fig. 7) showed that CYP5122A1 overexpression led to more cellular PPG but less 20 

secreted PPG in both log and stationary phases. In addition, the expression of cellular LPG was 21 

significantly decreased. Although it was unclear if these changes would have any implications on 22 
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the parasite infectivity, the results provided more evidence of the association between the sterol 1 

composition and the synthesis of important virulence factors in Leishmania. 2 

 3 

Next, we examined if genetic manipulation of CYP5122A1 affected the expression of the 4 

metacyclic stage-specific marker SHERP (small hydrophilic endoplasmic reticulum-associated 5 

protein) [47] (Fig. 8). As expected, SHERP mRNA levels were low in Ld1S WT and CYP5122A1 6 

mutants during the log phase. Upon entering the stationary phase, their SHERP expression levels 7 

were significantly increased. However, the degree of SHERP induction in stationary phase was 8 

less pronounced as WT (Fig. 8A). After normalizing the expression levels of SHERP in mutants 9 

to those in WT, we observed that CYP5122A1 half knockout and overexpression reduced the 10 

SHERP expression in both log and stationary phases (Fig. 8B). 11 

 12 

We then assessed the ability of CYP5122A1 mutants to withstand different types of stress in 13 

stationary phase. Under the standard culture conditions (complete M199 medium, pH 7.4, 27 °C), 14 

less than 1% of dead cells were seen in stationary phase promastigotes after 72 h of incubation 15 

(Fig. 9A). However, CYP5122A1 mutants displayed better survival in late stationary phase (6-120 16 

h post inoculation). The acidic pH is one of the environmental stresses imposed on the 17 

promastigotes when they reside in the phagolysosome of macrophages. Here, when promastigotes 18 

were cultivated at pH 5.0 for 84 h, the percentage of dead cells was less than 20% in CYP5122A1 19 

overexpressors but reached over 60% in Ld1S WT and Ld22A1+/‒ (Fig. 9B). The increased 20 

tolerance of Ld22A1+/‒+pXNG4-22A1 and Ld22A1‒ +pXNG4-22A1 to stress was also evident in 21 

their responses to starvation. After incubation in PBS in the absence of nutrients for 36 h, they had 22 

~40% of dead cells whereas almost 90% of the WT and Ld22A1+/‒ cells did not survive (Fig. 9C). 23 
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When the incubation temperature was set at 37 °C to mimic the mammalian body temperature, the 1 

percentage of dead cells increased slower in CYP5122A1 mutants than in Ld1Ss WT although the 2 

difference was not statistically significant (Fig. 9D). Apart from physical stresses, Leishmania 3 

parasites would encounter reactive oxygen and nitrogen species which are produced by 4 

macrophages as part of the host defense responses [48]. To evaluate their resistance to oxidative 5 

or nitrosative stress (a condition they would encounter as part of the host defense [48]), parasites 6 

were incubated in various concentrations of H2O2 or SNAP (Fig. 9E-F). CYP5122A1 7 

overexpressors had superior viability than WT and Ld22A1+/‒ at H2O2 concentrations up to 600 8 

µM (p < 0.001) but exhibited no difference in response to SNAP. Taken together, CYP5122A1 9 

overexpression rendered the cells more resistant to hostile environment. 10 

 11 

Dual inhibition of CYP5122A1 and CYP51 was required for optimal antileishmanial 12 

activities by antifungal azoles. 13 

A panel of twenty marketed antifungal azole drugs was evaluated for their inhibitory activities 14 

against L. donovani CYP5122A1 and CYP51, along with several other classical antileishmanial 15 

agents (Table 2). Results of the inhibition assays showed that all tested antifungal azoles were 16 

potent inhibitors of CYP51 (IC50s: 0.032 – 0.96 µM) but exhibited much weaker inhibition against 17 

CYP5122A1 (IC50s ranging from 0.26 to over 100 µM). Specifically, voriconazole and fluconazole 18 

marginally inhibited CYP5122A1 at a concentration as high as 100 µM (< 28% and 20% inhibition, 19 

respectively). Voriconazole was the most selective inhibitor of CYP51 (>1176-fold over 20 

CYP5122A1) and clotrimazole was the least selective one (3.8-fold). DB766, an antileishmanial 21 

arylimidamide [49], was identified as a selective inhibitor of CYP5122A1 (>30-fold over CYP51). 22 

Two selective CYP51 inhibitors (voriconazole and fluconazole) and two dual CYP51/CYP5122A1 23 
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inhibitors (clotrimazole and posaconazole) were further assessed for their binding modes with the 1 

two CYP enzymes by UV-Vis spectrophotometric analysis (Supplementary Fig. 7). Clotrimazole 2 

exhibited type II binding to both CYP51 and CYP5122A1, indicating that the nitrogen in its 3 

imidazole group was directly coordinated with the heme iron at the active site. Posaconazole 4 

exhibited type II binding to CYP51, but a type II-like binding to CYP5122A1 (the trough peak at 5 

around 410 nm is absent). Fluconazole and voriconazole elicited type II binding with CYP51 but 6 

no specific responses with CYP5122A1, consistent with the observation that they were CYP51-7 

selective inhibitors. Moreover, we evaluated the effect of azole antifungal drugs on the 8 

proliferation of L. donovani LV82 promastigotes (Table 2 and Supplementary Fig. 8). Of these 20 9 

compounds tested, twelve displayed EC50 values <10 µM, while another six azoles exhibited EC50 10 

values between 10 µM and 25 µM. Interestingly, voriconazole and fluconazole, the weakest 11 

inhibitors of CYP5122A1, were the least effective at inhibiting parasite growth with EC50 12 

values >100 µM. These results suggested that dual inhibitors of CYP51 and CYP5122A1 were 13 

more likely to inhibit L. donovani growth.     14 

 15 

Sterol analysis of LV82 promastigotes showed that, as expected, both clotrimazole (dual CYP51 16 

and CYP5122A1 inhibitor) and voriconazole (selective CYP51 inhibitor) treatments resulted in 17 

the depletion of 4,14-demethylated and 5-dehydro sterols in the downstream pathway of ergosterol 18 

biosynthesis, and the accumulation of some 4- and/or 14-methylated sterols (Table 3). However, 19 

the extent of change and identities of sterols impacted were different between the two treatments. 20 

Lanosterol and 4,14-DMZ, which are the substrates of CYP5122A1 and CYP51, were accumulated 21 

to a greater extent in the cells treated with clotrimazole than with voriconazole. Also, 14-22 

methylzymosterol, an intermediate possessing the 14-methyl group but lacking methyl groups at 23 
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C4, accumulated to an approximately 4-fold greater extent in parasites treated with voriconazole, 1 

a selective inhibitor of CYP51, compared to parasites treated with clotrimazole, a compound that 2 

inhibits both CYP51 and CYP5122A1. Indeed, the effects of clotrimazole and voriconazole on 3 

leishmanial sterol profiles were similar to those observed with posaconazole and fluconazole, 4 

respectively [16]. These results showed that, in L. donovani, lanosterol undergoes C4-5 

demethylation catalyzed by CYP5122A1 and inhibition of both CYP5122A1- and CYP51-6 

mediated reactions by dual inhibitors like clotrimazole and posaconazole. These dual inhibitors 7 

blocked ergosterol biosynthesis at earlier steps with a greater extent and produced better 8 

antileishmanial effects than the selective CYP51 inhibitors voriconazole and fluconazole.  9 

 10 

Sensitivity of CYP5122A1 overexpressors to CYP5122A1-selective and dual inhibitors 11 

To test whether CYP5122A1 overexpression affected the susceptibility to the CYP5122A1-12 

selective and dual inhibitors, we measured the growth of Ld1S WT and CYP5122A1 mutants in 13 

the presence or absence of different inhibitors (Fig. 10). Compared to Ld1S WT and Ld22A1+/‒, 14 

CYP5122A1 overexpressors were more resistant to the CYP5122A1-selective inhibitor DB766 15 

(Fig. 19A, EC50 = ~12 nM for overexpressors vs 1-4 nM for WT and Ld22A1+/‒), suggesting that 16 

an increased level of CYP5122A1 can bind and buffer the effect of this inhibitor. For the dual 17 

inhibitor posaconazole, Ld1S WT showed a bi-phasic response with 0.1 µM being sufficient to 18 

reach EC50, while more than 12 µM was needed to inhibit growth further (Fig. 10B). In contrast, 19 

CYP5122A1 overexpressors were much more resistant to posaconazole (EC50 = ~25 µM), 20 

indicating that increased production of this enzyme can protect parasites against dual inhibitors. 21 

An intermediate effect was observed with Ld22A1+/‒, which suggests compensatory changes in 22 

these half knockout parasites.   23 
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Discussion 1 

Sterol C4-demethylation is a vital step in ergosterol/cholesterol biosynthesis (Scheme 1) and this 2 

step has been found to differ across biological kingdoms. In vertebrates, plants, and fungi, three 3 

enzymes function sequentially to remove the lanosterol C4-methyl groups: a nonheme iron-4 

dependent sterol C4-methyl oxidase (SMO or Erg25), an NAD(P)-dependent 3β-hydroxysteroid 5 

dehydrogenase/C4-decarboxylase (3βHD/D or Erg26), and an NADPH-dependent 3-ketosteroid 6 

reductase (3-SR or Erg27) [17-19]. In some myxobacteria like Methylococcus capsulatus, sterol 7 

C4-demethylation is catalyzed by two enzymes that are phylogenetically and biochemically 8 

distinct from those in eukaryotes: SdmA (acting as SMO) and SdmB (may affect both 9 

decarboxylative oxidation and ketoreduction at C-3) [50]. Animals and yeast only have one sterol 10 

C4-methyl oxidase which is involved in the iterative removal of the two C4-methyl groups from 11 

sterols [17, 51]. First, sterol C4-methyl oxidase converts the 4,4-dimethylated sterol substrate to a 12 

4α-carboxylate metabolite, which subsequently decarboxylates to remove the first C4-methyl 13 

group. To maintain the stereochemical recognition by the enzyme during the removal of the second 14 

C4-methyl group, the remaining methyl group at the 4β-(axial) position epimerizes to the more 15 

stable 4α-(equatorial) position through the 4-methyl 3-ketosteroid product to re-establish the C4α-16 

methyl configuration. The 3-keto sterol is then reduced by 3-ketosteroid reductase to form the 3β-17 

hydroxy sterol which has the last C4α-methyl group ready for another round of C4-demethylation 18 

[52]. To date, the sterol C4-demethylation process in Leishmania protozoa was largely unknown 19 

and often assumed to be similar to the one in fungi.   20 

 21 

In this study, we identified leishmanial CYP5122A1 as a sterol C4-methyl oxidase and unveiled a 22 

previously unrecognized important difference in the sterol C4-demethylation process between 23 
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Leishmania and other species. Leishmanial CYP5122A1 was found to be responsible for oxidizing 1 

the lanosterol C4-methyl group into first a hydroxyl, then an aldehyde, and finally a 2 

carboxylate/formyloxy metabolite. Although the stereochemistry of these metabolites at the C-4 3 

position was not directly ascertained from the NOESY spectrum of the isolated metabolite due to 4 

low signal intensity, it can be inferred as a sterol C4-methyl oxidase due to several lines of evidence. 5 

First, CYP5122A1 oxidized 4,14-DMZ, which has an α-configuration at both C4- and C14-methyl 6 

groups [16], and elicited a type-I binding with 4,14-DMZ (Fig. 2B). It also showed a type I binding 7 

specificity to C4-methylated sterols, whereas CYP51 preferred C14-methylated sterols (Fig. 2A). 8 

Second, CYP5122A1 converted 4,14-DMZ into a hydroxylated product (peak 15 in Fig. 3B) that 9 

is different from the C14-hydroxylmethyl product formed by CYP51 (peak 11 in Fig. 3B), 10 

indicating that CYP5122A1 likely acted on the C4-methyl group, rather than the C14-methyl group 11 

of 4,14-DMZ. This is further supported by our NMR structural determination of the C4-aldehyde 12 

metabolite of lanosterol formed by CYP5122A1 (Fig. 4). Lastly, C4-methylated substrates 13 

(lanosterol, 4CH2OH-LS, and 4,14-DMZ) were accumulated in L. donovani promastigotes when 14 

CYP5122A1 was either chemically inhibited (by clotrimazole; Tables 2 and 3) or genetically 15 

suppressed (Ld22A1+/‒ heterozygotes; Supplementary Fig. 6 and Table 1).  16 

 17 

This is the first report of a CYP-mediated sterol C4-methyl oxidation. Intriguingly, genes encoding 18 

CYP5122A1-like proteins were also identified in T. brucei and T. cruzi which are the causative 19 

agents of two important human parasitic diseases, sleeping sickness and Chagas disease, 20 

respectively. Their protein sequences are 50 – 53% identical to leishmanial CYP5122A1 [25] and 21 

thus belong to the same CYP5122 family. Results from our study could shed light on the roles of 22 

these counterparts in Trypanosoma. It is still unknown whether trypanosomal CYP5122A1 23 
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enzymes possess the same biochemical function or exhibit the same inhibition profile as the 1 

leishmanial CYP5122A1 enzyme. Moreover, enzymes that are involved in the C4-demethylation 2 

process after C4-oxidation in Leishmania (i.e., dehydrogenase/decarboxylase and reductase) 3 

remain uncharacterized, let alone other enzymes responsible for the multi-step conversion of 4 

lanosterol to ergosterol in these parasites. An ortholog of yeast Erg25 has been found in the 5 

Leishmania genome but its function remains to be characterized [53]. As such, the sterol 6 

biosynthetic pathway in protozoa warrants future dedicated investigation to fully understand the 7 

unique sterol biology of these single cell parasites. As demonstrated in this study, it is premature 8 

to assume these protozoan parasites behave like fungi or mammalian species. 9 

 10 

The essentiality of CYP5122A1 was first investigated in L. donovani promastigotes by using the 11 

homologous replacement approach [25]. Deleting both alleles of CYP5122A1 was found to be 12 

lethal, which suggested that the gene is required for parasite survival. However, failure to obtain 13 

the null mutant in this way is often considered weak evidence for gene essentiality [54]. In the 14 

present study, the more rigorous forced plasmid shuffle approach was applied to examine the gene 15 

essentiality. We were able to generate the null mutant transfected with the plasmid containing 16 

CYP5122A1 and a negative selection mark (TK). The null mutant without the episomal 17 

CYP5122A1 could not survive. In the presence of negative selection, the parasites lacking in the 18 

plasmid would be favored, yet retention of the plasmid was observed in parasites after multiple 19 

passages. This provided compelling evidence supporting the essentiality of CYP5122A1 in L. 20 

donovani promastigotes. Moreover, a more comprehensive assessment should also take into 21 

account the amastigote stage of the parasite life cycle. Unlike promastigotes, intracellular 22 

amastigotes live in a semi-quiescent state characterized by a negligible proliferation rate, a lower 23 
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biosynthetic capacity, a reduced bio-energetic level, and a stringent metabolic response [55, 56]. 1 

In particular, amastigotes acquire most of the sterols by salvage from the host although they retain 2 

the capacity of de novo synthesis [57]. It was observed that cholesterol was much more abundant 3 

than ergostane-based sterols in amastigotes [11]. In view of such different sterol profiles during 4 

the Leishmania life cycle, we investigated whether CYP5122A1 was still essential during the 5 

amastigote stage using a mouse model of visceral leishmaniasis infection. Under the pressure of 6 

negative selection, the null mutant with the episomal complementation of CYP5122A1 was able to 7 

proliferate in mice and the plasmid was highly retained. These results demonstrate the essentiality 8 

of CYP5122A1 in L. donovani amastigotes, which is critical for the genetic validation of 9 

CYP5122A1 as a drug target. 10 

 11 

Antifungal azole drugs have been assessed for their potential to be used as antileishmanial agents. 12 

Studies showed that they were potent inhibitors of leishmanial CYP51 that can block ergosterol 13 

biosynthesis, but it was not fully understood why they had vastly different antileishmanial effects 14 

in vitro [13, 14, 58]. In this study, we screened a panel of twenty marketed antifungal azole drugs 15 

for the inhibition of CYP51 and CYP5122A1 using a fluorescence-based inhibition assay. Based 16 

on the selectivity towards the CYP enzymes, they were grouped into CYP51-selective inhibitors 17 

(e.g., fluconazole and voriconazole) and dual inhibitors of both CYP enzymes (e.g., posaconazole 18 

and clotrimazole). Overall, dual inhibitors exhibited higher antileishmanial activities against LV82 19 

promastigotes than CYP51-selective inhibitors. This supports the critical role of CYP5122A1 in 20 

determining the azole activities against the parasites. When designing new compounds that target 21 

the sterol biosynthesis in Leishmania, inhibiting both CYP51 and CYP5122A1 may be a better 22 

option than inhibiting CYP51 alone. A previous study on a potent antileishmanial arylimidamide 23 
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DB766 implicated CYP5122A1 in the antileishmanial action of the compound [26], which could 1 

be supported by our finding that DB766 is a strong CYP5122A1 inhibitor with IC50 of 1.0 ± 0.1 2 

µM, although additional mechanisms are likely involved to account for the potent antileishmanial 3 

activity of the compound with IC50 values ranging from 0.014 to 0.5 µM against multiple 4 

Leishmania species [49] and against wild type L. donovani strain 1S2D (0.004 µM; Fig. 10A).  5 

 6 

When analyzing the sterol profiles of azole-treated promastigotes along with our previous findings 7 

[16], we found that CYP51-selective inhibitors and dual inhibitors resulted in distinct patterns of 8 

sterol accumulation. The underlying cause could be the branched ergosterol biosynthesis pathway 9 

that we previously proposed [16]. Lanosterol, the substrate of both CYP51 and CYP5122A1, can 10 

undergo either a C4- or C14-demethylation reaction. Dual inhibitors caused lanosterol 11 

accumulation by inhibiting both reactions whereas CYP51-selective inhibitors would allow C4-12 

demethylation to proceed. Furthermore, sterol analysis of genetic mutants showed accumulation 13 

of 4,14-methylated sterols (lanosterol, 4CH2OH-LS, and 4,14-DMZ) in Ld22A1+/‒ and 14 

downregulation in CYP5122A1 overexpressors (Ld22A1+/‒+pXNG4-22A1 and 15 

Ld22A1¯+pXNG4-22A1), suggesting that C4-demethylation, rather than C14-demethylation, is 16 

the dominant reaction for lanosterol metabolism in Leishmania. This is further supported by the 17 

lack of detection of FF-MAS and T-MAS in the Leishmania parasites (Tables 1 and 3), which were 18 

expected to be formed by the lanosterol C14-demethylation catalyzed by CYP51.  19 

 20 

There are several possible reasons for CYP5122A1 being essential to both L. donovani 21 

promastigotes and amastigotes. First, ergostane-based sterols are crucial and host-derived 22 

cholesterol is insufficient for maintaining the cell membrane rigidity. Second, the accumulation of 23 
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4,14-methylated sterols (e.g., lanosterol) and 4-methylated sterols have detrimental effects on 1 

Leishmania parasites. It has been found that the lipid domain/raft formation in the biological 2 

membranes is dependent on the sterol component having a structure that allows tight packing with 3 

lipids [59]. Ergosterol is conformationally and dynamically more restricted than cholesterol and 4 

has a higher tendency to promote lipid domain formation. Lanosterol is the bulkiest one among 5 

these three and is the least effective in inducing lipid packing [60, 61]. Therefore, changes in sterol 6 

compositions could affect the lipid domains which have been implicated in numerous cellular 7 

processes. It was reported that the accumulation of C4-methyl sterols might serve as a signal for 8 

low oxygen and cell stress in fission yeast [62]. Similarly, C4-methyl sterols were also important 9 

for stress and hypoxia adaption in Aspergillus fumigatus [63]. However, whether C4-methyl sterols 10 

have biological impacts on Leishmania parasites is unclear and requires further investigation. 11 

 12 

When we investigated the effects of CYP5122A1 overexpression, lower levels of SHERP 13 

expression were observed in CYP5122A1 overexpressors relative to Ld1S WT in both log and 14 

stationary phases. SHERP, expressed predominantly in metacyclic parasites, is required for 15 

Leishmania metacyclogenesis in sand flies [64, 65]. Studies suggested that it may function in 16 

modulating cellular processes related to membrane organization and/or acidification [66, 67]. 17 

Reduction of SHERP expression indicated the differentiation defects of CYP5122A1 18 

overexpressors. In addition, they exhibited delayed growth, different expression pattern for 19 

LPG/PPG, and altered stress responses (Figs. 7 and 9; and Supplemental Fig. 6A). Given that 20 

CYP5122A1 overexpression did not impact the bulk sterol composition but caused the depletion 21 

of 4-methylated sterols, it is likely that the low levels of these intermediates serve as a signal to 22 

suppress differentiation. Finally, while dual inhibitors like DB766 and posaconazole exhibited 23 
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potent anti-proliferation effect, CYP5122A1 overexpression conferred significant protection (Fig. 1 

10), which reinforced the importance of sterol C4-demethylation in Leishmania.    2 

 3 

Conclusions 4 

In summary, our study elucidated that CYP5122A1 is a sterol C4-methyl oxidase involved in the 5 

sterol C4-demethylation process in Leishmania. The essentiality of CYP5122A1 was verified in 6 

both L. donovani promastigotes and intracellular amastigotes. Overexpression of CYP5122A1 7 

resulted in growth delay, differentiation defects, increased tolerance to environmental stresses, and 8 

altered expression of surface glycoconjugates. Antifungal azoles acting as dual inhibitors of 9 

CYP51 and CYP5122A1 had higher antileishmanial activity against L. donovani promastigotes 10 

than CYP51-selective inhibitors, suggesting a new strategy to develop therapeutic agents to target 11 

the sterol biosynthetic pathway in Leishmania.  12 

 13 

  14 
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Figure Legends 1 

Scheme 1. Proposed branched ergosterol biosynthesis pathway in Leishmania [16]. 2 

 3 

Figure 1. Purified CYP51 and CYP5122A1 exhibited characteristic spectral properties. (A-4 

B) SDS-PAGE analysis of recombinant CYP51 and CYP5122A1. The absolute absorbance spectra 5 

were measured for CYP51 (C) and CYP5122A1 (D), showing the Soret band at around 420 nm. 6 

The insets show the CO difference spectra of sodium dithionite-reduced CYPs which exhibited 7 

the characteristic peak at around 450 nm. 8 

 9 

Figure 2. Binding spectra of sterols with CYP5122A1 (A) and CYP51 (B). Purified 10 

recombinant CYPs (in the oxidized ferric form) were incubated with an increasing amount of sterol 11 

ligands and difference spectra were recorded over a reference sample that only contained protein 12 

and buffer. Dissociation constant (Kd) was derived by fitting the equation ΔA = ΔAmax[L]/(Kd + 13 

[L]) to the peak-to-trough absorbance difference (ΔA) versus the ligand concentration ([L]) curve, 14 

where ΔAmax is the maximal amplitude of the spectral response. 15 

 16 

Figure 3. LC-MS/MS chromatograms of CYP reconstitution assays using (A) lanosterol, (B) 17 

4,14-DMZ, (C) FF-MAS, (D) T-MAS, and (E) zymosterol as the sterol substrates. The peaks 18 

of the internal standard cholesterol-d7 (black), substrates (blue), hydroxy metabolites (orange), 19 

aldehyde metabolites (cyan), carboxylate/formyloxy metabolites (purple), and 14-demethylated 20 

products (red) were indicated in the chromatograms. Peaks with asterisk were detected in both 21 

incubations with or without NADPH and hence considered as background signals. 22 

 23 
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Figure 4. The 1D and 2D NMR spectra of the purified sterol metabolite. (A-B) 1H and 13C 1 

NMR spectral comparison between lanosterol (reference) and the purified sterol metabolite 2 

indicating the presence of the aldehyde group in the sterol metabolite. (C) 1H NMR comparison of 3 

chemical shifts for methyl groups between lanosterol (reference) and the purified sterol 4 

intermediate. (D-E) HMBC correlation for 28-Me. (F) HMBC correlation between C4 and 5 

aldehyde proton H29. (G) HSQC correlations for C5. (H) HSQC correlations for C3. 6 

 7 

Figure 5. CYP5122A1 is indispensable during the promastigote stage. (A) Promastigotes were 8 

continuously cultivated in the presence or absence of ganciclovir (GCV) or nourseothricin (SAT) 9 

and passed every three days. Percentages of GFP-high cells were determined for every passage. 10 

Error bars represent standard deviations from three repeats (**: p < 0.01, ***: p < 0.001). (B-D) 11 

After 14 passages, WT (B) and Ld22A1−+pXNG4-22A1 #2 parasites grown in the presence of 12 

SAT (C) or GCV (D) were analyzed by flow cytometry to determine the percentages of GFP-high 13 

cells (indicated by R2 in the histograms). (E-F) Two clones (E: #2-1; F: #2-2) were isolated from 14 

the GFP-low population in D by FACS followed by serial dilution and amplification in the 15 

presence of GCV and analyzed for GFP expression by flow cytometry. (G) To verify the presence 16 

of episomal Ld22A1 allele, single clones isolated from the GFP-low (#2-1 and #2-2) and GFP-high 17 

(#2-15 and #2-16) populations of Ld22A1−+pXNG4-22A1 #2 parasites (D) were expanded in the 18 

presence of GCV and examined by Southern blot using the Ld22A1 ORF probe (top) or an 19 

upstream flanking region probe (bottom). Bands corresponding to endogenous Ld22A1, episomal 20 

Ld22A1, and antibiotic resistance markers PAC/BSD were indicated. (H) To examine the 21 

CYP5122A1 protein levels, whole cell lysates from log phase promastigotes before and after 22 

sorting were analyzed by western blot using anti-LdCYP5122A1 (top) or anti-a-tubulin antibodies. 23 
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 1 

Figure 6. CYP5122A1 is indispensable during the amastigote stage. BALB/c mice were 2 

infected (i.p.) with day 3 stationary phase promastigotes (5 x 108 cells/mouse) and treated with 3 

GCV or PBS as described in Materials and Methods. (A) Spleen weights from uninfected and 4 

infected mice were measured at 4- or 7-weeks post infection. (B-C) Parasite numbers in infected 5 

spleens were determined by qPCR (B) or limiting dilution assay (C) at the indicated times. (D) 6 

The pXNG4-22A1 plasmid copy numbers in amastigotes were determined by qPCR (#/cell ± SDs). 7 

Error bars represent standard deviations from three repeats (*: p < 0.05, **: p < 0.01, ***: p < 8 

0.001). 9 

 10 

Figure 7. CYP5122A1 overexpression alters the expression of LPG and PPG. Log phase (A-11 

D) and stationary phase (E-H) promastigotes were subjected to Western blot analyses using the 12 

monoclonal antibody CA7AE (for LPG and PPG) or an anti-a-tubulin antibody (as loading 13 

control).  A and E: whole cell lysates. B and F: culture supernatants. Relative expression levels of 14 

LPG (C and G) and PPG (D and H) were determined with Ld1S WT as 1.0. Error bars represent 15 

standard deviations from three repeats (*: p < 0.05, **: p < 0.01, ***: p < 0.001).  16 

 17 

Figure 8. CYP5122A1 half knockout and overexpression reduces the expression of SHERP. 18 

Total RNA from log phase and stationary phase promastigotes were subjected to RT-qPCR 19 

analyses using primers for SHERP and 28S rDNA (as loading control).  (A) Expression levels of 20 

SHERP in each parasite line from log phase to stationary phase using log phase levels as 1.0. (B) 21 

Expression levels of SHERP relative to Ld1s WT (as 1.0). Error bars represent standard deviations 22 

from three repeats (*: p < 0.05, **: p < 0.01, ***: p < 0.001).  23 
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 1 

Figure 9. CYP5122A1 overexpression compromises promastigote stress response. (A-D) Day 2 

1 stationary phase promastigotes were incubated under various conditions and percentages of dead 3 

cells were determined by flow cytometry at the indicated times. (A) Complete M199 medium, 27 4 

°C, pH7.4 (control). (B) Complete M199 medium, 27 °C, pH 5.0. (C) PBS, 27 °C, pH 7.4. (D) 5 

Complete M199 medium, 37 °C, pH 7.4. (E-F) Day 1 stationary phase promastigotes were 6 

incubated in various concentrations of H2O2 (E) or SNAP (F) and percentages of dead cells were 7 

determined after 48 hours. Error bars represent standard deviations from three repeats (*: p < 0.05, 8 

**: p < 0.01, ***: p < 0.001).  9 

 10 

Figure 10. CYP5122A1 overexpression reduces sensitivity to CYP5122A1 inhibitors. Log 11 

phase promastigotes were inoculated in various concentrations of posaconazole (A) or DB766 (B) 12 

and culture densities were determined after 48 hours. Percentages of growth were indicated relative 13 

to control cells grown in the absence of inhibitors. Error bars represent standard deviations from 14 

three repeats (*: p < 0.05, ***: p < 0.001).  15 

 16 

  17 
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Supplementary Figure Legends 1 

Supplementary Fig. 1. Multiple sequence alignment of CYP5122A1 and CYP51 enzymes 2 

using Clustal Omega (available at https://www.ebi.ac.uk/Tools/msa/clustalo/). The highly 3 

conserved EXXR motif and the P450 signature motif FXXGX(H/R)XCXG are boxed. The sites 4 

of truncation are indicated by arrows. LdCYP5122A1: L. donovani CYP5122A1 5 

(XP_003861867.1); TcCYP5122A1: T. cruzi CYP5122A1 (XP_807973.1); TbCYP5122A1: T. 6 

brucei CYP5122A1 (XP_843664.1); LdCYP51: L. donovani CYP51 (XP_003859085.1); 7 

HsCYP51: Homo sapiens CYP51 (NP_000777.1); ScCYP51: Saccharomyces cerevisiae CYP51 8 

(NP_011871.1); CaCYP51: Candida albicans CYP51 (XP_716761.1). 9 

 10 

Supplementary Fig. 2. Western blot analysis of CYP5122A1. Lane 1, recombinant L. donovani 11 

CYP5122A1 (62 kDa). Lane 2, L. major (LV39 strain) cell lysates (68 kDa). Lane 3, L donovani 12 

(LV82 strain) cell lysates (66 kDa). Lane 4, L donovani (Ld1S strain) cell lysates. 13 

  14 

Supplementary Fig. 3. Reduced CO difference spectra of TbCPR-reduced CYPs in the 15 

presence of NADPH. (A) CYP51 and (B) CYP5122A1 exhibited the characteristic P450 peak. 16 

 17 

Supplementary Fig. 4. pH dependence of CYP5122A1-catalyzed oxidation of lanosterol. 18 

 19 

Supplementary Fig. 5. Genetic manipulation of CYP5122A1. (A) Scheme of assessing the 20 

CYP5122A1 essentiality using a complementing episome-assisted knockout approach coupled 21 

with negative selection. Southern blot was processed with genomic DNA from Ld1S WT, 22 

Ld22A1+/‒ and Ld22A1‒/+pXNG4-Ld22A1 using radiolabeled Ld22A1 ORF probe (B) and a 5’-23 
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flanking region probe (C). Bands corresponding to Ld22A1, pXNG4-22A1, and antibiotic resistant 1 

genes (BSD/PAC) are indicated. As shown in (C), clone #1-2 were chromosomal-null (Ld22A1‒2 

/+pXNG4-Ld22A1) whereas clone #3-4 still contained endogenous Ld22A1.  3 

 4 

Supplementary Fig. 6. Protein expression levels of CYP51 and CYP5122A1. (A) Log phase 5 

promastigotes were inoculated in complete M199 medium and incubated at 27 °C. Culture 6 

densities were determined daily. (B) Whole cell lysates from log phase promastigotes were 7 

analyzed by western blot using anti-LdCYP5122A1, anti-LdCYP51 or anti-a-tubulin antibodies. 8 

(C) Relative abundances of CYP5122A1 and CYP51 were quantified using a-tubulin as the 9 

loading control. Error bars represent standard deviations from three experiments (**: p < 0.01, ***: 10 

p < 0.001). 11 

 12 

Supplementary Fig. 7. Binding spectra of antifungal azoles with CYP51 (A) and CYP5122A1 13 

(B). Purified recombinant CYPs (in the oxidized ferric form) were incubated with an increasing 14 

amount of sterol ligands and difference spectra were recorded over a reference sample that only 15 

contained protein and buffer. Dissociation constant (Kd) was derived by fitting the equation ΔA = 16 

ΔAmax[L]/(Kd + [L]) to the peak-to-trough absorbance difference (ΔA) versus the ligand 17 

concentration ([L]) curve, where ΔAmax is the maximal amplitude of the spectral response. 18 

 19 

Supplementary Fig. 8. Effect of azole drugs on the proliferation of L. donovani LV82 20 

promastigotes. Promastigotes were incubated with serial dilutions of azole drugs and their growth 21 

was assessed as described in the Materials and Methods section. Average absolute EC50 values 22 

along with the standard deviation obtained by least square fitting are shown on each graph along 23 
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with the number of independent determinations (n) employed for each azole. Error bars indicate 1 

the standard error of the independent determinations at each concentration.   2 

 3 



Figures

Figure 1

Puri�ed CYP51 and CYP5122A1 exhibited characteristic spectral properties. (A5 B) SDS-PAGE analysis of
recombinant CYP51 and CYP5122A1. The absolute absorbance spectra were measured for CYP51 (C)
and CYP5122A1 (D), showing the Soret band at around 420 nm. The insets show the CO difference
spectra of sodium dithionite-reduced CYPs which exhibited the characteristic peak at around 450 nm.



Figure 2

Binding spectra of sterols with CYP5122A1 (A) and CYP51 (B). Puri�ed recombinant CYPs (in the
oxidized ferric form) were incubated with an increasing amount of sterol ligands and difference spectra
were recorded over a reference sample that only contained protein and buffer. Dissociation constant (Kd)
was derived by �tting the equation ΔA = ΔAmax[L]/(Kd + [L]) to the peak-to-trough absorbance difference
(ΔA) versus the ligand concentration ([L]) curve, where ΔAmax is the maximal amplitude of the spectral
response.



Figure 3

LC-MS/MS chromatograms of CYP reconstitution assays using (A) lanosterol, (B) 4,14-DMZ, (C) FF-MAS,
(D) T-MAS, and (E) zymosterol as the sterol substrates. The peaks of the internal standard cholesterol-d7
(black), substrates (blue), hydroxy metabolites (orange), aldehyde metabolites (cyan),
carboxylate/formyloxy metabolites (purple), and 14-demethylated products (red) were indicated in the
chromatograms. Peaks with asterisk were detected in both incubations with or without NADPH and hence
considered as background signals.



Figure 4

The 1D and 2D NMR spectra of the puri�ed sterol metabolite. (A-B) 1H and 13C NMR spectral comparison
between lanosterol (reference) and the puri�ed sterol metabolite indicating the presence of the aldehyde
group in the sterol metabolite. (C) 1H NMR comparison of chemical shifts for methyl groups between
lanosterol (reference) and the puri�ed sterol intermediate. (D-E) HMBC correlation for 28-Me. (F) HMBC



correlation between C4 and aldehyde proton H29. (G) HSQC correlations for C5. (H) HSQC correlations for
C3.

Figure 5

CYP5122A1 is indispensable during the promastigote stage. (A) Promastigotes were continuously
cultivated in the presence or absence of ganciclovir (GCV) or nourseothricin (SAT) and passed every three
days. Percentages of GFP-high cells were determined for every passage. Error bars represent standard
deviations from three repeats (**: p < 0.01, ***: p < 0.001). (B-D) After 14 passages, WT (B) and Ld22A1−
+pXNG4-22A1 #2 parasites grown in the presence of SAT (C) or GCV (D) were analyzed by �ow cytometry
to determine the percentages of GFP-high cells (indicated by R2 in the histograms). (E-F) Two clones (E:
#2-1; F: #2-2) were isolated from the GFP-low population in D by FACS followed by serial dilution and
ampli�cation in the presence of GCV and analyzed for GFP expression by �ow cytometry. (G) To verify
the presence of episomal Ld22A1 allele, single clones isolated from the GFP-low (#2-1 and #2-2) and
GFP-high (#2-15 and #2-16) populations of Ld22A1−+pXNG4-22A1 #2 parasites (D) were expanded in
the presence of GCV and examined by Southern blot using the Ld22A1 ORF probe (top) or an upstream
�anking region probe (bottom). Bands corresponding to endogenous Ld22A1, episomal Ld22A1, and



antibiotic resistance markers PAC/BSD were indicated. (H) To examine the CYP5122A1 protein levels,
whole cell lysates from log phase promastigotes before and after sorting were analyzed by western blot
using anti-LdCYP5122A1 (top) or anti-a-tubulin antibodies.

Figure 6

CYP5122A1 is indispensable during the amastigote stage. BALB/c mice were infected (i.p.) with day 3
stationary phase promastigotes (5 x 108 cells/mouse) and treated with GCV or PBS as described in
Materials and Methods. (A) Spleen weights from uninfected and infected mice were measured at 4- or 7-
weeks post infection. (B-C) Parasite numbers in infected spleens were determined by qPCR (B) or limiting
dilution assay (C) at the indicated times. (D) The pXNG4-22A1 plasmid copy numbers in amastigotes
were determined by qPCR (#/cell ± SDs). Error bars represent standard deviations from three repeats (*: p
< 0.05, **: p < 0.01, ***: p < 0.001).



Figure 7

CYP5122A1 overexpression alters the expression of LPG and PPG. Log phase (A12 D) and stationary
phase (E-H) promastigotes were subjected to Western blot analyses using the monoclonal antibody
CA7AE (for LPG and PPG) or an anti-a-tubulin antibody (as loading control). A and E: whole cell lysates. B
and F: culture supernatants. Relative expression levels of LPG (C and G) and PPG (D and H) were



determined with Ld1S WT as 1.0. Error bars represent standard deviations from three repeats (*: p < 0.05,
**: p < 0.01, ***: p < 0.001).

Figure 8

CYP5122A1 half knockout and overexpression reduces the expression of SHERP. Total RNA from log
phase and stationary phase promastigotes were subjected to RT-qPCR analyses using primers for SHERP



and 28S rDNA (as loading control). (A) Expression levels of SHERP in each parasite line from log phase
to stationary phase using log phase levels as 1.0. (B) Expression levels of SHERP relative to Ld1s WT (as
1.0). Error bars represent standard deviations from three repeats (*: p < 0.05, **: p < 0.01, ***: p < 0.001).

Figure 9



CYP5122A1 overexpression compromises promastigote stress response. (A-D) Day 1 stationary phase
promastigotes were incubated under various conditions and percentages of dead cells were determined
by �ow cytometry at the indicated times. (A) Complete M199 medium, 27 °C, pH7.4 (control). (B)
Complete M199 medium, 27 °C, pH 5.0. (C) PBS, 27 °C, pH 7.4. (D) Complete M199 medium, 37 °C, pH
7.4. (E-F) Day 1 stationary phase promastigotes were incubated in various concentrations of H2O2 (E) or
SNAP (F) and percentages of dead cells were determined after 48 hours. Error bars represent standard
deviations from three repeats (*: p < 0.05, **: p < 0.01, ***: p < 0.001).



Figure 10

CYP5122A1 overexpression reduces sensitivity to CYP5122A1 inhibitors. Log phase promastigotes were
inoculated in various concentrations of posaconazole (A) or DB766 (B) and culture densities were
determined after 48 hours. Percentages of growth were indicated relative to control cells grown in the
absence of inhibitors. Error bars represent standard deviations from three repeats (*: p < 0.05, ***: p <
0.001).
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