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Abstract

:

The fungal cytochrome P450 lanosterol 14α-demethylase (CYP51) is required for the biosynthesis of fungal-specific ergosterol and is the target of azole antifungal drugs. Despite proven success as a clinical target for azole antifungals, there is an urgent need to develop next-generation antifungals that target CYP51 to overcome the resistance of pathogenic fungi to existing azole drugs, toxic adverse reactions and drug interactions due to human drug-metabolizing CYPs. Candida parapsilosis is a readily transmitted opportunistic fungal pathogen that causes candidiasis in health care environments. In this study, we have characterised wild type C. parapsilosis CYP51 and its clinically significant, resistance-causing point mutation Y132F by expressing these enzymes in a Saccharomyces cerevisiae host system. In some cases, the enzymes were co-expressed with their cognate NADPH-cytochrome P450 reductase (CPR). Constitutive expression of CpCYP51 Y132F conferred a 10- to 12-fold resistance to fluconazole and voriconazole, reduced to ~6-fold resistance for the tetrazoles VT-1161 and VT-1129, but did not confer resistance to the long-tailed triazoles. Susceptibilities were unchanged in the case of CpCPR co-expression. Type II binding spectra showed tight triazole and tetrazole binding by affinity-purified recombinant CpCYP51. We report the X-ray crystal structure of ScCYP51 in complex with VT-1129 obtained at a resolution of 2.1 Å. Structural analysis of azole—enzyme interactions and functional studies of recombinant CYP51 from C. parapsilosis have improved understanding of their susceptibility to azole drugs and will help advance structure-directed antifungal discovery.
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1. Introduction


Candidiasis is the predominant fungal infection of immunocompromised people. Although Candida albicans is the main causative agent of such infections, since the early 2000s there has been a marked increase in the prevalence of non-albicans-related invasive candidiasis worldwide [1]. Among the non-albicans Candida species, Candida parapsilosis has emerged as a pathogen of significant concern. It ranks in the top three among the Candida species most frequently isolated from immunosuppressed patients, with patient age and geographic location significantly impacting incidence [2].



C. parapsilosis is a commensal of the human skin. It is found mainly on the skin and in nails, mucosal surfaces, and the gastrointestinal tract [3,4]. Its adherence to human epithelial tissue enables ready person—person transmission of the pathogen within ICUs and elderly care facilities. A tendency to bind to artificial surfaces makes C. parapsilosis infection a risk for patients with central venous catheters or other implanted devices [5]. Its rapid growth in high glucose parenteral solutions [6] makes it problematic for premature neonates and extremely low birth weight infants reliant on parenteral nutrition [7]. With increasing numbers of hospitalised patients in addition to more frequent use of life support and associated interventions, contact-mediated nosocomial transmission of C. parapsilosis can result in major disease outbreaks in elderly care facilities [8,9,10,11] that can be lethal for vulnerable individuals [1,3,4,12]. Superficial infections caused by C. parapsilosis include onychomycosis [13], vaginitis in healthy women [14] and urinary tract infections associated with the use of urinary catheters [15]. Invasive infections reported include endocarditis, fungal peritonitis in peritoneal dialysis patients [16], endophthalmitis, pancreatitis, arthritis [17,18] and CNS infections [18].



Echinocandins and azole drugs are the main antifungals used for the treatment of candidiasis. According to the Clinical Practice Guideline for the Management of Candidiasis, echinocandins are the recommended first choice drugs for treating Candida infections in clinical settings [19]. Based on Clinical and Laboratory Standards Institute (CLSI) data, higher MIC50 values for micafungin, caspofungin and anidulafungin indicate that C. parapsilosis is the least susceptible among Candida species to echinocandins. This reduced susceptibility is thought to be due to natural polymorphism in the FKS1 gene of C. parapsilosis [1,11,20]. In addition, prolonged in vitro exposure to echinocandins results in resistance to these drugs [21]. Due to their efficacy, azoles remain the primary alternate choice of antifungal for treating Candida infections, including against C. parapsilosis [10]. The azoles target the cytochrome P450 enzyme lanosterol 14α-demethylase (CYP51), a key enzyme in the ergosterol biosynthetic pathway. Inhibition of CYP51 not only leads to depletion of ergosterol, thus modifying the fluidity, asymmetry and integrity of the fungal cell membrane [22], but also produces toxic fecosterols [23].



Several recent reports have highlighted a concerning incidence of azole-resistant C. parapsilosis clinical isolates [11]. For example, laboratory-based surveillance in South African hospitals found that only 37% of 531 C. parapsilosis clinical isolates were susceptible to fluconazole (FLC) and voriconazole (VCZ) [24]. A survey of South African neonatal ICUs showed that 54% of 143 clinical isolates were FLC resistant and 14% VCZ resistant [25]. A cross-sectional study of a tertiary care hospital in Brazil reported an outbreak of candidemia caused by FLC-resistant C. parapsilosis strains [8], while Thomaz et al. suggested that an azole non-susceptible clone of C. parapsilosis was prevalent in Brazilian hospitals [26]. FLC resistant C. parapsilosis isolates were reported recently in Italian hospitals [11], and strains showing cross-resistance to azoles were reported in the global surveillance study performed by Pfaller et al. [27]. There is a clear need for further research on the azole susceptibility of C. parapsilosis and the molecular mechanisms responsible for azole resistance.



Like C. albicans, the known mechanisms of azole resistance in C. parapsilosis have been related to either CYP51 or drug efflux pumps. Overexpression of C. parapsilosis CYP51 (CpCYP51) in the presence of azoles [28] and the point mutation Y132F in CYP51 are commonly detected in azole-resistant C. parapsilosis clinical isolates [11,29]. The residue homologous to CpCYP51 Y132 is conserved among most fungal pathogens (Figure 1). The development of resistance to short-tailed but not long-tailed triazoles due to replacement of the tyrosine (Y) with a phenylalanine (F) has been identified frequently in Candida species, notably in the CYP51s of C. albicans [30,31], C. auris [32] and C. tropicalis [33,34]. Other examples of this mutation include Cryptococcus neoformans CYP51 Y145F [35], Aspergillus fumigatus CYP51A Y121F [36] and Zymoseptoria tritici CYP51 Y137F [37]. In addition, intrinsic resistance to FLC and VCZ is partially conferred by the Rhizopus arrhizus CYP51 F5 Y129F [38].



The design of effective broad-spectrum antifungals that specifically target fungal CYP51s and are not subject to known resistance mechanisms requires understanding of the structural and biochemical features of the CYP51s of several fungal pathogens. Here we report the first detailed functional and biochemical characterisation of C. parapsilosis CYP51 and its Y132F mutant by expressing recombinant full-length hexahistidine-tagged versions of these enzymes in Saccharomyces cerevisiae. Such constructs will enable phenotypic screens that identify antifungals targeting these CYP51s and ultimately allow structural analysis of drug target interactions. This will assist the discovery of novel antifungals in compound libraries and help further development of drug scaffolds used to design broad-spectrum antifungals.



The tetrazole antifungals are a new generation of azoles designed to overcome the toxicity and drug interactions present in imidazole and triazoles. Improved selectivity for fungal CYP51s is obtained by reducing affinity for human CYP51 and liver drug metabolizing cytochrome P450s [39]. VT-1161, VT-1129 and VT-1598 are examples of tetrazole antifungals currently in clinical trials. The crystal structures of CYP51s in complex with VT-1161 [40,41] and VT-1598 [42] have been previously determined. In this study, we report the X-ray crystal structure of VT-1129 (quilseconazole) in complex with S. cerevisiae CYP51 (ScCYP51) as a surrogate to understand the molecular basis of CpCYP51 susceptibility to tetrazoles. The recombinant strains expressing CpCYP51 give comparable patterns of susceptibility to both inhibitors, and only minor differences in the interaction of VT-1161 and VT-1129 with ScCYP51 were detected.




2. Materials and Methods


2.1. Yeast Strains and Culture Media


S. cerevisiae strains used in this study are listed in Supplementary Materials (Table S1). Media used for the growth and maintenance of the yeast strains were YPD/YPG comprised of 1% (w/v) Bacto yeast extract (BD Difco Laboratories, Inc., Franklin Lakes, NJ), 2% (w/v) Bacto Peptone (BD Difco), and 2% (w/v) glucose/galactose. Synthetic defined (SD) dropout medium solidified with agar was used as selective media for transformants. It consisted of 2% (w/v) glucose or galactose, 0.67% (w/v) yeast nitrogen base without amino acids (BD Difco), 1.8% (w/v) agar (Oxoid Ltd., Hampshire, UK), and 0.77 g/L uracil drop-out (QBioGene, Irvine, CA, USA) or 0.77 g/L histidine drop-out (Formedium, Norfolk, UK) or complete supplement mixture (CSM). For the MIC80 determinations, liquid SD medium with CSM containing 10 mM MES and 20 mM HEPES, buffered with TRIS to pH 6.8, was used. For agarose diffusion assays, this medium was solidified with 0.6% agarose [40,43].




2.2. Materials


Fluconazole (FLC), voriconazole (VCZ), itraconazole (ITC), posaconazole (PCZ) and amphotericin B (AmpB) were purchased from Sigma-Aldrich, Ltd. (St. Louis, MO, USA). VT-1161 and VT-1129 were prepared by MicroCombiChem (Wiesbaden, Germany) using the methods described by Hoekstra et al. [39]. Micafungin (MCF) was supplied by Astellas Pharma Inc. (Osaka, Japan). Desalted oligonucleotides (Table S2) were purchased from Integrated DNA Technologies (IDT). Codon optimised C. parapsilosis CYP51 Y132F and CPR gene sequences including sequences encoding a C-terminal hexa-histidine tag were purchased from ATUM (Newark, CA, USA). TaKaRa DNA polymerase (TaKaRa Bio Inc., Shiga, Japan) was used for colony PCR. Phusion Green Hot Start II High-Fidelity PCR master mix (2×) (ThermoFisher Scientific, Waltham, MA, USA) was used for all other PCR amplifications. PCR clean-up and DNA gel extraction were carried out using the NucleoSpin® Gel and PCR clean-up kits (Macherey-Nagel, Düren, Germany). Transformation of DNA into the yeast cells was performed using an Alkali-CationTM Yeast Transformation kit (MP Biomedicals, LLC, Solon, OH, USA). Genomic DNA was extracted using a Yeast DNA Extraction Kit (Thermo Scientific, Waltham, MA, USA). DNA transformation cassettes and genes inserted at the S. cerevisiae PDR5, PDR15 or ERG11 locus were confirmed by DNA sequence analysis performed at the Genetic Analysis Services facility (University of Otago, Dunedin, New Zealand). The identity of the recombinant proteins was confirmed by mass spectrometry using an LTQ-Orbitrap hybrid mass spectrometer at the Centre for Protein Research (University of Otago, New Zealand).




2.3. Construction of Recombinant Strains


The recombinant strains were constructed to overexpress C. parapsilosis CYP51 and CPR genes from the S. cerevisiae PDR5 and PDR15 loci, respectively. The S. cerevisiae strain Y2494 was engineered from strain AD2Δ [43,44,45] with a GAL1 promoter replacing the promoter of the endogenous ERG11. The host strain is deleted of 7 pleiotropic drug resistance (PDR) ABC transporters and the PDR3 transcriptional regulator gene but includes the mutant gain of function pdr1-3 transcriptional regulator that drives constitutive expression from the PDR5 locus or from the PDR15 locus with the PDR5 promoter introduced [46]. The strains generated and used in this study are shown in Table 1 and Table S1 (Supplementary Materials), respectively. The primers used for the strain construction are described in Table S2. DNA transformation cassettes were introduced into the respective loci of the host strain by homologous recombination. C. parapsilosis wild type CYP51-6×His and CYP51-6×His Y132F were heterologously overexpressed from the PDR5 locus. The CYP51 transformation cassettes bordered with the PDR5-specific arms consisted of the open reading frame (ORF) with a C-terminal hexa-histidine tag after a GGR linker, the PGK transcription terminator and the HIS1 selection marker flanked with two LoxP sites. C-terminal hexa-histidine tagged C. parapsilosis CPR ORF together with a PGK transcription terminator and a selection marker (URA3), bordered upstream by a PDR5 promoter sequence, was similarly overexpressed from the PDR15 locus of the CpCYP51 and CpCYP51 Y132F expressing S. cerevisiae strains. The PDR5 and the PDR15 loci were used to overexpress both genes at comparable levels due to the pdr1-3 transcriptional regulator in the host background acting constitutively on PDRE elements in PDR5 promoters at both loci. Recombinant yeast strains were also created by deleting the endogenous ScCYP51 from the constructed strains. To achieve this, the HIS1 marker was first removed from the PDR5 locus of the constructed strains using a Cre expressing plasmid-pSH69 (Euroscarf, SRD, Germany), which consists of the galactose inducible Cre recombinase, to mediate recombination between the two LoxP sites, thus allowing the removal of the HIS1 [47,48]. ScCYP51 was then replaced with a ScHis1 disruption cassette. The genes expressed from the PDR5, PDR15 or the ScERG11 loci were confirmed by DNA sequence analysis. All the recombinant strains were grown in glucose-containing media to confirm that CpCYP51-6×His and CpCYP51-6×His Y132F are functional.




2.4. Agarose Diffusion Drug Susceptibility and MIC80 Determination Assays


Azole susceptibility of recombinant strains was assessed qualitatively using agarose diffusion assays as described previously by Keniya et al. [49]. Zones of inhibition produced against the azoles were compared in test strains with MCF as an independent control. As azole drugs are fungistatic rather than fungicidal and can display a trailing effect, liquid microdilution assays were used to determine MIC80 values from the growth of individual recombinant yeast strains in response to each azole drug compared to the no drug control [43]. SD medium buffered to pH 6.8 was used instead of RPMI 1640 to enable efficient and reproducible growth of the S. cerevisiae strains [40,43,50]. The assay was carried out in 96-well microtiter plates in a total volume of 200 μL. Each well with the azole drugs serially diluted 1.4-fold was seeded with yeast cells to an initial OD600 nm of 0.01 (3 × 104 CFU/well). Drug-free controls and wells containing only SD media were also included. The plates were incubated at 30 °C for 48 h with shaking at 200 rpm in humidified containers to prevent evaporation. The cell density measured at 600 nm in a BioTek Synergy 2 multimode plate reader (BioTek Instruments, Winooski, VT, USA) was used to estimate the inhibitory effect of the azole drugs on the yeast strains. The experiments were carried out in triplicates for three different clones of each strain, giving a total of 9 readings [43].




2.5. Preparation of Crude Membranes and Western Blot Analysis of His-Tagged Recombinant Proteins


Strains deleted of the native CYP51 were used for the isolation of crude membranes and further purification. Yeast cells grown in YPD at 30 °C with shaking at 200 rpm were harvested at an OD600 nm = 6–8. Harvested yeast cells were broken by bead beating, followed by isolation of crude membranes by differential centrifugation [51]. The amount of protein in the crude membranes was estimated using the Lowry method [52], with bovine serum albumin (Thermo Fisher, Waltham, MA, USA) as the standard. Samples containing 30 μg of crude membrane protein were separated by SDS-PAGE in 8% acrylamide gels at pH 8.5 using the method of Laemmli [53] and stained with Coomassie blue R250. Western blot analysis was performed by electrotransfer of the protein from the gel onto a nitrocellulose membrane (Bio-Rad, Hercules, CA, USA) and subsequent detection of immunocomplexes by chemiluminescence as described previously by Keniya et al. [43].




2.6. Protein Purification


The enzymes CpCYP51-6×His and ScCYP51-6×His were purified by Ni-NTA affinity and size exclusion chromatography (SEC) using the method described by Monk et al. [51]. Crude membranes were solubilised with 16 mM [10× critical micelle concentration (CMC)] of the detergent n-decyl-β-D-maltoside (DM) (Anatrace, Maumee, OH, USA) medium containing 10% (w/v) glycerol, 250 mM NaCl, 20 mM Tris pH 7.5, 0.5 mM PMSF and 1 EDTA-free protease inhibitor pill (Roche, Basel, Switzerland) per 200 mL of buffer. The enzymes were affinity-purified from the solubilised fraction in a HisTrapTM HP 1 mL column (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) using 200 mM imidazole as an eluent and further purified by SEC using a Superdex 200 10/300 GL column (GE Healthcare Life Sciences, Chalfont St Giles, UK). Buffer containing 6.4 mM DM (4 × CMC) was used for the separations as previously described [45,54]. The eluted fractions with red colour characteristic for CYP51 proteins were pooled and concentrated to 1 mL for SEC and drug binding studies using Amicon® Ultracel®-50K Centrifugal Filters (Merck Millipore Ltd., Cork, Ireland).




2.7. Spectral Characterisation and Azole Binding Assay


The UV-visible absolute absorbance spectrum of the purified protein was obtained using an UltrospecTM 6300 pro UV-visible spectrophotometer between 250 and 600 nm. The P450 concentration of the protein was determined from the Soret band (at 417 nm) using a molar extinction coefficient value of ε417 = 117 mM−1cm−1 for the low spin ferric form of the protein [55]. The spectrophotometric index was determined from the ratio of absorbance at 417 nm to that at 280 nm to estimate the relative amount of heme present in the purified enzyme fraction [55]. The spin state of the purified enzyme was calculated from the absolute absorbance spectra using the equation ΔA393–470/ΔA416.5–470. A value of 0.4 indicates a 100% low spin state and value of 2.0 corresponds to 100% high spin state [56]. Type II absorbance difference spectra were recorded as a measure of azole binding [43,44] using a Cary 1 Bio UV-visible spectrophotometer. Equal volumes of 1 μM CYP51 were split into two 10 mm path UV transparent plastic cuvettes. The azoles VCZ and PCZ, dissolved in DMSO, were added in increments to the protein in the sample cuvette, and a corresponding amount of DMSO was added to the protein in the reference cuvette. Spectra between 350 and 500 nm were recorded after each addition of azole. A drug saturation curve was obtained by plotting the trough—peak absorbance changes against the drug concentration. The dissociation constant (Kd) was determined by nonlinear regression (Levenberg—Marquardt algorithm) [57] by fitting the obtained data to the Hill equation ΔA = ΔAmax [azole]n/([azole]n + Kdn), using GraphPad Prism 9 (GraphPad, San Diego, CA, USA), where ΔAmax is the maximum change in the absorbance, [azole] is the azole concentration and n is the Hill coefficient.




2.8. X-ray Crystallographic Analysis


Ni-NTA affinity and SEC-purified ScCYP51-6×His was co-crystallised with VT-1129 (40 µM) using a hanging-drop vapor diffusion method at 18 °C [51]. The reservoir solution contained PEG 400 (Sigma-Aldrich) at concentrations of 44% and 45% v/v in 0.1 M glycine-NaOH buffer in the pH range of 9.3 to 9.5. The drop volume was 1 μL or 2 μL in a 1:1 ratio of reservoir solution and 20 to 30 mg/mL of protein in SEC buffer. Crystals were picked using an appropriately sized nylon loop (MiTeGen, Ithaca, NY, USA) and flash-cooled in liquid nitrogen. Data sets were collected on the MX2 beamline at the Australian Synchrotron using a Dectris EIGER 16M detector. The data were indexed and integrated using XDS [58] and scaled using AIMLESS in the CCP4 program suite [59]. Molecular replacement was carried out using Phaser-MR [60] from Phenix [61] using the structure of ScCYP51 in complex with lanosterol (PDB ID 4LXJ) as the template. Structure refinement and modelling were carried out in phenix.refine [61] and Coot [62], respectively. The ligand VT-1129 was generated from the Grade Web Server [63] and was modelled into the appropriate density in the active site. Water molecules were added into densities if at least one hydrogen bond was detected (2.5 to 3.3 Å). Figures were generated using PyMOL (Schrodinger).




2.9. Homology Modelling


A homology model of CpCYP51 was generated using Modeller 9.22 [64] using the structure of ScCYP51 (PDB ID: 4K0F) as a template based on a sequence alignment with multiple fungal CYP51 enzymes using the T-Coffee server [65]. The model with the lowest molpdf score was used for analysis.





3. Results


3.1. Biochemical Characterisation of Recombinant CpCYP51-6×His, CpCYP51-6×His Y132F and CpCPR-6×His


S. cerevisiae strains generated in the present study are described in Table 1. S. cerevisiae strains were constructed expressing recombinant CpCYP51-6×His and CpCYP51-6×His Y132F, with or without a recombinant version of their cognate NADPH cytochrome P450 reductase (CpCPR-6×His) co-expressed from the PDR15 locus and deleted of endogenous CYP51. In some strains, expression of the native CYP51 was regulated using the GAL1 promoter, and in other strains, the native CYP51 was deleted. The viability of the resultant strains when grown in medium containing glucose as an energy source demonstrated that CpCYP51-6×His was functional.



The SDS-PAGE profiles of crude membrane preparations obtained from S. cerevisiae strains expressing recombinant CYP51s and CPR are presented in Figure 2a,c and their corresponding Western blots in Figure 2b,d, respectively. Overexpression of recombinant CYP51s from the PDR5 locus by strains Y2719, Y2721, Y2711 and Y2712 (Figure 2a,b lanes 1 and 2) produced significantly stronger Coomassie R250-stained protein bands than the native ScCYP51 (Figure 2a,c lane 4) controlled by its endogenous promoter in the host strain (Y1857). Compared to the 62 kDa band of the ScCYP51-6×His protein constitutively overexpressed from the PDR5 locus in strain Y941 (black arrow, MW 62 kDa, Figure 2a lane 3 and Figure 2c lane 5), wild type and mutant CpCYP51-6×His were detected at the expected size (~59.5 kDa) and at similar intensity (Figure 2a,c, lanes 1 and 2). Expression of the cognate reductase CpCPR-6×His from the PDR15 locus gave a prominent band corresponding to the 76.8 kDa protein (blue arrow, Figure 2a,c, lane 2) and of intensity comparable to the ScCYP51-6×His control. Strain Y2717 grown on galactose also expressed a 76.8 kDa band at levels similar to the ScCYP51-6×His control (Figure 2c, lane 3 and lane 4).



The corresponding Western blots are displayed in Figure 2b,d, respectively. The native ScCYP51 was not detected on Western blot (Figure 2b,d, lane 4) as it was not His-tagged. Recombinant protein bands in the Western blots were compared quantitatively to the overexpressed standard ScCYP51-6×His protein using Image J software. The wild type CpCYP51-6×His protein (Figure 2b, lane 1) gave a relative signal of 0.70 and CpCPR-6×His (lane 2) gave a relative signal of 0.73 compared to ScCYP51-6×His protein (relative density of 1.0, lane 3). Furthermore, co-expression of the cognate reductase from the PDR15 locus did not significantly alter the expression of CpCYP51-6×His from the PDR5 locus (Figure 2b, lane 2). The Western blot of the strains expressing CpCYP51-6×His Y132F showed that the relative density of the CpCYP51-6×His Y132F was 0.58 (Figure 2d, lane 1), and CpCPR-6×His was 0.99 (lane 2), compared to the control protein ScCYP51-6×His (lane 5). The relative density of the reductase CpCPR-6×His was estimated to be 0.95 in the strain expressing only the reductase (lane 3), which suggests comparable reductase overexpression in this control strain and the co-expressing strain. Co-expression of the cognate reductase from the PDR15 locus did not cause any significant change in the relative expression of CpCYP51-6×His Y132F from the PDR5 locus (Figure 2d, lanes 1 and 2). Collectively, the Western blot data indicate that constitutive pdr1-3-dependent expression mediated by the PDR5 promoter at the PDR5 or PDR15 loci is comparable and only modestly reduced by the CpCYP51-6×His Y132F mutation.



All the recombinant enzymes, including the Y132F mutation, were confirmed using mass spectrometry of the SDS-PAGE gel bands digested with trypsin or chymotrypsin. High-percent coverage of all the three recombinant enzymes (CpCYP51-6×His, CpCYP51-6×His Y132F and CpCPR-6×His) was attained (Figure S1). The sequence coverage for the putative CpCYP51-6×His band was 67.8% with tryptic digestion, including confirmation of the C-terminal hexa-histidine tag. Chymotryptic digestion gave higher coverage of 88.3%, but this did not include the C-terminal hexa-histidine tag. Tryptic digestion of CpCYP51-6×His Y132F gave a sequence coverage of 63.09% that included the C-terminal hexa-histidine tag and confirmed the presence of F132. Chymotryptic digestion gave 93.97% sequence coverage for CpCYP51-6×His Y132F, which extended to the linker GGR only but again confirmed the presence of F132. Sequence coverage for CpCPR-6×His was 90.14% by tryptic fragmentation, including the hexa-histidine tag, and 94.49% for chymotrypsin digestion, including the linker GGR but not the hexa-histidine tag.




3.2. Susceptibilities of Strains Overexpressing Recombinant CYP51s to Antifungal Drugs


The susceptibilities of the recombinant strains towards azole drugs were initially screened using agarose diffusion assays. Susceptibility to the short-tailed triazoles FLC and VCZ, the long-tailed triazoles itraconazole (ITC) and posaconazole (PCZ), medium-tailed tetrazoles VT-1161 and VT-1129 and the control drugs micafungin (MCF) and amphotericin B (AmpB) was assessed. The antifungal susceptibilities of the strains expressing wild type CpCYP51-6×His or CpCYP51-6×His Y132F, with or without co-expression of the cognate NADPH-cytochrome P450 reductase (CpCPR) and with native CYP51 either expressed or deleted/repressed by the GAL1 promoter, were examined. The strains tested are described in Table 1.



The zones of inhibition produced by the recombinant strains and the reference strain Y2411 expressing the native ScCYP51 are shown in Figure 3. The recombinant strains overexpressing either the wild type or the mutant CpCYP51 Y132F were significantly more resistant to the azoles tested than strain Y2411 (Figure 3a vs. 3b). As expected, deletion of endogenous CYP51 did not cause a visible change in susceptibility of these strains to any of the inhibitors compared to those with the native CYP51 repressed by GAL1 promoter, i.e., similar sized zones of inhibition were obtained for Y2718 and Y2719, Y2720 and Y2721, Y2713 and Y2714, and for Y2715 and Y2716. This indicated that expression of the native ScCYP51 was repressed effectively in glucose media and that the azole resistance phenotypes of these strains were due to the functional expression of wild type CpCYP51 and CpCYP51 Y132F. The viability and drug susceptibilities of these strains confirm that the recombinant CpCYP51 is a functional drug target. Co-expression of CpCPR did not cause any change in susceptibility towards the azoles. However, a slight reduction in susceptibility to AmpB was observed, e.g., strains Y2720 and Y2721 compared to Y2718 and Y2719, respectively. The same effect was seen among the Y132F expressing strains, i.e., between Y2713 and Y2715 or Y2714 and Y2716.



Comparison of strains Y2718–Y2721 to Y2713–Y2716 showed that the CpCYP51 Y132F protein conferred significant resistance to FLC and VCZ. With 12.5 nmole of FLC or 0.3 nmole VCZ, no inhibition zone observed with strains Y2713–Y2716 compared to the wild type strains (Figure 3a). Y2713–Y2716 required approximately three-fold more FLC than Y2718–Y2721, while around five-fold more VCZ was needed to obtain comparable sized zones of inhibition (data not shown). With similar concentrations of PCZ and ITC, equivalent sized zones of inhibition were produced by both wild type and mutant expressing strains. With 0.05 nmole of the tetrazoles VT-1161 and VT-1129, substantially reduced zones of inhibition were detected due to Y132F mutation. The control drug MCF gave equivalent sized zones of inhibition for these strains and the reference strain Y2411 (Figure 3a vs. Figure 3b).



The MIC80 values of the drugs for the recombinant strains and strain Y2411 were determined (Supplementary Table S3). A scatter plot (Figure 4) compares the MIC80 values between the wild type and the mutant strains. All the drugs were used in nanomolar concentrations, except for FLC and AmpB which were used at micromolar concentrations. The results with MIC80 determinations complemented the agarose diffusion assays. All strain pairs where the native CYP51 was repressed or deleted, overexpressed from the PDR5 locus CpCYP51 (Y2718 versus Y2719) or CpCYP51 Y132F (Y2713 versus Y2714), or those pairs which co-expressed from the PDR15 locus the cognate reductase CpCPR (Y2720 versus Y2721 and Y2715 versus Y2716), gave comparable susceptibility to each drug tested. None of the recombinant strains expressing CpCYP51 or CpCYP51 Y132F showed increased MIC80 values for FLC and VCZ when the cognate reductase was co-expressed (Figure 4), consistent with the agarose diffusion assays (Figure 3a). The CpCYP51 Y132F mutation increased resistance to the triazoles FLC (Figure 4a) and VCZ (Figure 4b) by 10- and 12-fold, respectively. For example, strain Y2719, which heterologously expresses recombinant CpCYP51, gave an MIC80 value for VCZ = 131 nM while Y2714, which heterologously expresses CpCYP51 Y132F, gave an MIC80 = 1820 nM. The strains Y2721 and Y2716, which co-express CpCPR with CpCYP51 or CpCYP51 Y132F, gave comparable MIC80s of 121 nM and 1410 nM, respectively.



In contrast, the susceptibility patterns of the strains expressing CpCYP51 or CpCYP51 Y132F for the long-tailed triazoles ITC and PCZ were not significantly affected by the Y132F mutation or co-expression of CpCPR or (Figure 4c,d). The MIC80 values of the CpCYP51 and CpCYP51 Y132F overexpressing strains for ITC and PCZ were in the range of 150–300 nM and were thus comparable to Y2411 (Table S3). The susceptibilities of strains Y2713–Y2716, which overexpress CpCYP51 Y132F, to the tetrazoles VT-1161 and VT-1129 were intermediate between those of the short- and long-tailed azoles, i.e., the mutant enzyme conferred up to an eight-fold reduction in susceptibility to these azoles. The CpCYP51 Y132F strains (Y2713–Y2716) were three- to eight-fold less susceptible to VT-1161 (Figure 4e) and VT-1129 (Figure 4f) than the CpCYP51 strains (Y2713–Y2716). As expected, all recombinant strains expressing CpCYP51 or CpCYP51 Y132F and strain Y2411 showed comparable susceptibilities to the control drug MCF (Figure 4g and Table S3). Comparable susceptibility to AmpB suggests that the expression of the constructs did not alter significantly the ergosterol content in the recombinant strains compared to the control strain Y2411 (Figure 4h and Table S3).




3.3. Spectral Characteristics and Azole Binding of Purified C. parapsilosis CYP51


The absolute absorbance spectrum of Ni-NTA and SEC-purified CpCYP51-6×His (Figure 5a) exhibited α, β, Soret (γ) and δ spectral bands at 568, 539, 416.5 and 364 nm, respectively (Figure 5b). A spectrophotometric index of 0.7 (A416.5 nm/A280 nm) confirmed that the enzyme was of high purity. The ratio ΔA393–470 nm/ΔA416.5–470 nm equal to 0.34 implied that the enzyme was completely in the low spin state [55]. The similar intensities of the α-568 nm and β-539 nm bands and absence of an absorption peak in the 650 nm region showed the CpCYP51-6×His was primarily in the oxidised enzymatically active form [56].



Typical type II binding spectra were obtained on titration of Ni-NTA-purified CpCYP51-6×His (1 μM) with VCZ, PCZ, VT-1161 and VT-1129. The difference in absorbance (∆Amax) was almost two-fold less on binding to the tetrazoles VT-1161 and VT-1129 compared to that of the triazoles VCZ and PCZ, with peaks shifted from 429–427 nm for triazole binding to 423–425 nm for tetrazole binding and the troughs shifted from 411–407 nm for triazole binding to 411–405 nm for tetrazole binding (Figure 6 and Table 2). The broad troughs show that the enzyme’s heme iron was completely in the low spin state before exposure to the inhibitors [50]. The narrower trough for the binding of VT-1129 compared with VT-1161 indicated significant differences in the electronic configurations of the heme on the binding of these closely structurally related tetrazoles. The corresponding saturation curves were plotted by fitting in to the Hill equation (Figure 6), and the binding parameters (Kd and Hill coefficient) are tabulated in Table 2. Dissociation constant (Kd) values significantly lower than the enzyme concentration showed that all the drugs bound tightly to the enzyme [66].




3.4. X-ray Crystallographic Analysis of ScCYP51-6×His in Complex with VT-1129


As we are currently unable to obtain diffracting crystals of CpCYP51-6×His, we have used instead ScCYP51-6×His as a surrogate to investigate the binding of azole drugs. X-ray crystal structures were previously obtained for ScCYP51 in complex with the azole drugs FLC (PDB ID: 4WMZ), VCZ (PDB ID: 5HS1), ITC (PDB ID: 5EQB) and VT-1161 (PDB ID: 5UL0), but there was no crystal structure for a CYP51 in complex with VT-1129. The X-ray crystal structure of full-length ScCYP51-6×His in complex with VT-1129 (PDB ID: 7RYX) (Figure 7a) was obtained at a resolution of 2.1 Å for Ni-NTA affinity and SEC-purified protein. The enzyme was crystallised using 44% PEG 400, 0.1 M glycine at pH 9.5. The statistics for the X-ray data collection and structure refinement are shown in Supplementary Table S4. Molecular replacement was carried out using ScCYP51-6×His in complex with lanosterol (PDB ID: 4LXJ) as a template [51]. The structure includes the full protein sequence from isoleucine 7 (I7) to the first histidine of the C-terminal hexa-histidine tag, most of the N-terminal membrane-associated helix, the transmembrane domain and the catalytic domain, including the fungus-specific loop.



Strong electron density within the active site allowed modelling of VT-1129 (Figure 7b). The ligand occupied the sixth axial (distal) coordination site with the heme iron via either the N-3 or N-4 atom of the tetrazole ring, at a distance of 2.1 Å. Modelling from the electron density obtained was unable to distinguish between the two possible orientations of the tetrazole ring. There are 20 residues within 4 Å of VT-1129 (Figure 7c). These are Y72 from Helix A′, Y126, L129, T130, F134 I139, and Y140 from substrate recognition site 1 (SRS1); F236, P238 and F241 in Helix FF′; G310, G314, G315, T318 from SRS4; L380, H381, S382 and F384 from SRS5; and S508 and M509 from SRS6. For VT-1129, F134 in the BC loop and F241 in the neck between the substrate entry channel and the active site in yeast were detected in proximity to this ligand rather than F506 and T507 for VT-1161.



Unexpectedly, the water mediating the hydrogen bond network previously seen between the heme ring C propionate carboxyl (RCC), the Y140 residue and the tertiary hydroxyl group in VT-1161 [40] or the triazoles FLC or VCZ [50] was not observed in the complex with VT-1129, although there is some evidence of density at the position of the water. In the absence of water, the Y140 hydroxyl forms a short hydrogen bond only with the heme RCC. The tail of VT-1129 lies in the substrate entry channel. The formation of a weak 3.2 Å hydrogen bond between the oxygen atom of the trifluoromethoxy group and the imidazole of the residue H381 was excluded due to directionality requirements (Figure 7c).




3.5. Analysis of CpCYP51 Model in Complex with Triazoles and Tetrazoles


To better understand the interaction of azoles with CpCYP51, a homology model of CpCYP51 was obtained using ScCYP51 (PDB ID: 4K0F) as a template. The interactions between CpCYP51 and ligands can be gleaned by the superimposition of the known liganded structures with the model (Figure 8). Looking at the binding of FLC (Figure 8a) [44], the water molecule (743) present in the structure of ScCYP51 in complex with FLC is able to make a similar hydrogen bond network (2.7 to 3.3 Å) between the hydroxyl group of FLC, the hydroxyl of Y132 and the heme RCC. Similar interactions can be seen for VCZ (Figure 8b) and VT-1161 (Figure 8e). ITC (Figure 8c) and PCZ (Figure 8d) are also shown in the active site of CpCYP51 but do not form a hydrogen bond network as the tertiary alcohol is replaced with a bulkier dioxolane/oxolane group. As discussed above, VT-1129 (Figure 8f) lacked sufficient density to model the water, but it can be assumed to be partially present.





4. Discussion


4.1. Recombinant Full-Length CpCYP51 Is Functionally Expressed in S. cerevisiae


Heterologous overexpression of functional, full-length hexa-histidine tagged C. parapsilosis CYP51s, followed by co-expression with their redox partner CPR, was successful in our S. cerevisiae expression system as were the previously published C. albicans and C. glabrata CYP51s [43]. The constitutive overexpression of CpCYP51-6×His and CpCYP51-6×His Y132F from the PDR5 locus of a S. cerevisiae host strain deleted of seven ABC transporters has provided a stable platform to characterise these enzymes functionally and biochemically. Due to the deletion of the Pdr3 transcriptional regulator and seven ABC transporters in our host strain, which prevents drug transport from the cells by efflux pumps, the susceptibility to azole drugs of the resultant recombinant yeast strains was primarily due to the constitutive overexpression of CYP51s from the PDR5 locus. As constitutive overexpression was controlled by the mutant gain of function pdr1-3 transcriptional regulator, azole drug concentrations had no effect on the expression of the efflux pumps or CYP51 in our host system. In addition, the recombinant wild type CpCYP51 or mutant CpCYP51 Y132F enzymes were shown to sustain growth when the native CYP51 was deleted or their GAL promoter-dependent expression was blocked in presence of glucose.



Functional CpCYP51-6×His was demonstrated by showing type II binding of VCZ and PCZ. Both drugs caused a red shift in the Soret peak of CpCYP51 from 417 nm to 420–422 nm. Type II binding of these drugs gave dissociation constants (Kd) indicative of tight 1-1 binding and Hill coefficients in the same range as obtained previously with S. cerevisiae, C. albicans and C. glabrata CYP51-6×His constructs expressed in the same S. cerevisiae host system [43], except for VT-1161 binding where a Hill co-efficient <1 was found.




4.2. Differential Susceptibility of Wild Type CpCYP51 and CpCYP51 Y132F to Triazole Drugs


Drug susceptibility assays demonstrated that CpCYP51 Y132F significantly increased resistance to the short-tailed triazoles FLC and VCZ, gave a more modest increase in resistance to the medium-tailed tetrazoles VT-1161 and VT-1129, and showed no significant change in susceptibility to the long-tailed triazoles ITC and PCZ. These differences in susceptibility can be explained by considering the substantial conservation of amino acid residues within the ligand binding pocket (LBP) of fungal CYP51s.



Crystal structures of full-length CYP51 of S. cerevisiae [44,50,51,67] and two prominent fungal pathogens C. albicans and C. glabrata [54], as well as the catalytic domains of the C. albicans and A. fumigatus CYP51s [42] in complex with various azoles, are available in the PDB. From these structures, drug–protein interactions, the effects of point mutations on these interactions, key water molecules and constraining interactions between the heme and the ligand have been identified [40,44,50,51,67]. The CYP51 LBP comprises a heme at the base of the active site, a substrate entry channel and a putative product exit channel [68]. The crystal structures of full-length ScCYP51, CaCYP51 and CgCYP51 have identified up to 50 amino acid residues that contribute to the surface of the LBP [54]. Comparison of the CpCYP51 homology model with ScCYP51, CaCYP51 and CgCYP51 showed that the amino acid residues within the LBP of these enzymes are largely conserved. The residue structurally aligned with ScCYP51 Y140, equivalent to Y132 in CaCYP51 and CpCYP51, is therefore expected to be involved in a water-mediated hydrogen bond network that preferentially affects the binding in the active site of tertiary alcohol-containing, short-tailed triazoles such as FLC and VCZ, as well as the medium-tailed tetrazole VT-1161 (Figure 9). Similarly, the CpCYP51 Y132F mutation confers resistance to the short-tailed azoles FLC and VCZ and the medium-tailed tetrazole congeners VT-1161 and VT-1129 but not long-tailed azoles PCZ and ITC. Hence, the differential susceptibility to short-, medium- and long-tailed azoles due to the CpCYP51 Y132F mutation could be explained by analogy with the crystal structures of ScCYP51 Y140F in complex with such azoles.



The resistance mechanism can be interpreted by comparing the crystal structures of ScCYP51 in complex with FLC and VCZ with the structures of the Y140F mutant with FLC (PDB ID: 4ZDZ) and VCZ (PDB ID: 4ZE0), respectively [44]. The water-mediated hydrogen bond network formed between the tertiary alcohol of FLC and VCZ with the Y140 residue was important for the binding of these triazoles, e.g., FLC binding (Figure 9a). Substitution of tyrosine by phenylalanine (Y140F) not only abolished the water-mediated hydrogen bond network but also a hydrogen bond interaction between the tyrosine hydroxyl and the heme RCC, leading to weaker binding and resistance. In addition, VCZ moves 0.5 Å closer to helix I because of the Y140F mutation [50]. In contrast, susceptibility to long-tailed triazoles ITC and PCZ was not affected by the ScCYP51 Y140F mutation. These drugs have a 1,3-dioxolane or 3-oxolane moiety, respectively, replacing the tertiary hydroxyl group in FLC and VCZ. The crystal structures of ScCYP51 Y140F bound to ITC and PCZ (PBD IDs: 4ZDY and 4ZE1, respectively) have shown that there is no water-mediated hydrogen bond network. Moreover, additional interactions of the ITC/PCZ tail within the substrate entry channel that stabilise the binding of these ligands to the enzyme help render the Y140F mutation ineffective (Figure 9a).




4.3. The CpCYP51 Y132F Mutation Confers Significant Resistance to Tetrazoles


Each recombinant strain expressing CpCYP51 showed equivalent susceptibility to VT-1161 and VT-1129 but with strains expressing recombinant CpCYP51 being four to six-fold more susceptible than strains expressing recombinant CpCYP51 Y132F.



Figure 9b shows a comparison between the crystal structures of ScCYP51 in complex with VT-1161 and VT-1129. Both drugs bind to CYP51 in a similar fashion. VT-1161 interacts with the heme iron through the tetrazole N3 atom and, similar to short-tailed azoles, the tertiary hydroxyl group of VT-1161 forms a water-mediated hydrogen bond network with the residue Y140 which also forms a hydrogen bond with the heme RCC. The crystal structure of the CaCYP51 catalytic domain also forms a similar network with VT-1161 (PDB ID: 5TZ1) [41]. Disruption of this by Y140F/Y132F mutations results in reduced susceptibility to VT-1161 in ScCYP51/CaCYP51. Therefore, the resistance to VT-1161 conferred by the expression in yeast of recombinant CpCYP51 Y132F can be considered to be equivalent to that conferred by overexpression of recombinant ScCYP51 Y140F in yeast. The ScCYP51 structure in complex with VT-1129 lacked the water-mediated hydrogen bond network involving the VT-1129 tertiary alcohol and Y140, but its presence cannot be excluded.



Hargrove et al. previously highlighted the significance of a H-Bond (2.8 Å) between the trifluoroethoxyphenyl oxygen of VT-1161 and the imidazole side chain of H377 residue in the structure of the CaCYP51 catalytic domain that would strengthen the inhibitory activity of VT-1161 [41]. Further, the homologous residue H374 in A. fumigatus CYP51B was suggested to contribute significantly to binding the experimental tetrazole VT-1598 [42]. However, our studies with full-length ScCYP51 show that neither VT-1161 [40,41] nor VT-1129 are likely to form hydrogen bonds with the homologous residue H381.





5. Conclusions


The expression of functional, full-length recombinant C. parapsilosis CYP51 and CYP51 Y132F in S. cerevisiae is expected to enable phenotypic and biochemical screens that can identify antifungals targeting these CYP51s from an increasingly important fungal pathogen. This will help the discovery of novel antifungals in compound libraries and assist the further development of drug scaffolds used to design broad-spectrum antifungals. The yeast strains developed here have allowed for study of the differential behaviour of the CYP51s to both established and novel antifungals, indicating the potential of these strains as screening tools. Co-expression of CpCYP51 with its cognate CPR also provides opportunity for in vitro biochemical assays using fluorescent substrates such as BOMCC [69]. The present study also provides convenient and functional CYP51 templates to explore substrate binding, drug binding and inhibition, and to elucidate how mutations confer resistance. Our interpretation of the resistance mechanism detected through phenotypic and biochemical analysis of recombinant CpCYP51 and the CpCYP51 Y132F mutant expressed in S. cerevisiae host has broadened our understanding of structurally related mutations. The 10- to 12-fold increase in resistance to the short-tailed azoles conferred by CpCYP51 Y132F mutation was reduced to six-fold for VT-1161 and its congener VT-1129, indicating that the impact of water-mediated hydrogen bond network involving the tertiary alcohol in FLC, VCZ and VT-1161 was partially reduced by the medium-length tails in VT-1161 and VT-1129.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/jof8010069/s1, Table S1: Saccharomyces cerevisiae parental strains used in the study, Table S2: Oligonucleotides used in the study, Table S3: MIC80 values for strains overexpressing CpCYP51 or CpCYP51 Y132F with/without CpCPR, Table S4: Data collection and refinement statistics for ScCYP51-6×His in complex with VT-1129, Figure S1: Identification of the recombinant proteins by mass spectrometry.





Author Contributions


Conceptualisation, B.C.M., Y.N.R. and M.V.K.; writing—original draft preparation—Y.N.R.; experimental work and data analysis—Y.N.R.; computational resources, J.D.A.T.; writing—review and editing, B.C.M., Y.N.R., J.D.A.T. and M.V.K.; funding acquisition, B.C.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Health Research Council of New Zealand grants 13/263, 16/232 and 19/397. Y.N.R. received the University of Otago doctoral scholarship.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Refined X-ray crystal structures with accession code 7RYX have been lodged in the Protein Data Bank.




Acknowledgments


This research was undertaken on the MX2 beamline at the Australian Synchrotron, part of ANSTO.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Toth, R.; Nosek, J.; Mora-Montes, H.M.; Gabaldon, T.; Bliss, J.M.; Nosanchuk, J.D.; Turner, S.A.; Butler, G.; Vagvolgyi, C.; Gacser, A. Candida parapsilosis: From Genes to the Bedside. Clin. Microbiol. Rev. 2019, 32, e00111-18. [Google Scholar] [CrossRef] [PubMed]

	



Guinea, J. Global trends in the distribution of Candida species causing candidemia. Clin. Microbiol. Infect. 2014, 20 (Suppl. 6), 5–10. [Google Scholar] [CrossRef] [PubMed]

	



Trofa, D.; Gacser, A.; Nosanchuk, J.D. Candida parapsilosis, an emerging fungal pathogen. Clin. Microbiol. Rev. 2008, 21, 606–625. [Google Scholar] [CrossRef]

	



Pammi, M.; Holland, L.; Butler, G.; Gacser, A.; Bliss, J.M. Candida parapsilosis is a significant neonatal pathogen: A systematic review and meta-analysis. Pediatr. Infect. Dis. J. 2013, 32, e206–e216. [Google Scholar] [CrossRef] [PubMed]

	



Bonassoli, L.A.; Bertoli, M.; Svidzinski, T.I. High frequency of Candida parapsilosis on the hands of healthy hosts. J. Hosp. Infect. 2005, 59, 159–162. [Google Scholar] [CrossRef]

	



Pereira, L.; Silva, S.; Ribeiro, B.; Henriques, M.; Azeredo, J. Influence of glucose concentration on the structure and quantity of biofilms formed by Candida parapsilosis. FEMS Yeast Res. 2015, 15, fov043. [Google Scholar] [CrossRef] [PubMed]

	



Saiman, L.; Ludington, E.; Dawson, J.D.; Patterson, J.E.; Rangel-Frausto, S.; Wiblin, R.T.; Blumberg, H.M.; Pfaller, M.; Rinaldi, M.; Edwards, J.E.; et al. Risk factors for Candida species colonization of neonatal intensive care unit patients. Pediatr. Infect. Dis. J. 2001, 20, 1119–1124. [Google Scholar] [CrossRef]

	



Pinhati, H.M.; Casulari, L.A.; Souza, A.C.; Siqueira, R.A.; Damasceno, C.M.; Colombo, A.L. Outbreak of candidemia caused by fluconazole resistant Candida parapsilosis strains in an intensive care unit. BMC Infect. Dis. 2016, 16, 433. [Google Scholar] [CrossRef] [PubMed]

	



Qi, L.; Fan, W.; Xia, X.; Yao, L.; Liu, L.; Zhao, H.; Kong, X.; Liu, J. Nosocomial outbreak of Candida parapsilosis sensu stricto fungaemia in a neonatal intensive care unit in China. J. Hosp. Infect. 2018, 100, e246–e252. [Google Scholar] [CrossRef] [PubMed]

	



Pristov, K.E.; Ghannoum, M.A. Resistance of Candida to azoles and echinocandins worldwide. Clin. Microbiol. Infect. 2019, 25, 792–798. [Google Scholar] [CrossRef]

	



Martini, C.; Torelli, R.; de Groot, T.; De Carolis, E.; Morandotti, G.A.; De Angelis, G.; Posteraro, B.; Meis, J.F.; Sanguinetti, M. Prevalence and Clonal Distribution of Azole-Resistant Candida parapsilosis Isolates Causing Bloodstream Infections in a Large Italian Hospital. Front. Cell Infect. Microbiol. 2020, 10, 232. [Google Scholar] [CrossRef]

	



Pfaller, M.A.; Andes, D.R.; Diekema, D.J.; Horn, D.L.; Reboli, A.C.; Rotstein, C.; Franks, B.; Azie, N.E. Epidemiology and outcomes of invasive candidiasis due to non-albicans species of Candida in 2496 patients: Data from the Prospective Antifungal Therapy (PATH) registry 2004-2008. PLoS ONE 2014, 9, e101510. [Google Scholar] [CrossRef]

	



Segal, R.; Kimchi, A.; Kritzman, A.; Inbar, R.; Segal, Z. The frequency of Candida parapsilosis in onychomycosis. An epidemiological survey in Israel. Mycoses 2000, 43, 349–353. [Google Scholar] [CrossRef]

	



Nyirjesy, P.; Alexander, A.B.; Weitz, M.V. Vaginal Candida parapsilosis: Pathogen or bystander? Infect. Dis. Obstet. Gynecol. 2005, 13, 37–41. [Google Scholar] [CrossRef]

	



Passos, X.S.; Sales, W.S.; Maciel, P.J.; Costa, C.R.; Miranda, K.C.; Lemos Jde, A.; Batista Mde, A.; Silva Mdo, R. Candida colonization in intensive care unit patients’ urine. Mem. Inst. Oswaldo Cruz 2005, 100, 925–928. [Google Scholar] [CrossRef] [PubMed]

	



Chen, K.H.; Chang, C.T.; Yu, C.C.; Huang, J.Y.; Yang, C.W.; Hung, C.C. Candida parapsilosis peritonitis has more complications than other Candida peritonitis in peritoneal dialysis patients. Ren. Fail. 2006, 28, 241–246. [Google Scholar] [CrossRef] [PubMed]

	



Van Asbeck, E.C.; Clemons, K.V.; Stevens, D.A. Candida parapsilosis: A review of its epidemiology, pathogenesis, clinical aspects, typing and antimicrobial susceptibility. Crit. Rev. Microbiol. 2009, 35, 283–309. [Google Scholar] [CrossRef]

	



Bhalla, G.S.; Malik, M.; Sarao, M.S.; Bandyopadhyay, K.; Singh, P.; Tadepalli, S.; Singh, L. Device-associated Central Nervous System Infection Caused by Candida parapsilosis. Cureus 2018, 10, e3140. [Google Scholar] [CrossRef] [PubMed]

	



Pappas, P.G.; Kauffman, C.A.; Andes, D.R.; Clancy, C.J.; Marr, K.A.; Ostrosky-Zeichner, L.; Reboli, A.C.; Schuster, M.G.; Vazquez, J.A.; Walsh, T.J.; et al. Clinical Practice Guideline for the Management of Candidiasis: 2016 Update by the Infectious Diseases Society of America. Clin. Infect. Dis. 2016, 62, e1–e50. [Google Scholar] [CrossRef] [PubMed]

	



Pfaller, M.A.; Moet, G.J.; Messer, S.A.; Jones, R.N.; Castanheira, M. Geographic variations in species distribution and echinocandin and azole antifungal resistance rates among Candida bloodstream infection isolates: Report from the SENTRY Antimicrobial Surveillance Program (2008 to 2009). J. Clin. Microbiol. 2011, 49, 396–399. [Google Scholar] [CrossRef] [PubMed]

	



Chassot, F.; Venturini, T.P.; Piasentin, F.B.; Rossato, L.; Fiorini, A.; Svidzinski, T.I.; Alves, S.H. Exploring the In Vitro Resistance of Candida parapsilosis to Echinocandins. Mycopathologia 2016, 181, 663–670. [Google Scholar] [CrossRef] [PubMed]

	



Vandeputte, P.; Ferrari, S.; Coste, A.T. Antifungal resistance and new strategies to control fungal infections. Int. J. Microbiol. 2012, 2012, 713687. [Google Scholar] [CrossRef]

	



Lv, Q.Z.; Yan, L.; Jiang, Y.Y. The synthesis, regulation, and functions of sterols in Candida albicans: Well-known but still lots to learn. Virulence 2016, 7, 649–659. [Google Scholar] [CrossRef] [PubMed]

	



Govender, N.P.; Patel, J.; Magobo, R.E.; Naicker, S.; Wadula, J.; Whitelaw, A.; Coovadia, Y.; Kularatne, R.; Govind, C.; Lockhart, S.R.; et al. Emergence of azole-resistant Candida parapsilosis causing bloodstream infection: Results from laboratory-based sentinel surveillance in South Africa. J. Antimicrob. Chemother. 2016, 71, 1994–2004. [Google Scholar] [CrossRef]

	



Magobo, R.E.; Naicker, S.D.; Wadula, J.; Nchabeleng, M.; Coovadia, Y.; Hoosen, A.; Lockhart, S.R.; Govender, N.P.; The TRAC-South Africa Group. Detection of neonatal unit clusters of Candida parapsilosis fungaemia by microsatellite genotyping: Results from laboratory-based sentinel surveillance, South Africa, 2009–2010. Mycoses 2017, 60, 320–327. [Google Scholar] [CrossRef] [PubMed]

	



Thomaz, D.Y.; de Almeida, J.N., Jr.; Lima, G.M.E.; Nunes, M.d.O.; Camargo, C.H.; Grenfell, R.d.C.; Benard, G.; Del Negro, G.M.B. An Azole-Resistant Candida parapsilosis Outbreak: Clonal Persistence in the Intensive Care Unit of a Brazilian Teaching Hospital. Front. Microbiol. 2018, 9, 2997. [Google Scholar] [CrossRef]

	



Pfaller, M.A.; Diekema, D.J.; Gibbs, D.L.; Newell, V.A.; Meis, J.F.; Gould, I.M.; Fu, W.; Colombo, A.L.; Rodriguez-Noriega, E.; The Global Antifungal Surveillance Group. Results from the ARTEMIS DISK Global Antifungal Surveillance study, 1997 to 2005: An 8.5-year analysis of susceptibilities of Candida species and other yeast species to fluconazole and voriconazole determined by CLSI standardized disk diffusion testing. J. Clin. Microbiol. 2007, 45, 1735–1745. [Google Scholar] [CrossRef]

	



Souza, A.C.; Fuchs, B.B.; Pinhati, H.M.; Siqueira, R.A.; Hagen, F.; Meis, J.F.; Mylonakis, E.; Colombo, A.L. Candida parapsilosis resistance to fluconazole: Molecular mechanisms and in vivo impact in infected galleria mellonella larvae. Antimicrob. Agents Chemother. 2015, 59, 6581–6587. [Google Scholar] [CrossRef]

	



Grossman, N.T.; Pham, C.D.; Cleveland, A.A.; Lockhart, S.R. Molecular mechanisms of fluconazole resistance in Candida parapsilosis isolates from a U.S. surveillance system. Antimicrob. Agents Chemother. 2015, 59, 1030–1037. [Google Scholar] [CrossRef]

	



Morio, F.; Loge, C.; Besse, B.; Hennequin, C.; Le Pape, P. Screening for amino acid substitutions in the Candida albicans Erg11 protein of azole-susceptible and azole-resistant clinical isolates: New substitutions and a review of the literature. Diagn. Microbiol. Infect. Dis. 2010, 66, 373–384. [Google Scholar] [CrossRef]

	



Whaley, S.G.; Berkow, E.L.; Rybak, J.M.; Nishimoto, A.T.; Barker, K.S.; Rogers, P.D. Azole Antifungal Resistance in Candida albicans and Emerging Non-albicans Candida Species. Front. Microbiol. 2016, 7, 2173. [Google Scholar] [CrossRef] [PubMed]

	



Chowdhary, A.; Prakash, A.; Sharma, C.; Kordalewska, M.; Kumar, A.; Sarma, S.; Tarai, B.; Singh, A.; Upadhyaya, G.; Upadhyay, S.; et al. A multicentre study of antifungal susceptibility patterns among 350 Candida auris isolates (2009-17) in India: Role of the ERG11 and FKS1 genes in azole and echinocandin resistance. J. Antimicrob. Chemother. 2018, 73, 891–899. [Google Scholar] [CrossRef]

	



Jiang, C.; Dong, D.; Yu, B.; Cai, G.; Wang, X.; Ji, Y.; Peng, Y. Mechanisms of azole resistance in 52 clinical isolates of Candida tropicalis in China. J. Antimicrob. Chemother. 2013, 68, 778–785. [Google Scholar] [CrossRef]

	



Castanheira, M.; Deshpande, L.M.; Messer, S.A.; Rhomberg, P.R.; Pfaller, M.A. Analysis of global antifungal surveillance results reveals predominance of Erg11 Y132F alteration among azole-resistant Candida parapsilosis and Candida tropicalis and country-specific isolate dissemination. Int. J. Antimicrob. Agents 2020, 55, 105799. [Google Scholar] [CrossRef]

	



Sionov, E.; Chang, Y.C.; Garraffo, H.M.; Dolan, M.A.; Ghannoum, M.A.; Kwon-Chung, K.J. Identification of a Cryptococcus neoformans cytochrome P450 lanosterol 14alpha-demethylase (Erg11) residue critical for differential susceptibility between fluconazole/voriconazole and itraconazole/posaconazole. Antimicrob. Agents Chemother. 2012, 56, 1162–1169. [Google Scholar] [CrossRef] [PubMed]

	



Lescar, J.; Meyer, I.; Akshita, K.; Srinivasaraghavan, K.; Verma, C.; Palous, M.; Mazier, D.; Datry, A.; Fekkar, A. Aspergillus fumigatus harbouring the sole Y121F mutation shows decreased susceptibility to voriconazole but maintained susceptibility to itraconazole and posaconazole. J. Antimicrob. Chemother. 2014, 69, 3244–3247. [Google Scholar] [CrossRef]

	



Heick, T.M.; Justesen, A.F.; Jørgensen, L.N. Resistance of wheat pathogen Zymoseptoria tritici to DMI and QoI fungicides in the Nordic-Baltic region—A status. Eur. J. Plant Pathol. 2017, 149, 669–682. [Google Scholar] [CrossRef]

	



Caramalho, R.; Tyndall, J.D.A.; Monk, B.C.; Larentis, T.; Lass-Flörl, C.; Lackner, M. Intrinsic short-tailed azole resistance in mucormycetes is due to an evolutionary conserved aminoacid substitution of the lanosterol 14α-demethylase. Sci. Rep. 2017, 7, 15898. [Google Scholar] [CrossRef]

	



Hoekstra, W.J.; Garvey, E.P.; Moore, W.R.; Rafferty, S.W.; Yates, C.M.; Schotzinger, R.J. Design and optimization of highly-selective fungal CYP51 inhibitors. Bioorg. Med. Chem. Lett. 2014, 24, 3455–3458. [Google Scholar] [CrossRef]

	



Monk, B.C.; Keniya, M.V.; Sabherwal, M.; Wilson, R.K.; Graham, D.O.; Hassan, H.F.; Chen, D.; Tyndall, J.D.A. Azole Resistance Reduces Susceptibility to the Tetrazole Antifungal VT-1161. Antimicrob. Agents Chemother. 2019, 63, e02114–e02118. [Google Scholar] [CrossRef]

	



Hargrove, T.Y.; Friggeri, L.; Wawrzak, Z.; Qi, A.; Hoekstra, W.J.; Schotzinger, R.J.; York, J.D.; Guengerich, F.P.; Lepesheva, G.I. Structural analyses of Candida albicans sterol 14alpha-demethylase complexed with azole drugs address the molecular basis of azole-mediated inhibition of fungal sterol biosynthesis. J. Biol. Chem. 2017, 292, 6728–6743. [Google Scholar] [CrossRef]

	



Hargrove, T.Y.; Garvey, E.P.; Hoekstra, W.J.; Yates, C.M.; Wawrzak, Z.; Rachakonda, G.; Villalta, F.; Lepesheva, G.I. Crystal Structure of the New Investigational Drug Candidate VT-1598 in Complex with Aspergillus fumigatus Sterol 14alpha-Demethylase Provides Insights into Its Broad-Spectrum Antifungal Activity. Antimicrob. Agents Chemother. 2017, 61, e00570-17. [Google Scholar] [CrossRef]

	



Keniya, M.V.; Ruma, Y.N.; Tyndall, J.D.A.; Monk, B.C. Heterologous Expression of Full-Length Lanosterol 14alpha-Demethylases of Prominent Fungal Pathogens Candida albicans and Candida glabrata Provides Tools for Antifungal Discovery. Antimicrob. Agents Chemother. 2018, 62, e01131-18. [Google Scholar] [CrossRef]

	



Sagatova, A.A.; Keniya, M.V.; Wilson, R.K.; Monk, B.C.; Tyndall, J.D. Structural Insights into Binding of the Antifungal Drug Fluconazole to Saccharomyces cerevisiae Lanosterol 14alpha-Demethylase. Antimicrob. Agents Chemother. 2015, 59, 4982–4989. [Google Scholar] [CrossRef] [PubMed]

	



Sagatova, A.A.; Keniya, M.V.; Tyndall, J.D.A.; Monk, B.C. Impact of Homologous Resistance Mutations from Pathogenic Yeast on Saccharomyces cerevisiae Lanosterol 14alpha-Demethylase. Antimicrob. Agents Chemother. 2018, 62, e02242-17. [Google Scholar] [CrossRef] [PubMed]

	



Lamping, E.; Monk, B.C.; Niimi, K.; Holmes, A.R.; Tsao, S.; Tanabe, K.; Niimi, M.; Uehara, Y.; Cannon, R.D. Characterization of three classes of membrane proteins involved in fungal azole resistance by functional hyperexpression in Saccharomyces cerevisiae. Eukaryot. Cell 2007, 6, 1150–1165. [Google Scholar] [CrossRef] [PubMed]

	



Nagy, A. Cre recombinase: The universal reagent for genome tailoring. Genesis 2000, 26, 99–109. [Google Scholar] [CrossRef]

	



Guldener, U.; Heck, S.; Fielder, T.; Beinhauer, J.; Hegemann, J.H. A new efficient gene disruption cassette for repeated use in budding yeast. Nucleic Acids Res. 1996, 24, 2519–2524. [Google Scholar] [CrossRef]

	



Keniya, M.V.; Fleischer, E.; Klinger, A.; Cannon, R.D.; Monk, B.C. Inhibitors of the Candida albicans major facilitator superfamily transporter Mdr1p responsible for fluconazole resistance. PLoS ONE 2015, 10, e0126350. [Google Scholar] [CrossRef] [PubMed]

	



Sagatova, A.A.; Keniya, M.V.; Wilson, R.K.; Sabherwal, M.; Tyndall, J.D.; Monk, B.C. Triazole resistance mediated by mutations of a conserved active site tyrosine in fungal lanosterol 14alpha-demethylase. Sci. Rep. 2016, 6, 26213. [Google Scholar] [CrossRef]

	



Monk, B.C.; Tomasiak, T.M.; Keniya, M.V.; Huschmann, F.U.; Tyndall, J.D.; O’Connell, J.D., 3rd; Cannon, R.D.; McDonald, J.G.; Rodriguez, A.; Finer-Moore, J.S.; et al. Architecture of a single membrane spanning cytochrome P450 suggests constraints that orient the catalytic domain relative to a bilayer. Proc. Natl. Acad. Sci. USA 2014, 111, 3865–3870. [Google Scholar] [CrossRef]

	



Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein measurement with the Folin phenol reagent. J. Biol. Chem. 1951, 193, 265–275. [Google Scholar] [CrossRef]

	



Laemmli, U.K. Cleavage of Structural Proteins during the Assembly of the Head of Bacteriophage T4. Nature 1970, 227, 680–685. [Google Scholar] [CrossRef]

	



Keniya, M.V.; Sabherwal, M.; Wilson, R.K.; Woods, M.A.; Sagatova, A.A.; Tyndall, J.D.A.; Monk, B.C. Crystal Structures of Full-Length Lanosterol 14alpha-Demethylases of Prominent Fungal Pathogens Candida albicans and Candida glabrata Provide Tools for Antifungal Discovery. Antimicrob. Agents Chemother. 2018, 62, e01134-18. [Google Scholar] [CrossRef]

	



Hargrove, T.Y.; Wawrzak, Z.; Liu, J.; Nes, W.D.; Waterman, M.R.; Lepesheva, G.I. Substrate preferences and catalytic parameters determined by structural characteristics of sterol 14alpha-demethylase (CYP51) from Leishmania infantum. J. Biol. Chem. 2011, 286, 26838–26848. [Google Scholar] [CrossRef]

	



Lepesheva, G.I.; Strushkevich, N.V.; Usanov, S.A. Conformational dynamics and molecular interaction reactions of recombinant cytochrome P450scc (CYP11A1) detected by fluorescence energy transfer. Biochim. Biophys. Acta 1999, 1434, 31–43. [Google Scholar] [CrossRef]

	



Warrilow, A.G.; Parker, J.E.; Price, C.L.; Nes, W.D.; Garvey, E.P.; Hoekstra, W.J.; Schotzinger, R.J.; Kelly, D.E.; Kelly, S.L. The Investigational Drug VT-1129 Is a Highly Potent Inhibitor of Cryptococcus Species CYP51 but Only Weakly Inhibits the Human Enzyme. Antimicrob. Agents Chemother. 2016, 60, 4530–4538. [Google Scholar] [CrossRef]

	



Kabsch, W. Xds. Acta Crystallogr. D Biol. Crystallogr. 2010, 66, 125–132. [Google Scholar] [CrossRef]

	



Collaborative Computational Project, N. The CCP4 suite: Programs for protein crystallography. Acta Crystallogr. D Biol. Crystallogr. 1994, 50, 760–763. [Google Scholar] [CrossRef]

	



McCoy, A.J.; Grosse-Kunstleve, R.W.; Adams, P.D.; Winn, M.D.; Storoni, L.C.; Read, R.J. Phaser crystallographic software. J. Appl. Crystallogr. 2007, 40, 658–674. [Google Scholar] [CrossRef]

	



Adams, P.D.; Afonine, P.V.; Bunkoczi, G.; Chen, V.B.; Davis, I.W.; Echols, N.; Headd, J.J.; Hung, L.W.; Kapral, G.J.; Grosse-Kunstleve, R.W.; et al. PHENIX: A comprehensive Python-based system for macromolecular structure solution. Acta Crystallogr. D Biol. Crystallogr. 2010, 66, 213–221. [Google Scholar] [CrossRef]

	



Emsley, P.; Lohkamp, B.; Scott, W.G.; Cowtan, K. Features and development of Coot. Acta Crystallogr. D Biol. Crystallogr. 2010, 66, 486–501. [Google Scholar] [CrossRef]

	



Available online: http://grade.globalphasing.org (accessed on 23 March 2021).

	



Sali, A.; Blundell, T.L. Comparative protein modelling by satisfaction of spatial restraints. J. Mol. Biol. 1993, 234, 779–815. [Google Scholar] [CrossRef]

	



Notredame, C.; Higgins, D.G.; Heringa, J. T-Coffee: A novel method for fast and accurate multiple sequence alignment. J. Mol. Biol. 2000, 302, 205–217. [Google Scholar] [CrossRef]

	



Morrison, J.F. Kinetics of the reversible inhibition of enzyme-catalysed reactions by tight-binding inhibitors. Biochim. Biophys. Acta 1969, 185, 269–286. [Google Scholar] [CrossRef]

	



Tyndall, J.D.; Sabherwal, M.; Sagatova, A.A.; Keniya, M.V.; Negroni, J.; Wilson, R.K.; Woods, M.A.; Tietjen, K.; Monk, B.C. Structural and Functional Elucidation of Yeast Lanosterol 14alpha-Demethylase in Complex with Agrochemical Antifungals. PLoS ONE 2016, 11, e0167485. [Google Scholar] [CrossRef]

	



Monk, B.C.; Sagatova, A.A.; Hosseini, P.; Ruma, Y.N.; Wilson, R.K.; Keniya, M.V. Fungal Lanosterol 14alpha-demethylase: A target for next-generation antifungal design. Biochim. Biophys. Acta Proteins Proteom. 2020, 1868, 140206. [Google Scholar] [CrossRef]

	



Riley, J.; Brand, S.; Voice, M.; Caballero, I.; Calvo, D.; Read, K.D. Development of a Fluorescence-based Trypanosoma cruzi CYP51 Inhibition Assay for Effective Compound Triaging in Drug Discovery Programmes for Chagas Disease. PLoS Negl. Trop. Dis. 2015, 9, e0004014. [Google Scholar] [CrossRef]








[image: Jof 08 00069 g001 550] 





Figure 1. Primary sequence alignment of several fungal pathogens in the region of Y132 CpCYP51 using ClustalW. C. albicans CYP51 (CaCYP51), S. cerevisiae CYP51 (ScCYP51), A. fumigatus CYP51A (AfCYP51A), C. neoformans CYP51 (CnCYP51) and Z. tritici CYP51 (ZtCYP51). The tyrosine residue (Y), equivalent to Y132 in CpCYP51, is highlighted in yellow. An asterisk denotes conserved residues, a colon indicates conservative substitutions and a full stop marks semi-conservative substitutions. 
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Figure 2. SDS-PAGE and Western blot analysis of CpCYP51-6×His, CpCYP51-6×His Y132F and CpCPR-6×His expression. (a,c) Coomassie-stained SDS-PAGE gels of crude membranes (30 μg) expressing recombinant C. parapsilosis proteins. (b,d) Expression of the autologous and recombinant His-tagged proteins detected in Western blots of crude membranes (30 μg/lane) decorated with mouse anti-6×His antibody visualised using ECL. (a,b) Lanes: 1. CpCYP51-6×His (Y2719), 2. CpCYP51-6×His co-expressed with CpCPR-6×His (Y2721), 3. ScCYP51-6×His (Y941), 4. Y1857 (AD2Δ). (c,d) Lanes: 1. CpCYP51-6×His Y132F (Y2714), 2. CpCYP51-6×His Y132F co-expressed with CpCPR-6×His (Y2716), 3. CpCPR-6×His (Y2717), 4. Y1857, 5. ScCYP51-6×His (Y941). Strain genotypes are given in Table 1 and Table S1 (Supplementary Material). MW: 5 µL protein molecular weight markers (PageRuler Plus Prestained Protein Ladder, Thermo Scientific), molecular weights in kDa. 
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Figure 3. Agarose diffusion drug susceptibility analysis of host and recombinant strains to azole and control drugs. (a) Susceptibilities to antifungals of strains expressing recombinant CpCYP51 and CpCYP51 Y132F from the PDR5 loci co-expressed with CpCPR from the PDR15 loci. (b) Susceptibilities to the antifungals of the reference strain Y2411. The indicated amount of antifungal loaded is in nanomole per disk. 
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Figure 4. Comparison of MIC80 values for recombinant strains expressing CpCYP51 or CpCYP51 Y132F to antifungals. (a) FLC, (b) VCZ, (c) ITC, (d) PCZ, (e) VT-1161, (f) VT-1129, (g) MCF, (h) AmpB. Strain description is provided in Table 1. Glucose-containing SD buffered at pH 6.8 was used. The MIC80 values were determined in microtiter plates from the OD600 nm values compared with no drug controls and were read after incubation for 48 h with shaking at 30 °C. The experiments were carried out in triplicates in three separate experiments for each strain and drug. The scatter plot is based on the average MIC80 values of the three separate experiments (a total of 9 measurements per strain). The horizontal line at the centre represents the mean MIC80, and the error bars indicate the standard error of the mean (SEM). One-way analysis of variance (ANOVA) with post hoc Tukey’s honestly significant difference (HSD) test was performed in Graph Pad Prism 9.0 to compare the difference in susceptibility between the CpCYP51 only expressing and CPR co-expressing strains, and CpCYP51 and CpCYP51 Y132F strains. The statistical significance is shown as asterisk. * p < 0.05, ** p < 0.01, **** p < 0.0001, ns—not significant. The p values for ITC, PCZ, MCF, AmpB were ns (not shown on the plot). 
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Figure 5. Analysis of SEC-purified CpCYP51-6×His. (a) Coomassie-stained SDS-PAGE profile of purified wild type CpCYP51-6×His (~59.5 kDa). MW: 5 µL protein molecular weight markers (PageRuler Plus pre-stained protein ladder, Thermo Scientific). (b) Absolute absorbance spectrum of the SEC-purified CpCYP51-6×His. 
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Figure 6. Type II binding spectra and binding curves of CpCYP51-6×His. The curves with best fit were obtained using Hill equation for the binding of the azoles to CpCYP51-6×His. (a) VCZ, (b) PCZ, (c) VT-1161, (d) VT-1129. VCZ was dissolved in Milli-Q water. PCZ, VT-1161 and VT-1129 solutions were prepared in DMSO. 
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Figure 7. Crystal structure of ScCYP51-6×His in complex with VT-1129. (a) Full-length structure of ScCYP51-6×His in complex with VT-1129. (b) OMIT map for VT-1129 (Fo-Fc map (green mesh) contoured at 3σ; 2Fo-Fc map (blue mesh) contoured at 1σ). The Fo-Fc map was calculated using Fcalc refined from coordinates with no ligand at the active site. The 2Fo-Fc map was calculated following the final refinement. The chemical structure of VT-1129 is shown at the bottom right-hand corner. (c) Residues within 4 Å of VT-1129 are shown as white sticks. H-bonds are presented as yellow dashed lines. The ScCYP51 cartoon is white, VT-1129 is shown as magenta and the heme is depicted as cyan sticks with the heme iron as an orange sphere. Nitrogen atoms are blue and oxygen atoms are red. 
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Figure 8. The CpCYP51 model (cyan cartoon) superimposed with ScCYP51 structures complexed with (a) FLC (PDB ID: 4WMZ), (b) VCZ (PDB ID: 5HS1), (c) ITC (PDB ID: 5EQB), (d) PCZ (PDB ID: 6E8Q), (e) VT-1161 (PDB ID: 5UL0), and (f) VT-1129 (PDB ID: 7RYX). Only ligands and selected water molecules from known ScCYP51 structures are shown. 
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Figure 9. (a) Binding of FLC (PDB ID: 4WMZ) (magenta stick) and ITC (PDB ID: 5EQB) (grey stick) in the active site of ScCYP51. (b) Binding of VT-1161 (PDB ID: 5UL0) (yellow stick) and VT-1129 (PDB ID: 7RYX) (salmon stick) in the active site of ScCYP51. The ScCYP51 cartoon is green, and heme is depicted as cyan stick with the heme iron as orange sphere. Nitrogen atoms are blue and oxygen atoms are red. H-bond network involving the water molecules (small red sphere), the OH group of Y140 and the heme RCC and RCD are shown as yellow dashed lines. 
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Table 1. List of strains prepared in the present study.
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Strain

	
Strain Description






	
Wild type CpCYP51-6×His expressing strains




	
Y2718

	
PDR5::CpCYP51-6×His, ΔScCYP51pro::GAL1pro




	
Y2719

	
PDR5::CpCYP51-6×His, ΔScCYP51::HIS1




	
Y2720

	
PDR5::CpCYP51-6×His, PDR15::CpCPR-6×His, ΔScCYP51pro::GAL1pro




	
Y2721

	
PDR5::CpCYP51-6×His, PDR15::CpCPR-6×His, ΔScCYP51::HIS1




	
Y132F mutant CpCYP51-6×His expressing strains




	
Y2713

	
PDR5::CpCYP51-6×His Y132F, ΔScCYP51pro::GAL1pro




	
Y2714

	
PDR5::CpCYP51-6×His Y132F, ΔScCYP51::HIS1




	
Y2715

	
PDR5::CpCYP51-6×His Y132F, PDR15::CpCPR-6×His, ΔScCYP51pro::GAL1pro




	
Y2716

	
PDR5::CpCYP51-6×His Y132F, PDR15::CpCPR-6×His, ΔScCYP51::HIS1




	
CpCPR-6×His only expressing strain




	
Y2717

	
PDR15::CpCPR-6×His, ΔScCYP51pro::GAL1pro
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Table 2. Type II binding of azoles to CpCYP51-6xHis.
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	Triazole
	∆Amax
	λpeak
	λtrough
	Hill Number
	Kd (μM)





	Voriconazole
	0.049
	429 to 428
	411 to 407
	1.53
	0.46 ± (0.03)



	Posaconazole
	0.052
	428 to 427
	411 to 407
	1.63
	0.34 ± (0.03)



	VT-1161
	0.025
	424 to 423
	411 to 405
	0.58
	0.38 ± (0.01)



	VT-1129
	0.027
	425 to 423.5
	409.5 to 406
	1.96
	0.32 ± (0.02)







Values in brackets indicate standard errors.
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