MECHANISMS OF RESISTANCE

SOCIETY FOR

microsiotoy| aNC Chemotherapy® '.)

‘Ll AMERICAN Antimicrobial Agents

Check for
updates

Impact of Homologous Resistance Mutations from Pathogenic
Yeast on Saccharomyces cerevisiae Lanosterol 14a-Demethylase

Alia A. Sagatova,® Mikhail V. Keniya,® Joel D. A. Tyndall,© Brian C. Monk?P

aSir John Walsh Research Institute, University of Otago, Dunedin, New Zealand
PDepartment of Oral Sciences, University of Otago, Dunedin, New Zealand

<School of Pharmacy, University of Otago, Dunedin, New Zealand

ABSTRACT Fungal infections frequently affect immunodeficient individuals and
are estimated to kill 1.35 million people per annum. Azole antifungals target the
membrane-bound cytochrome P450 monooxygenase lanosterol 14a-demethylase
(CYP51; Erg11p). Mutations in CYP51 can render the widely used triazole drugs less
effective. The Candida albicans CYP51 mutation G464S and the double mutation
Y132F G464S (Y140F and G464S by Saccharomyces cerevisiae numbering) as well as
the CYP51A G54E/R/W mutations of Aspergillus fumigatus (G73E/R/W by S. cerevisiae
numbering) have been reproduced in a recombinant C-terminal hexahistidine-
tagged version of S. cerevisiae CYP51 (ScErg11p6XHis). Phenotypes and X-ray crystal
structures were determined for the mutant enzymes. Liquid microdilution assays
showed that the G464S mutation in ScErg11p6XHis conferred no difference in the
susceptibility of yeast to triazole drugs but in combination with the Y140F mutation
gave a 4-fold reduction in susceptibility to the short-tailed triazole fluconazole. The
ScErg11p6XHis Y140F G464S mutant was unstable during purification and was not
crystallized. The ScErg11p6XHis G73E/R/W mutations conferred increased susceptibly
to all triazoles tested in liquid microdilution assays. High-resolution X-ray crystal
structures reveal two different conformations of the ligand itraconazole, including a
previously unseen conformation, as well as interactions between the tail of this tria-
zole and the E/W73 residue. This study shows that S. cerevisiae CYP51 adequately
represents some but not all mutations in CYP51s of pathogenic fungi. Insight into
the molecular mechanisms of resistance mutations in CYP51 will assist the develop-
ment of inhibitors that will overcome antifungal resistance.
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This pathogen is a major cause of hospital-acquired bloodstream infections in vulner-
able individuals, with mortality rates of 30 to 55% (3, 4).

The azole antifungals are a class of commonly used medications and agrochemi-
cals. They target the membrane-bound enzyme lanosterol 14a-demethylase (CYP51;
Erg11p), a member of the CYP51 class of monooxygenases in the cytochrome P450
superfamily, which catalyzes the rate-limiting step in ergosterol biosynthesis. The
resistance of fungal pathogens to triazoles due to mutations in CYP51 reduces thera-
peutic options and makes treatment problematic. Furthermore, the widespread use of
these azoles as fungicides in agriculture has led to cross-resistance between medical
and agricultural triazoles (5, 6).

Aspergillus fumigatus is the most frequent cause of IA. A. fumigatus harbors two
isoforms of lanosterol 14a-demethylase (CYP51A and CYP51B) (7). The pathogen’s
intrinsic resistance to the widely used triazole fluconazole (FLC) is thought to be due to
the CYP51A isoform (8), but the molecular basis for resistance has yet to be elucidated.
Voriconazole (VCZ) is not affected by this intrinsic resistance mechanism and has been
the drug of choice for the treatment of IA (9). However, significant toxicity and
pharmacokinetic issues require therapeutic monitoring during treatment with VCZ (10).
The long-tailed triazoles itraconazole (ITC) and posaconazole (PCZ) are used as pro-
phylactic treatments for aspergillosis. The long-term prophylactic use of ITC leads to the
pathogen acquiring resistance affecting glycine 54 (G54) in CYP51 (11), which confers
cross-resistance to the long-tailed triazole PCZ (12) but not to the short-tailed triazole
VCZ (13, 14) or the medium-tail-length triazole isavuconazole (ISA) (15). The recent
discovery of G54 mutations in environmental isolates of A. fumigatus (16) suggests that
agricultural fungicides may also drive selection for this mutation. Early studies that
expressed A. fumigatus CYP51A (AfCYP51A) G54 mutants in Saccharomyces cerevisiae,
with native CYP51 repressed by using a tetracycline-regulated promoter, confirmed the
reduced susceptibility of these strains to ITC and PCZ and the retention of susceptibility
to VCZ (14). Structure-based sequence alignment using the full-length structure of
His-tagged S. cerevisiae CYP51 in complex with ITC (ScErg11p6XHis) (PDB accession
number 5EQB) (17) as a template shows that A. fumigatus CYP51A G54 (G73 in S.
cerevisiae) is located at the entry to the substrate channel. This suggests that mutation
to a bulky residue might disrupt the interaction of long-tailed azoles with the mouth of
the substrate channel, while the binding of short- and medium-tailed azoles that
interact with only the active site is less likely to be affected.

The A. fumigatus CYP51A G448S mutation is located closer to the active site on the
proximal side of the heme. It has an effect opposite that of the G73 mutations and
confers resistance to the short-tailed triazole VCZ but not the long-tailed triazole ITC or
PCZ (18, 19). The equivalent mutation is also found in C. albicans CYP51 (CaCYP51). The
CaCYP51 G464S mutation confers resistance to FLC alone or in combination with other
mutations (20-22). Enzyme kinetic studies using microsomal preparations from S.
cerevisiae cells expressing the CaCYP51 G464S mutant found that the mutant enzyme
has a reduced affinity for FLC and lower catalytic activity than the wild-type enzyme
(23). It was suggested that the position of the heme within the active site could be
altered due to the mutation.

The G464S mutation in CaCYP51 has been found in combination with the Y132H
and R467K mutations as well as with the Y132H and H283R mutations (20, 21). The
Y132H and G464S mutations each conferred a 4-fold increase in resistance to FLC
compared to the wild-type enzyme. When both mutations were present in CaCYP51,
the resistance of the strain to FLC was increased 32-fold (20). The residues equivalent
to Y132H and G464S in ScCYP51 (Y140H and G464S) are located on the opposite sides
of the heme (Fig. 1) (24). We previously demonstrated that the Y140F/H mutations in
ScErg11p6XHis eliminate the hydrogen bond between the heme ring C propionate
group and the hydroxyl group of Y140 as well as water-mediated hydrogen bonds to
the short-tailed azoles FLC and VCZ (25). Based on the structure of ScErg11p6XHis in
complex with FLC (PDB accession number 4WMZ) (24), we propose that the mutant
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FIG 1 Fluconazole bound to the active site of wild-type ScErg11p6XHis. Shown is a cartoon represen-
tation of ScErg11p6xHis (PDB accession number 4WMZ) with heme (magenta), fluconazole (cyan), and
residues Y140, Y126, G464, S382, and K151 shown as sticks. Water molecules are shown as red spheres,
and hydrogen bonds are shown as yellow dotted lines.

G464S hydroxyl group replaces a water molecule that makes a hydrogen bond to the
heme ring D propionate.

To date, the crystal structures of CYP51s from S. cerevisiae, A. fumigatus (CYP51B),
Candida glabrata (CgCYP51), and C. albicans have been reported. The full-length
structures for ScCCYP51 have been obtained in complex with the substrate lanosterol;
the triazoles ITC, VCZ (17), and FLC (24); the tetrazole VT-1161 (PDB accession number
5ULO0), and several agrochemical antifungals (26). Structures of N-terminally truncated
C. albicans CYP51 in complex with PCZ and VT-1161 (27) and full-length C. glabrata
CYP51 and CaCYP51 in complex with ITC (PDB accession numbers 5JLC and 5V5Z) were
released in 2017. Crystal structures of N-terminally truncated A. fumigatus CYP51B in
complex with VCZ and VNI {(R)-N-(1-[2,4-dichlorophenyl]-2-[1H-imidazol-1-yl]lethyl)-4-
(5-phenyl-1,3,4-oxadiazol-2-yl)benzamide} (28) have also been reported. At this time,
there is no crystal structure of AfCYP5TA. The enzyme expressed in Escherichia coli
appears unstable with purification, as it gave a diagnostic inactive P420 complex when
reduced in the presence of carbon monoxide (29). In order to assess the effects of
mutations that confer significant azole resistance in C. albicans and A. fumigatus, we
present structural and functional analyses of these CYP51 mutations recreated in
ScErg11p6XHis.

RESULTS

Quantitation of ScErg11p6 xHis mutant expression levels. Table S1 in the sup-
plemental material lists the strains used in this study. Recombinant ScERG11, including
a C-terminal hexahistidine tag, was constitutively overexpressed at the PDR5 locus of
these strains. Native ERGT11 was retained in the AD2A background and deleted in
the AD3A background. All mutations were confirmed by mass spectrometry of Ni-
nitrilotriacetic acid (NTA) affinity- and size exclusion chromatography (SEC)-purified
62-kDa protein bands separated by SDS-polyacrylamide gel electrophoresis (see Fig. S1
to S5 in the supplemental material). Quantitation of protein levels in crude membrane
preparations from strains of the AD3A background was performed for all mutants and
the wild-type enzyme apart from the G73W mutant, which did not have a viable
phenotype when endogenous ERG11 was deleted. Coomassie-stained SDS-PAGE gels
were used to visualize the protein in the crude membranes, and Western blots were
used to determine the relative content of ScErg11p6XHis in each preparation (Fig. S6).
The Western blots showed that the ScErg11p6XHis G73R and G73W mutant enzymes
were expressed at 93% and 120% of the level of the wild-type recombinant enzyme,
respectively. The ScErg11p6XHis G73E mutant, G464S mutant, and Y140F G464S
double mutant enzymes were expressed at 40%, 30%, and 65% of the level of the
wild-type enzyme, respectively.

Triazole susceptibilities of mutant strains. MIC,, determinations were performed
by using a modified liquid microdilution method using buffered synthetic defined (SD)
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TABLE 1 MICg, values for strains overexpressing wild-type or mutant ScErg11p6XHis

Mean MICg, (g/ml) (SEM)®

Strain FLC vCcz ITC
AD2AScErg11p 1.90 (=0.10) 0.239 (+0.017) 0.106 (+0.006)
AD3AScErg11p 1.90 (+0.02) 0.248 (+0.010) 0.105 (+0.004)
AD2AScErg11p_G73E 0.83 (£0.02) 0.136 (=0.039) 0.09 (£0.007)
AD3AScErg11p_G73E 0.50 (*0.06) 0.038 (*+0.006) 0.05 (*+0.001)
AD2AScErg11p_G73R 0.91 (*0.03) 0.082 (+0.010) 0.097 (+0.007)
AD3AScErg11p_G73R 0.50 (£0.01) 0.047 (=0.004) 0.062 (+0.006)
AD2AScErg11p_G73W 0.95 (*0.05) 0.089 (+0.010) 0.103 (+0.006)
AD2AScErg11p_G464S 1.82 (=0.10) 0.247 (=0.014) 0.076 (+0.009)
AD3AScErg11p_G464S 1.80 (+0.10) 0.241 (+0.025) 0.112 (+0.008)
AD2AScErg11p_DM 8.20 (£0.40) 0.585 (*+0.020) 0.089 (+0.001)
) (

(
AD3AScErg11p_DM 7.50 (£0.08) 0.570 (+0.019

aStandard errors of the means are shown in parentheses. Cells were grown in SD medium. MICg,s were
determined after 48 h at 30°C.

0.063 (+0.007)

medium for the yeast host and recombinant strains overexpressing wild-type and
mutant ScERG11 from the PDR5 locus (see Table S1 in the supplemental material). We
previously reported that the removal of endogenous ScCYP51 from the wild-type or
mutant strains overexpressing ScErg11p6xHis did not significantly alter susceptibilities
to the triazole drugs tested (24, 25). Surprisingly, the G73 series of CYP51 mutants
showed increased susceptibilities to all the triazole drugs tested compared to the strain
overexpressing the wild-type enzyme (Table 1). In the AD2A background (with endog-
enous ERGTT intact), the MICg,s of the G73 mutants were reduced by up to 2.5-fold for
FLC and VCZ but not ITC compared to the strain overexpressing the wild-type enzyme.
The native enzyme appeared to make a significant contribution to susceptibility
because the deletion of endogenous ERG11 reduced MICgys 1.5- to 3.5-fold further
against all azoles (Table 1). The comparable susceptibility patterns of the G73E and
G73R mutants, in comparison with the wild-type strain, suggest that the 2.3-fold-lower
level of expression of the G73E enzyme had little effect on susceptibility to the azoles.
The deletion of native SCcERG11 from AD2AScErg11p_G73W gave a nonviable pheno-
type. This indicated that the CYP51 G73W enzyme has insufficient activity to support
cell growth despite expression at levels higher than those of the wild-type enzyme
(Fig. S6).

The recombinant strain overexpressing the ScErg11p6XHis G464S enzyme gave
susceptibilities comparable to those of the wild-type strain for each triazole drug
tested (FLC, VCZ, and ITC) (Table 1). Compared to the AD2AScErg11p_G464S strain,
the deletion of native ERGT1 to obtain the AD3AScErg11p_G464S strain did not
significantly alter susceptibility to these triazoles. The 70% lower level of expression
of the mutant than of the wild-type enzyme in the AD3A background may be why
this strain does not show resistance to triazoles. The AD2A and AD3A strains
expressing the ScErg11p6XHis Y140F enzyme from the PDR5 locus were described
previously (25). They show 2-fold greater resistance to FLC, 1.7-fold greater resis-
tance to VCZ, and similar susceptibility to ITC compared to control strains overex-
pressing wild-type ScErg11p6XHis. The MICgys of the AD2AScErg11p_DM strain
overexpressing the ScErg11p6XHis Y140F G464S mutant were not altered signifi-
cantly with the deletion of native ERGTI1. It gave similar or slightly increased
susceptibility to all three triazoles. The MICg, of AD3AScErg11p_DM for FLC (7.50
ng/ml) was ~4-fold higher than that of the wild-type ScErg11p6XHis strain (1.90
ng/ml), despite the G464S mutation alone having no effect on FLC resistance. Similarly,
the MICg, of AD3AScErg11p_DM for VCZ (0.570 pg/ml) was ~2-fold higher than the
wild-type value of 0.248 ug/ml. In contrast, susceptibility to ITC was essentially un-
changed by this pair of mutations in ScErg11p6XxHis.

Purification of the mutant enzymes. Mutant ScErg11p6XHis enzymes were puri-
fied from all strains of the AD3A background except the G73W mutant. The
AD2AScErg11p_G73W mutant strain was used instead for protein purification, as the
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FIG 2 Wild-type and mutant ScErg11p6XHis carbon monoxide difference spectra. Difference spectra are shown for
the wild-type ScErg11p6XxHis protein (a) and the Y140F G464S (b), G73R (as a representative of the G73W/R/E
mutants, as all 3 profiles were similar) (c), and G464S (d) mutants. The difference spectra were obtained by using
equal concentrations of the ScErg11p6XHis protein in a control sample, which was reduced by sodium dithionite,
and a test sample, which was reduced by sodium dithionite after the solution was saturated with carbon monoxide.
The peak at 445 nm represents functional CYP450, and the peak at 417 nm represents nonfunctional CYP450.

deletion of its native ERG11 gave a nonviable phenotype. Affinity chromatography and
SEC gave comparable chromatograms and Coomassie blue-stained SDS-PAGE profiles
for wild-type and ScErg11p6XHis G73E/R/W mutant enzymes (see Fig. S7 in the
supplemental material). In contrast, the ScErg11p6XHis G464S and ScErg11p6XxHis
Y140F G464S preparations gave additional peaks during SEC of the affinity-purified
enzyme, which is suggestive of denaturation or degradation (Fig. S8 and S9). No
degradation products were detected by SDS-PAGE in the SEC elution profile of the
ScErg11p6XHis G464S enzyme (Fig. S8). SDS-PAGE detected an additional protein band
at ~55 kDa in the Ni-NTA elution profile of the ScErg11p6XHis Y140F G464S enzyme
(Fig. S9). The preparation appeared yellow rather than the red color expected of a
functional enzyme.

CYP450 concentration estimation and characterization by CO binding. The
ScErg11p6XHis G73E/R/W enzymes prepared by affinity chromatography gave carbon
monoxide difference spectrum profiles similar to that of the wild-type enzyme. For
ScErg11p6XHis, the reduced carbon monoxide-bound protein gave a dominant peak
at ~445 nm, as expected for a functional fungal CYP51 protein. The wild-type and the
G73R mutant enzymes gave similar profiles, with a minor peak at 417 nm that indicated
some denatured CYP450 enzyme in the preparation (Fig. 2). The majority of the purified
Y140F G464S enzyme appeared nonfunctional, with a large peak at 417 nm and a slight
shoulder at 445 nm. The ScErg11p6XHis G464S enzyme had a slightly larger shoulder
at 445 nm than the double mutant, but the majority of these proteins appeared
nonfunctional (Fig. 2).

Spectral characterization by type Il binding studies. The type Il spectral shift is
used to identify azole binding to the P450 enzymes. It occurs when the water
molecule bound as an axial ligand at the heme iron is displaced by the nitrogen of
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FIG 3 Type Il difference spectra and FLC binding curves for ScErg11p6XHis G73E/R/W enzymes. (a to c) The difference spectra were
obtained by incremental additions of FLC dissolved in DMSO to 1 uM the ScErg11p6XHis G73R (a), G73E (b), and G73W (c) mutants in
the sample cuvette and a corresponding amount of DMSO added to 1 uM enzyme in the reference cuvette. (d) The absorbance difference
between the trough and the peak was plotted against the triazole concentration to generate binding curves. The wild-type enzyme is
represented by circles, the G73E mutant is represented by squares, the G73R mutant is represented by triangles, and the G73W mutant
is represented by diamonds. The inset shows the type Il difference spectra for the wild-type enzyme.

the azole ring. The binding of the triazole drugs FLC, VCZ, ITC, and PCZ to the
ScErg11p6XHis G73E/R/W enzymes gave type Il difference spectra (Fig. 3). In
contrast, the ScErg11p6XHis G464S and the Y140F G464S enzymes were not suffi-
ciently stable to be purified without a ligand present, and thus, the type Il difference
spectra for triazole binding were not determined. The G73E/W ScErg11p6XHis mutants
gave AA,,,, values with peak (428 nm) and the trough (410 nm) wavelengths compa-
rable to those of wild-type ScErg11p6XHis. The ScErg11p6XHis G73R mutant had a
slightly lower overall AA,,.,, with the peak and the trough being shifted to 413 nm and
430 nm, respectively, for FLC binding and with the trough being shifted to 415 nm only
for VCZ binding. The AA,.,, of the G73E mutant was comparable to that of the
wild-type enzyme (Table 2). The G73W mutant gave the highest AA,,,, values for all
triazoles tested, and the G73R mutant had significantly lower AA,,, values. The
resultant K, (dissociation constant) values are presented in Table 2. The K, values
obtained are in the nanomolar range, which is indicative of tight binding. The majority
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TABLE 2 Type |l binding of triazole drugs to wild-type and mutant ScErg11p6XHis

enzymes?

ScErg11p6 X His

enzyme Triazole AA,.. Equation Mean K, (M) (SE) Hill coefficient 1Cs, (M)

WT FLC 0.044  Hill 0.141 (*+0.028) 1.5 0.27
vcz 0.036  Hill 0.051 (+0.019) 2 0.23
ITC 0.033  Hill 0.123 (*+0.027) 1.6 0.28
PCz 0.034  Hill 0.078 (+0.023) 2.2 0.32

G73E FLC 0.043  Morrison 0.008 (+0.007) NA 0.45
vCcz 0.043  Hill 0.08 (+0.025) 25 0.36
ITC 0.034  Hill 0.07 (£0.04) 1.9 0.25
PCz 0.042  Hill 0.10 (*+0.04) 2.1 0.36

G73R FLC 0.030  Hill 0.08 (+0.02) 2.6 0.37
vCz 0.028  Hill 0.12 (%£0.1) 1.7 0.29
ITC 0.030  Hill 0.08 (*+0.04) 2.2 0.31
PCz 0.031  Hill 0.04 (£0.02) 23 0.25

G73W FLC 0.051  Hill 0.47 (£0.097) 23 0.71
vCz 0.053  Morrison 0.014 (+0.007) NA 0.51
ITC 0.047  Morrison 0.023 (+0.009) NA 0.52
PCz 0.047  Morrison 0.005 (*=0.006) NA 0.44

aThe preferred equation to fit the data was chosen by using the Akaike information criterion (47). Values in
parentheses indicate standard errors. WT, wild type; NA, not applicable.

of the data were best fitted by using the Hill equation. The Hill coefficients were
between 1.5 and 2.6. The use of a derivative of the Morrison quadratic equation for
tight binding gave lower K, values than when data were fitted to the Hill equation. The
K, values were mostly in the range of 40 to 120 nM for the G73E/R mutants, which is
comparable to those of the wild-type enzyme. A K, value of 8 nM was calculated for FLC
binding by the G73E mutant. All triazoles tested showed a high binding affinity for the
G73W mutant enzyme (5 to 23 nM, best fit with the quadratic equation) except for FLC,
which had a K, value of 470 nM based on a best fit with the Hill equation.

Structures of ScErg11p6XHis G73E and G73W enzymes in complex with ITC.
The structures of ScErg11p6xHis G73E and G73W in complex with ITC were obtained
to resolutions of 1.98 A and 2.15 A, respectively (PDB accession numbers 5ESG and
5ESH, respectively) (see Table S2 in the supplemental material). Molecular replacement
showed that these complexes were essentially identical to the wild-type structure but
with evidence for the presence of mutant residues, the ligand, and changes in the
conformation of some residues, as discussed below. Both mutant structures showed a
conformation of ITC different from those reported for the structures of wild-type
ScErg11p6XHis (PDB accession number 5EQB) (17) and ScErg11p6xHis Y140F/H in
complex with ITC (PDB accession numbers 4ZDY and 4ZE3) (25). The piperazine ring of
ITC, which has been modeled as either a chair or a twisted boat conformation,
accommodated this difference by acting as a hinge (Fig. 4). ITC in the wild-type and
Y140F/H mutant structures has a chair conformation of the six-membered piperazine
ring, which allows for the extended conformation of the drug. In the structure of the
ScErg11p6XHis G73E mutant in complex with ITC, the twisted boat shape of the
piperazine ring facilitated the bending of the ITC tail away from E73 (Fig. 4a). There are
potential m-anion interactions between the carboxylate of E73 and the 1,2,4-triazolin-
3-one group of ITC (30, 31). Chen et al. observed the same conformation for PCZ in
complex with Trypanosoma brucei CYP51 (PDB accession numbers 2X2N and 2WV2)
(32). The scattered F, — F_electron density maps obtained with two of their structures
suggested that PCZ has two conformers in a dynamic equilibrium. In the structure of
the ScErg11p6XHis G73E mutant in complex with ITC, no density was detected initially
following phase solution for the B or y carbons for E73, but there was some density for
the carboxyl group. After refinement, the 2F, — F_density at the mutation site detected
all the atoms of the glutamic acid residue.

March 2018 Volume 62 Issue 3 e02242-17 aac.asm.org 7


https://www.rcsb.org/pdb/explore/explore.do?structureId=5ESG
https://www.rcsb.org/pdb/explore/explore.do?structureId=5ESH
https://www.rcsb.org/pdb/explore/explore.do?structureId=5EQB
https://www.rcsb.org/pdb/explore/explore.do?structureId=4ZDY
https://www.rcsb.org/pdb/explore/explore.do?structureId=4ZE3
https://www.rcsb.org/pdb/explore/explore.do?structureId=2X2N
https://www.rcsb.org/pdb/explore/explore.do?structureId=2WV2
http://aac.asm.org

Sagatova et al.

™
s

)
'

G73E

FIG 4 Itraconazole bound to wild-type and ScErg11p6XHis G73E/W enzymes. (a and b) OMIT maps for
ITC in complex with ScErg11p6xHis G73E (a) and G73W (b) mutants. Electron density is shown for ITC
and the site of the mutations G73E and G73W immediately following phasing and prior to modeling of
the inhibitor. The final modeled ITC and the mutated residues are shown as sticks, with C atoms
represented in yellow, N atoms in blue, O atoms in red, and Cl atoms in green. The heme is shown with
C atoms in magenta. The 2F_, — F_ electron density map (blue) is contoured at 10, and the F, — F_ map
is contoured at 3o (green). Maps (ccp4) were generated by Phenix for visualization in PyMOL. Both maps
were calculated by using F_,. refined from coordinates with no ligand or mutant residues present at the

calc

active site. Arrows indicate the piperazine ring. (c) The three conformations of ITC detected in three
different structures are overlaid. The extended ITC conformation found in wild-type ScErg11p6<His (PDB
accession number 5EQB) is shown with green carbon atoms, with the piperazine ring in a chair
conformation. The piperazine ring of ITC (C atoms in yellow) is in a twisted boat conformation in the
ScErg11p6XHis G73E structure. In the ScErg11p6XHis G73W structure, the piperazine ring of ITC (C
atoms in cyan) remains in the chair conformation as in the wild type (C atoms in green), but the tail of
the ligand is twisted to accommodate the mutation.

ITC in complex with the ScErg11p6XHis G73W mutant adopted a conformation
different from that seen with the ScErg11p6XxHis G73E mutant (Fig. 4b). The piperazine
ring was modeled as the chair conformation, but the tail of the ligand was slightly
twisted in order to accommodate the W73 residue. There are m-stacking interactions
between the W73 and the triazolin-5-one group of ITC.

In the ScErg11p6XHis Y140F ITC structure (PDB accession number 4ZDY), a
hydrogen-bonding network was identified in a hydrophilic pocket. Residues P379,
H381, S382, D504, S508, and M509 formed this hydrogen bond network with three
water molecules, including one hydrogen bonded to the piperazine ring of ITC. This
network was retained in the G73E ITC mutant structure. However, in the G73W
structure, only one of these water molecules is retained, and it forms a hydrogen bond
with the main-chain carbonyl and amide groups of $S382. Another water molecule, not
found in the Y140F or G73E ITC structures, occurs closer to the substrate entry channel
in the ScErg11p6XHis G73W structure. It forms hydrogen bonds to the side chain of
H382 and main-chain carbonyls of Y72, W73, and F506.

Structures of the ScErg11p6XHis G73W and G73E mutants in complex with ITC
showed no electron density in the putative product exit channel (PPEC) detected in
wild-type CYP51 (17), but some residues around the PPEC had different conformations
compared to those of the wild-type structure complexed with ITC (PDB accession
number 5EQB). These residues had different rotamers and positions (Fig. 5), particularly
the side chains of residues F241 and F384. In addition, helix aB’ is slightly shifted to
accommodate the movement of F241. In the G73E/W ITC structures, these residues
point into the PPEC, and the F241 side chain occupies space within the channel, closing
it off (Fig. 5). The same residues in the wild-type ITC structure point away from the
channel to accommodate the ligand.

Structures of the ScErg11p6 xHis G73E and G73R mutants in complex with FLC.
Structures of the ScErg11p6XxHis G73E and G73R mutants in complex with FLC were
obtained at resolutions of 2.25 A and 2.20 A, respectively (PDB accession numbers 5ESF
and 5ESE) (see Table S2 in the supplemental material). The electron density maps
showed good density for the ligand following molecular replacement in both structures
(Fig. S10). The E73 and R73 side chains in both structures showed limited density after
refinement. E73 had no density immediately after molecular replacement, and the
2F, — F. density covered only the B-carbon of the residue after initial refinement. The

March 2018 Volume 62 Issue 3 €02242-17

Antimicrobial Agents and Chemotherapy

aac.asm.org 8


https://www.rcsb.org/pdb/explore/explore.do?structureId=4ZDY
https://www.rcsb.org/pdb/explore/explore.do?structureId=5EQB
https://www.rcsb.org/pdb/explore/explore.do?structureId=5ESF
https://www.rcsb.org/pdb/explore/explore.do?structureId=5ESE
https://www.rcsb.org/pdb/explore/explore.do?structureId=5EQB
http://aac.asm.org

Characterization of S. cerevisiae CYP51 Mutants

Heme cavity

Substrate

Substrate entry
channel entry channel

FIG 5 Substrate and putative egress channels of wild-type and ScErg11p6XHis G73W enzymes. The surface map
(solvent-accessible surface) cutaway shows the substrate entry channel and the putative product egress channel
of the wild-type enzyme complexed with ITC (PDB accession number 5EQB) (salmon), and the substrate channel
is shown in a cutaway of the G73W mutant enzyme in complex with ITC (PDB accession number 5ESH) (lilac). The
heme, ITC, and residues surrounding the putative product egress channel, R98, H128, L129, F241, and F384, are
overlaid in the middle panel and represented as sticks, with C atoms in salmon for the wild-type enzyme and lilac
for the G73W mutant, O atoms in red, N atoms in blue, and Cl atoms in green. The C atoms of ITC in the substrate
channel of the G73W structure are shown in cyan and green for the wild type.

R73 residue lacks density for the B and -y carbons (Fig. S10). As previously described, the
binding of the short-tailed ligand FLC to wild-type ScErg11p6XHis (PDB accession
number 4WMZ) (24) involves a network of water-mediated hydrogen bonds in the
active site (Fig. 1). Both waters found in the wild-type structure are present in these
mutant structures in the same positions; i.e, water molecules 743 and 790 form
hydrogen bonds with FLC in both mutant structures.

ScErg11p6xHis G73W apo structure. The ScErg11p6XHis G73W apo structure
was determined to a resolution of 2.10 A (PDB accession number 5ESI) (see Table S3 in
the supplemental material). There was clear crystallographic evidence for the presence
of the mutation, which confirmed data obtained by mass spectrometry. Although the
mutant enzyme was purified without the addition of any ligand, some density was
observed in the active site. It is difficult to identify what this density represents. The
density at the heme iron could represent molecular oxygen, which was modeled into
the ScErg11p6XHis structure in complex with lanosterol (PDB accession number 4LXJ)
(17). In the ScErg11p6xHis G73W structure, M509 occupies space in the substrate entry
channel pointing toward the PPEC (Fig. 6). This closes the substrate channel but leaves
the PPEC open. In the rest of the mutant structures, M509 does not occupy space in the
channel. However, a similar conformation of M509 is seen in the wild-type enzyme
structure in complex with VCZ (PDB accession number 5HS1). This indicates the
flexibility of M509 and surrounding residues in the substrate channel.

Structures of the ScErg11p6 xHis G464S mutant. Structures of the ScErg11p6X
His G464S mutant in complex with ITC and FLC were obtained at resolutions of 2.24 A
and 2.15 A, respectively (PDB accession numbers 5ESK and 5ESJ) (see Table S3 in the
supplemental material). Both structures showed clear evidence for the presence of
the mutation and the ligand (Fig. 7). The binding of ITC and FLC appeared similar to the
binding of these ligands in the structures of wild-type ScErg11p6XHis (PDB accession
numbers 4WMZ and 5EQB).

Residue S464 is located on the K'L loop several residues away from the conserved
cysteine 470 in the heme bulge. As predicted, the side-chain hydroxyl of S464 forms a
hydrogen bond with the heme ring D propionate, replacing the water present in the
structure of wild-type ScErg11p6XxHis (PDB accession number 4WMZ). The hydrogen
bonding of S464 to the heme propionate did not affect the tilt of the heme.

DISCUSSION
This study has reproduced and characterized resistance-conferring CYP51 mutations
from clinical isolates of fungal pathogens by using S. cerevisiae CYP51 as a surrogate.
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Heme cavity
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Original substrate
channel opening

FIG 6 Conformation of the M509 residue in the wild-type and ScErg11p6XHis G73W apo structures. The
surface cutaway of the ScErg11p6XHis G73W apo structure (PDB accession number 5ESI) (cyan) shows
the altered substrate channel due to a different conformation of the M509 residue. The G73W mutant
structure was aligned to the structure of wild-type ScErg11p6XHis in complex with the FLC structure
(PDB accession number 4WMZ) (inset). The M509 and S508 residues are shown as sticks, with C atoms
in cyan in the G73W apo substrate channel and in yellow in the wild-type FLC structure.

The introduction of G73R/W/E and G464S single mutations into ScErg11p6XHis did not
produce strains with triazole-resistant phenotypes found in their pathogenic counter-
parts. The increased susceptibility of ScErg11p6XHis G73E/R/W mutant-overexpressing
strains to the triazoles FLC, VCZ, and ITC suggests that the catalytic activity of the
enzyme is affected by these mutations at the mouth of the substrate entry channel. A
reduction in catalytic activity may explain why the deletion of the native ERG11 open
reading frame (ORF) from AD2AScErg11p_G73W results in a nonviable strain; i.e., the
mutant enzyme is insufficiently active to support growth. The contribution of native
CYP51 is more apparent in resistance levels of the G73E/R mutant strains than in other
mutants (Table 1). The possibility of the G73W mutant enzyme being misfolded or
insufficiently expressed is excluded, as the hexahistidine-tagged enzyme was purified
from crude membranes of the AD2AScErg11p_G73W strain, subjected to carbon mon-
oxide and type Il binding studies, and structurally resolved by X-ray crystallography.
The crystallographic data detected extra interactions between the site of the G73E/W
mutations and the 1,2,4-triazolin-3-one ring at the end of the long-tailed triazole ITC
(Fig. 4). The ITC molecule is observed in a bent and slightly twisted conformation when
bound to the ScErg11pXHis G73W mutant, which has not been observed previously.

FIG 7 OMIT maps for mutation site and ligands in ScErg11p6XHis G464S structures. (a) FLC; (b) ITC. The
2F, — F. electron density map (blue) is contoured at 10, and the F, — F_map is contoured at 30 (green).
Maps (ccp4) were generated by Phenix for visualization in PyMOL. Both maps were calculated by using
Fac refined from coordinates with no ligand or mutant residue present at the active site. C atoms are

shown in yellow for S464, ITC, and FLC. Helix L and the K'L loop are presented in a yellow cartoon form.
The yellow dashed line represents a hydrogen bond.
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PCZ has a structure very similar to that of ITC and may bind in a similar manner to the
ScErg11p6XHis G73W mutant.

The interactions of the long-tailed triazoles and the E/W73 mutation sites might
enable the drug to dissociate more slowly after it binds. However, no significant
differences were detected in the K s for the equilibrium binding of short- and long-
tailed triazole drugs by these mutant enzymes (Table 2). A. fumigatus has two CYP51
homologues, and as far as we are aware, the G54 mutation has been found only in
CYP51A (13). An assay of the activity of AfCYP51A reconstituted with its cognate
reductase demonstrated that the G54W mutation reduces the catalytic activity of the
enzyme 3-fold compared to that of the wild-type enzyme (29). In addition, this
mutation conferred 11- and 34-fold-higher 50% inhibitory concentrations (ICs,s) for ITC
and PCZ, respectively, compared to a moderate 2-fold increase in the IC;, for VCZ.

Homology modeling of AfCYP51A, based on the human CYP51 structure (PDB
accession number 3JUS) (33), was used to suggest that G54 mutations might block the
substrate entry channel or directly interact with the long-tailed triazoles (34). One
explanation for the differential effect of mutations in the mouth of the substrate
channel on ScCYP51 and AfCYP51A is that the AfCYP51A substrate channel opening is
narrower than it is in SCCYP51. The presence of a bulky residue at the G54 mutation site
of AfCYP51A could provide insufficient space to accommodate the tail of a long-tailed
triazole. The result would be reduced binding of long-tailed triazoles without affecting
the binding of short-tailed triazoles. However, homology models of AfCYP51A based on
ScErg11p6XHis provide no convincing evidence for this hypothesis (J. D. A. Tyndall et
al., unpublished data). The N-terminally truncated structures of AfCYP51B show that the
substrate entry channel differs when the short-tailed triazole is bound (PDB accession
number 4UYM) compared to the binding of a long-tailed VNI (PDB accession number
4UYL) (28). With VNI at the active site, the substrate entry channel opening is
narrower than when VCZ is in the active site. The integrity and rigidity of the
substrate entry channel may be maintained by the presence of the transmembrane
helix. CaCYP51 has been crystallized with the transmembrane helix truncated (PDB
accession number 5FSA) (27) and intact (PDB accession number 5V5Z). The substrate
channel opening appears narrower in the structure with the transmembrane helix
intact. Thus, an intact transmembrane helix may be needed to better understand
mutations at the substrate entry channel opening.

The G464S mutation alone had no effect on triazole susceptibility. This could be
explained by the 70% lower expression levels of the mutant enzyme. In addition, the
CaCYP51 G464S and AfCYP51A G448S mutants could be heterologously expressed in
our S. cerevisiae system to gain more insight into the effect of this mutation on
resistance to triazoles. The introduction of the second mutation, ScErg11p6XxHis Y140F
G464S, reduced susceptibility to short-tailed but not long-tailed triazoles more than did
the single Y140F mutation. The G464S mutation deleteriously affected the function of
the purified enzyme preparation, and the Y140F mutation reduced stability further,
with heme being retained poorly within the protein. As described previously for the
CaCYP51 G464S mutant (23), microsomal preparations may give more stable samples of
the single and double mutants for enzyme assays and type Il difference spectrum
measurements to assess the affinity of triazole drugs.

The G464S mutation creates a hydrogen bond to the heme ring D propionate (Fig.
7), and the Y140F mutation abolishes a hydrogen bond to the heme ring C propionate.
In addition to effects on protein stability, an altered tilt of the heme might produce a
resistant phenotype. Our finding that the tilt of the heme was unaffected in all the
single mutant structures in complex with triazole drugs implies that the effects of the
mutations on the electronic environment of the heme is a significantly more important
factor in the conferral of azole resistance.

The yeast expression system enables the robust overexpression of the ScCYP51
protein for phenotypic analysis and the routine preparation of high-resolution crystals
of the full-length enzyme. These features provide an attractive model to study patho-
genic mutations of homologous CYP51 enzymes. We conclude that ScCYP51 is a useful
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surrogate to investigate resistance mutations in cases such as the C. albicans CYP51
mutations Y132F and Y132F G464S. It is worth noting that residues G464 and Y140 in
ScCYP51 overlay G464 and Y132 in CaCYP51 (PDB accession number 5V5Z) without
much deviation. However, the phenotypes of other mutations may be less accurately
represented, as is the case with the A. fumigatus CYP51A G54E/R/W mutants.

MATERIALS AND METHODS

Yeast strains and growth media. The S. cerevisiae AD2A strain was used to overexpress mutant and
wild-type ScErg11p6XHis, as previously described (24). The AD2A strains lack 7 major ATP binding
cassette transporters, and a pdri-3 mutation in the PDRT transcriptional regulator enables the constitu-
tive overexpression of ScErg11p6XHis from the PDR5 locus. Strains used and generated in this study are
listed in Table S1 in the supplemental material. Liquid and solid yeast extract-peptone-dextrose (YPD)
media were used for yeast strain growth and maintenance. YPD medium consisted of 1% (wt/vol) Bacto
yeast extract (BD Difco Laboratories Inc., Franklin Lakes, NJ), 2% (wt/vol) Bacto peptone (BD Difco), and
2% (wt/vol) glucose. SD medium contained 2% (wt/vol) glucose, 0.67% (wt/vol) yeast nitrogen base
without amino acids (BD Difco), 2% (wt/vol) agar (Oxoid Ltd., Hampshire, UK), and either uracil dropout
(Qbiogene, Irvine, CA) or histidine dropout (Formedium, Norfolk, UK) complete supplement mixture.
Solid SD medium was used for the selection of successful clones. Liquid SD medium, used for MICg,
determinations, contained complete supplement mixture (Formedium, Norfolk, UK) with 10 mM mor-
pholineethanesulfonic acid (MES) and 20 mM HEPES buffered with Tris to pH 6.8.

Construction of yeast ScErg11p6 X His mutant strains. The G73E/R/W and G464S mutations in
ScERG11 were introduced by recombinant PCR using genomic DNA of the ADA ScErg11p6XHis-
overexpressing strain as the template (35) (see Table S1 in the supplemental material). The outside
primers PDR5F (GAACATGAACGTTCCTCAGCGCG) and PDR5DS (TATGAGAAGACGGTTCGCCATTCGGA
CAG) were used in combination with mutation primers (Table S4) to make fragments for recombinant
PCR to introduce the G73E/R/W and G464S mutations. The SCERGT1 Y140F G464S mutant was created by
using template genomic DNA obtained from the strain overexpressing the ScErg11p6XHis Y140F mutant
(AD3AScErg11p_Y140F) (Table S1) (25), with the G464S mutation introduced by using primers specific for
this mutation (Table S4). Mutant ScERGT1 DNA cassettes were introduced into the PDR5 locus of the
AD2A strain by homologous recombination. The SCERGT1 DNA cassettes included a C-terminal hexahis-
tidine tag and a URA3 selection marker plus bordering sequences from the PDR5 locus (35). Transfor-
mants were selected by using SD-Ura (synthetic defined uracil dropout medium) agar plates, and the
correct integration of the cassette was confirmed by colony PCR. The ScERG11 open reading frame was
sequenced, and the presence of the expected mutations was verified (Genetic Analysis Services,
Department of Anatomy, University of Otago, Dunedin, New Zealand). The ScErg11p6XHis mutant
strains (Table S1) were further manipulated to remove endogenous ScERGT1. Native ScERGTT was
replaced with a disruption cassette containing the HIST marker by homologous recombination (24).
Transformants were selected on SD-His (synthetic defined histidine dropout medium) agar plates. Colony
PCR and DNA sequence analysis verified the correct integration and presence of the mutations. The
resulting strains were designated AD3AScErg11_G73E, AD3AScErg11_G73R, AD3AScErg11p_DM, and
AD3AScErg11p_G464S (Table S1). The deletion of native SCERGT1 gave a nonviable phenotype for the
AD2AScErg11_G73W strain.

Azole susceptibility assays of yeast mutant strains. Broth microdilution assays were used to
determine the triazole susceptibilities of the ScErg11p6 X His-overexpressing mutant strains. The MICs of
triazole drugs were defined at 80% growth inhibition (MICgz,) compared to no-drug controls. Triazole
drugs are not fungicidal and thus can give trailing growth at high concentrations. Broth microdilution
assays were carried out as previously described (36), with the exception that SD liquid medium buffered
to pH 6.8 was used (25). Cells were seeded at an optical density at 600 nm (ODg,) of 0.005 in 96-well
microtiter plates containing 1.4-fold serial dilutions of FLC, ITC, or VCZ. Plates were incubated at 30°C
with shaking at 200 rpm for 48 h. Cell density was measured as the ODy,, by using a BioTek Synergy 2
multimode plate reader (BioTek Instruments, VT, USA). Three separate experiments using three clones of
each strain were carried to determine each MIC;, value.

Purification of ScErg11p. ScErg11p6XHis G73E/R/W, G464S, and G464S Y140F mutants were
purified according to methods described previously by Monk et al. (17). Strains with endogenous ERG11
deleted were used for the purification of the mutant enzymes (AD3A background), except in the case of
ScErg11p6XHis G73W, where the AD2AScErg11_G73W strain was used. YPD cultures of yeast cells grown
at 30°C with shaking at 200 rpm were harvested at an ODg,, of ~10. The cells were broken by bead
beating, and crude membranes were isolated by differential centrifugation. The amount of protein in the
crude membranes was quantitated by using the Lowry method (37), with bovine serum albumin (Thermo
Fisher, Waltham, MA, USA) as the standard. The detergent n-decyl-B-p-maltoside (DM) was used to
solubilize crude membranes at a 10X critical micelle concentration (CMC) in medium containing 5 mg/ml
crude membranes in 10% (wt/vol) glycerol, 250 mM NaCl, 20 mM Tris (pH 7.5), 0.5 mM phenylmethane-
sulfonyl fluoride (PMSF), and 1 Roche EDTA-free protease inhibitor pill per 200 ml. The solubilized
membranes were incubated with 2 ml of packed Ni-NTA-agarose matrix (Qiagen) per g of crude
membranes for affinity purification of ScErg11p6XxHis. The Ni-NTA matrix was washed with affinity
purification buffer containing 10% (wt/vol) glycerol, 250 mM NaCl, 20 mM Tris (pH 7.5), 0.5 mM PMSF, 6.4
mM DM (4 X CMC), 20 mM imidazole, and 1 Roche EDTA-free protease inhibitor pill in 200 ml. The elution
buffer was affinity purification buffer with the inclusion of 200 mM imidazole.
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The ScErg11p6XHis mutant enzymes were further purified by SEC with a Superdex 200 10/300
GL column (GE Healthcare Life Sciences, UK). SEC buffer consisted of 10% (wt/vol) glycerol, 150 mM
NaCl, 20 mM HEPES, 0.5 mM PMSF, and 6.4 mM DM (4X CMC) at pH 7.5 at room temperature
together with 2 Roche EDTA-free protease inhibitor pills per 400 ml. The appropriate triazole drug
dissolved in dimethyl sulfoxide (DMSO) was added to the buffer for copurification: 10 uM FLC, 10 uM
VCZ, 2 uM ITC, or 2 uM PCZ. The purified red fractions containing 62-kDa ScErg11p6XxHis were
collected and centrifugally concentrated in 50-kDa-molecular-mass-cutoff Amicon Ultra-4 filters
(Merck Millipore Ltd., Cork, Ireland).

Affinity purification of ScErg11p6 X His for spectral assays. ScErg11p6XxHis used for spectroscopic
assays was affinity purified as described previously (38), using 50 mM L-histidine rather than imidazole for
elution in affinity purification buffer. The eluted enzyme was washed by centrifugal filtration (Amicon
Ultra; Millipore) in affinity purification buffer without the addition of L-histidine to obtain a ligand-free
enzyme. The absence of L-histidine in the enzyme preparation was confirmed by using an Ultrospec 6300
pro UV-visible spectrophotometer. The heme peaks with L-histidine bound are at ~420 nm for the
wild-type protein and ~417 nm with no ligand.

Determination of the concentration of cytochrome P450. Carbon monoxide binding was used to
determine the concentration of functional cytochrome P450 for drug binding studies as described
previously by Guengerich et al. (39). The suitably diluted affinity-purified enzyme preparation was split
into two 1-ml cuvettes. The sample cuvette was saturated with CO gas. About 1 mg of sodium dithionite
was added to the sample and the reference cuvette. The P450 concentration was determined by
measuring the difference in absorbances at 446 and 490 nm and using an extinction coefficient of 91
mM~T cm~" (40). Absorption spectra were recorded with a Cary 1 Bio UV-visible spectrophotometer
using 10-mm-path-length UV-transparent plastic cuvettes (GE Healthcare Life Sciences, UK).

Type Il difference spectra. The affinity-purified ScErg11p6XHis wild-type or G73E/R/W enzyme was
used to determine type Il difference spectra. The enzyme diluted to 1 uM was split into two cuvettes.
Incremental additions of triazole drugs, dissolved in DMSO, were added to the sample cuvette, and
corresponding amounts of DMSO were added to the reference cuvette. Titrations for FLC, VCZ, ITC, and
PCZ were carried out, and the difference spectra were recorded at between 350 to 500 nm by using a
Cary 1 Bio UV-visible spectrophotometer. Trough-peak absorbance differences were plotted against the
triazole concentration to obtain binding curves. The Hill equation, AA = AA, ., [azole]"/([azole]” + K),
or the quadratic equation for tight ligand binding (a derivative of the Morrison equation designed to take
into account the amount of enzyme in the assay mixture) was used to determine the K, using GraphPad
Prism 6 software (GraphPad, San Diego, CA), where AA, ., is the maximum change in the absorbance,
[azole] is the azole concentration, n is the Hill coefficient, and E, is the total amount of the enzyme. The
quadratic equation is AA = AA_,./2 X E, X {(E, + [azole] + K,) — [(E, + [azole] + K,)? — (4 X E, X
[azole])]o}.

Crystallization and data collection. The ScErg11p6XHis G73E/R/W and G464S mutants were either
copurified with triazole drugs or purified without an added ligand. The crystals were grown by
hanging-drop vapor diffusion in a 4-ul drop containing a 1:1 ratio of protein (20 mg/ml in SEC buffer)
and the reservoir solution (45% polyethylene glycol 400 in 100 mM glycine at a pH range of 9.3 to 9.55),
as previously described (17). The crystals grew after about 1 week at 18°C. Data sets were collected at a
wavelength of 0.954 A at the Australian Synchrotron (Melbourne, Australia). Data indexing and integra-
tion were done by using iMosflm (41) and scaled with Aimless (42). Molecular replacement was done with
the ScErg11p6XxHis structure complexed with lanosterol (PDB accession number 4LXJ) (17) as the
template, using Phaser-MR (43) from Phenix. Phenix.Refine (44) and Coot (45) were used for refinement
and model building, respectively. The Grade Global Phasing online tool (Global Phasing Ltd.) was used
to generate the crystallographic information (.cif) files for triazole drugs. The Fe-nitrogen and Fe-sulfur
distances were constrained to 2.15 A and 2.33 A, based on the average coordinate bond distance of more
than 80 known Fe-N (triazole) complexes and 4 heme Fe-S complexes in the Cambridge Structural
Database (46), as previously described (24).
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