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Candida albicans CYP51 (CaCYP51) (Erg11), full-length Homo sapiens CYP51 (HsCYP51), and truncated �60HsCYP51 were
expressed in Escherichia coli and purified to homogeneity. CaCYP51 and both HsCYP51 enzymes bound lanosterol (Ks, 14 to 18
�M) and catalyzed the 14�-demethylation of lanosterol using Homo sapiens cytochrome P450 reductase and NADPH as redox
partners. Both HsCYP51 enzymes bound clotrimazole, itraconazole, and ketoconazole tightly (dissociation constants [Kds], 42 to
131 nM) but bound fluconazole (Kd, �30,500 nM) and voriconazole (Kd, �2,300 nM) weakly, whereas CaCYP51 bound all five
medical azole drugs tightly (Kds, 10 to 56 nM). Selectivity for CaCYP51 over HsCYP51 ranged from 2-fold (clotrimazole) to 540-
fold (fluconazole) among the medical azoles. In contrast, selectivity for CaCYP51 over �60HsCYP51 with agricultural azoles
ranged from 3-fold (tebuconazole) to 9-fold (propiconazole). Prothioconazole bound extremely weakly to CaCYP51 and
�60HsCYP51, producing atypical type I UV-visible difference spectra (Kds, 6,100 and 910 nM, respectively), indicating that
binding was not accomplished through direct coordination with the heme ferric ion. Prothioconazole-desthio (the intracellular
derivative of prothioconazole) bound tightly to both CaCYP51 and �60HsCYP51 (Kd, �40 nM). These differences in binding
affinities were reflected in the observed 50% inhibitory concentration (IC50) values, which were 9- to 2,000-fold higher for
�60HsCYP51 than for CaCYP51, with the exception of tebuconazole, which strongly inhibited both CYP51 enzymes. In con-
trast, prothioconazole weakly inhibited CaCYP51 (IC50, �150 �M) and did not significantly inhibit �60HsCYP51.

Sterol 14�-demethylase (CYP51) is an ancestral activity of the
cytochrome P450 superfamily and is required for ergosterol

biosynthesis in fungi and cholesterol biosynthesis in mammals
(1). Fungal CYP51 (Erg11) is the main target for therapeutic azole
antifungal drugs and agricultural azole fungicides. This has led to
the development of azole inhibitors that are selective for the fungal
CYP51 enzyme over the human homolog and are commonly used
to treat fungal infections, including those caused by Candida albi-
cans and Aspergillus fumigatus (2–4). Agricultural azoles, however,
were developed primarily for selectivity against the fungal CYP51
over the plant homolog. The mode of action of azole antifungals
involves the nucleophilic nitrogen of the azole heterocyclic ring
directly coordinating as the sixth ligand of the heme ferric ion and
the azole drug side chains interacting with the CYP51 polypeptide
structure (5).

Many yeasts and fungi that are causative agents of clinical in-
fections, such as Candida species and Aspergillus species, are also
present in the general environment and are exposed to the selec-
tive pressure of agricultural azoles in the field. This has led to
concerns that azole-resistant strains of yeasts and fungi responsi-
ble for clinical infections are emerging due to the use of agricul-
tural azole fungicides on crops raising azole tolerance/resistance
among environmental strains (6). Recently, a point mutation in A.
fumigatus CYP51A that confers resistance to azole antifungal
agents was attributed to resistance acquired outside the clinic, in
the general environment (6–8).

The increasing emergence of azole-resistant yeast and fungal
strains is due to the prophylactic use of azole drugs, prolonged
treatment regimens in the clinic, and, potentially, usage of agri-
cultural azole fungicides in crop protection (9–14). This necessi-
tates the development of new azole antifungal compounds with
increased selectivity for the fungal CYP51 enzyme over the human
homolog and alternative antifungal strategies and treatment reg-
imens against drug-resistant strains. Currently, new azole and

nonazole CYP51 inhibitors are being developed for the next gen-
eration of antifungal drugs (15–22).

Besides concerns over the influence of agricultural azoles on
resistance development in the clinic, concern has arisen in Europe
over endocrine disruption effects of agricultural azoles in mam-
mals (23, 24) and the hepatotoxicity of these fungicides (25). Az-
ole antifungals cause hepatotoxicity by inducing the expression of
liver cytochrome P450 enzymes (CYP1, CYP2, and CYP3 fami-
lies), which in turn increases the abundance of reactive oxygen
species in liver cells, resulting in lipid peroxidation and DNA dam-
age (25). In addition, azole antifungals have the potential to in-
hibit liver P450 enzymes, interfering in the phase I metabolism of
xenobiotics (25–28). Ketoconazole and itraconazole, but not flu-
conazole, induced CYP1A1 expression in mice (25), and propi-
conazole induced CYP2B10, CYP3A11, CYP2C55, and CYP2C65
expression in mice (26), along with the formation of benign and
malignant liver tumors. Disruption of the endocrine system can
lead to impaired reproduction, alterations in sexual differentia-
tion, impaired growth and development, and the formation of
hormone-dependent cancers (24). Ketoconazole causes the de-
masculinizing of male fetuses in rats (23) and decreased levels of
testosterone and cortisol in the plasma of humans (29, 30), leading
to gynecomastia and oligospermia in men and menstrual irregu-
larities in women (31). Azole antifungals disrupt the endocrine
system by inhibiting several highly substrate-selective cytochrome

Received 9 October 2012 Returned for modification 10 December 2012
Accepted 24 December 2012

Published ahead of print 28 December 2012

Address correspondence to Steven L. Kelly, s.l.kelly@swansea.ac.uk.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AAC.02067-12

1352 aac.asm.org Antimicrobial Agents and Chemotherapy p. 1352–1360 March 2013 Volume 57 Number 3

http://dx.doi.org/10.1128/AAC.02067-12
http://aac.asm.org


P450 enzymes involved in mammalian steroid hormone biosyn-
thesis (24). These include aromatase (CYP19) (which catalyzes the
C-10 demethylation of androgens to estrogens), CYP11A (which
converts cholesterol to pregnenolone), steroid 21-hydroxylase
(CYP21), aldosterone synthase (CYP11B2), steroid 11�-hydrox-
ylase (CYP11B1), steroid 17�-hydroxylase/17,20-lyase (CYP17),
and lanosterol 14�-demethylase (CYP51), disturbing the in vivo
hormonal balance.

In terms of increased safety, selective compounds that inhibit
fungal CYP51 and not human CYP51 are desirable. Comparisons
of activity have not included agricultural azoles and pure CYP51
forms but have relied instead on microsomal fractions. In this
study, we expressed C. albicans CYP51 (CaCYP51) and the full-
length form and a solubilized form (�60) of Homo sapiens CYP51
(HsCYP51) in Escherichia coli, purifying all three to homogeneity.
We performed detailed azole binding studies using UV-visible
spectroscopy under oxidative conditions and using five therapeu-
tic azole antifungal drugs (clotrimazole, fluconazole, itraconazole,
ketoconazole, and voriconazole) and seven agricultural azole fun-
gicides (epoxiconazole, prochloraz, propiconazole, prothiocona-
zole, prothioconazole-desthio, tebuconazole, and triadimenol).
In addition, 50% inhibitory concentration (IC50) determinations
for each azole were made using a CYP51 reconstitution assay sys-
tem. The potential inhibitory action against CaCYP51 and the
undesired side effect of inhibiting HsCYP51 were assessed, and the
relative selectivity of each compound for the fungal enzyme was
determined. Understanding which structural elements of azole
antifungal drugs confer increased selectivity for the fungal CYP51
enzyme over the human homolog will assist in the design of the
next generation of azole antifungals for agriculture as well as the
clinic.

MATERIALS AND METHODS
Construction of pCWori�-CaCYP51, pCWori�-HsCYP51, and
pCWori�-�60HsCYP51 expression vectors. The pCWori�-CaCYP51
expression construct containing the C. albicans CYP51 gene (UniProtKB
accession number P10613, ERG11) was created as described previously
(4). The pCWori�-HsCYP51 and pCWori�-�60HsCYP51 expression
constructs were created by inserting the full-length H. sapiens CYP51 gene
(UniProtKB accession number Q16850) and �60 truncated H. sapiens
CYP51 gene (synthesized by GeneCust, Dudelange, Luxembourg) into the
pCWori� vector using NdeI and HindIII cloning sites. The �60HsCYP51
gene truncation replaced the N-terminal transmembrane domain up-
stream of Pro-61 with the N-terminal MAKKTSSKGKL sequence from
CYP2C3 (32, 33). The first eight amino acids of both the CaCYP51 and
HsCYP51 constructs were altered to MALLLAVF (ATGGCTCTGTTATT
AGCAGTTTTT) to facilitate the expression in E. coli (34). All three ex-
pression constructs included a 12-base insertion (CATCACCATCAC),
encoding a four-histidine tag immediately in front of the stop codon, to
facilitate protein purification by Ni2�-nitrilotriacetic acid (NTA) agarose
affinity chromatography.

Heterologous expression in E. coli and isolation of recombinant
CaCYP51, HsCYP51, and �60HsCYP51 proteins. The three pCWori�-
CYP51 constructs were transformed into competent E. coli DH5� cells,
and transformants were selected using 0.1 mg ml�1 ampicillin. The
growth and expression conditions were the same as those reported previ-
ously (4) except that the expression temperature for �60HsCYP51 was
29°C. Protein isolation was performed according to the method of Arase
et al. (35) except that 2% sodium cholate was used in the sonication
buffer. The solubilized CYP51 proteins were purified by affinity chroma-
tography using Ni2�-NTA agarose as described previously (36), except
that 0.1% L-histidine in 0.1 M Tris-HCl (pH 8.1) and 25% glycerol was

used to elute nonspecifically bound E. coli proteins after the salt washes.
CYP51 proteins were recovered by elution with 1% L-histidine in 0.1 M
Tris-HCl (pH 8.1) and 25% glycerol, followed by dialysis against 5 liters of
25 mM Tris-HCl (pH 8.1) and 10% glycerol. Ni2�-NTA-agarose-purified
CYP51 proteins were used for all subsequent spectral and IC50 determi-
nations. Protein purity was assessed by SDS-polyacrylamide gel electro-
phoresis with Coomassie brilliant blue R-250 staining.

Determination of cytochrome P450 protein concentrations. Re-
duced carbon monoxide difference spectra (37) were used to determine
P450 concentrations, with carbon monoxide passed through the cyto-
chrome P450 solution prior to the addition of sodium dithionite to the
sample cuvette. An extinction coefficient of 91 mM�1 cm�1 (38) was used
to calculate cytochrome P450 concentrations from the absorbance differ-
ence between 445 to 447 nm and 490 nm. Absolute spectra were deter-
mined between 700 and 300 nm using 5 �M CYP51 in 0.1 M Tris-HCl
(pH 8.1) and 25% glycerol as described previously (36). Confirmation
that isolated CaCYP51, HsCYP51, and �60HsCYP51 proteins were active
was obtained by measuring the 14�-demethylation of lanosterol using the
CYP51 reconstitution assay detailed below.

CYP51 reconstitution assay system. IC50 determinations were per-
formed using the CYP51 reconstitution assay system (final reaction vol-
ume, 500 �l) containing 1 �M CaCYP51, 1 �M HsCYP51, or 0.4 �M
�60HsCYP51, 2 �M H. sapiens cytochrome P450 reductase (CPR)
(UniProtKB accession number P16435), 60 �M lanosterol, 50 �M dilau-
rylphosphatidylcholine, 4% (wt/vol) 2-hydroxypropyl-�-cyclodextrin,
0.4 mg ml�1 isocitrate dehydrogenase, 25 mM trisodium isocitrate, 50
mM NaCl, 5 mM MgCl2, and 40 mM MOPS (morpholinepropanesulfo-
nic acid) (pH �7.2), as described previously (19). Azole antifungal agents
were added in 2.5 �l dimethylformamide, followed by a 10-min incuba-
tion at 37°C prior to assay initiation with 4 mM �-NADPH-Na4. Samples
were then shaken for 10 min (CaCYP51) or 4 min (HsCYP51 and
�60HsCYP51) at 37°C. Sterol metabolites were recovered by extraction
with ethyl acetate followed by derivatization with N,O-bis(trimethylsilyl)tri-
fluoroacetamide and tetramethylsilane prior to analysis by gas chroma-
tography-mass spectrometry (39). Enzyme velocities were calculated
from the gas chromatograms by determining the ratio of product to sub-
strate, calibrated against lanosterol standards, to obtain the nmol of dem-
ethylated product in each assay, which, when divided by the nmol of
CYP51 in the assay system and the incubation time, gave velocities ex-
pressed in min�1. The IC50 in this study is defined as the inhibitor con-
centration causing 50% inhibition of CYP51 activity under the stated
assay conditions.

Azole binding studies. Binding of azole antifungal agents to 5 �M
CaCYP51, HsCYP51 (medical azoles only), and �60HsCYP51 proteins
was performed as described previously (2) using quartz cuvettes with a
4.5-mm light path. Stock 1-, 0.5-, 0.2-, and 0.1-mg ml�1 solutions of the
medical azole antifungals clotrimazole, fluconazole, itraconazole, ke-
toconazole, and voriconazole and the agricultural azole antifungals
epoxiconazole, prochloraz, propiconazole, prothioconazole, prothio-
conazole-desthio, tebuconazole, and triadimenol were prepared in dim-
ethylformamide. Azole antifungals were progressively titrated against 5
�M CYP51 proteins in 0.1 M Tris-HCl (pH 8.1) and 25% glycerol at 22°C,
and equivalent volumes of dimethylformamide were also added to the
CYP51-containing compartment of the reference cuvette. The absorbance
difference spectra between 500 and 350 nm were determined after each
incremental addition of azole, with binding saturation curves constructed
as �Apeak � trough plotted against azole concentration. The dissociation
constant (Kd) of the enzyme-azole complex for each azole was determined
by nonlinear regression (Levenberg-Marquardt algorithm) using a rear-
rangement of the Morrison equation for tight ligand binding (40, 41).
Tight binding is normally observed when the Kd for a ligand is similar to or
lower than the concentration of the enzyme present (42). When ligand
binding was weak, the Michaelis-Menten equation was used to fit the data.
Each binding determination was performed in triplicate. The chemical
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structures of the azole antifungals used in this study are shown in Fig. 1
and 2.

Data analysis. Curve fitting of the ligand binding data was per-
formed using the computer program ProFit 6.1.12 (QuantumSoft, Zu-
rich, Switzerland). Spectral determinations were made using quartz
semi-micro cuvettes with a Hitachi U-3310 UV-visible spectropho-
tometer (San Jose, CA).

Chemicals. All chemicals, including the azole antifungals except vori-
conazole, were obtained from the Sigma Chemical Company (Poole,
United Kingdom). Voriconazole was supplied by Discovery Fine Chemi-
cals (Bournemouth, United Kingdom). Growth media, sodium ampicil-
lin, isopropyl-�-D-thiogalactopyranoside (IPTG), and 5-aminolevulenic
acid were obtained from Foremedium Ltd. (Hunstanton, United King-
dom). The Ni2�-NTA agarose affinity chromatography matrix was ob-
tained from Qiagen (Crawley, United Kingdom).

RESULTS
Expression and purification of CaCYP51, HsCYP51, and
�60HsCYP51 proteins. Cholate extraction using sonication (35)
yielded 270 � 37, 20 � 5, and 645 � 68 (mean � SD) nmol per
liter culture of CaCYP51, HsCYP51, and �60HsCYP51, respec-
tively, as determined by carbon monoxide difference spectroscopy
(37). Expression levels of CaCYP51 were comparable to those ob-
tained previously (4, 43, 44), as were the levels of expression of
�60HsCYP51 (44), in contrast to the low expression levels of
HsCYP51. Purification by Ni2�-NTA agarose chromatography
resulted in 54%, 92%, and 63% recoveries for native CaCYP51,
HsCYP51, and �60HsCYP51, respectively. SDS-polyacrylamide
gel electrophoresis confirmed the purity of the Ni2�-NTA-aga-

FIG 2 Chemical structures of agricultural azole antifungal agents. The chem-
ical structures of epoxiconazole (molecular weight [MW], 330), prochloraz
(MW, 377), propiconazole (MW, 342), prothioconazole (MW, 344), prothio-
conazole-desthio (MW, 312), tebuconazole (MW, 308), and triadimenol
(MW, 296), which were used in this study, are shown.

FIG 1 Chemical structures of medical azole antifungal agents. The chemical structures of clotrimazole (molecular weight [MW], 345), fluconazole (MW, 306),
voriconazole (MW, 349), ketoconazole (MW, 531), and itraconazole (MW, 706), which were used in this study, are shown.
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rose-eluted CYP51 proteins to be greater than 95% when assessed
by staining intensity, with apparent molecular weights of 61,000
for CaCYP51, 57,000 for HsCYP51, and 53,000 for �60HsCYP51,
which were close to the predicted values of 61,221, 55,771, and
52,394, respectively, including the four-histidine C-terminal ex-
tensions.

Spectral properties of recombinant CYP51 proteins. The ab-
solute spectra of the resting oxidized forms of all three CYP51
proteins (Fig. 3A) were similar. CaCYP51 had �, �, Soret (	), and

 spectral bands at 565, 536, 417, and 356 nm, respectively, com-
pared to 570, 534, 417, and 353 nm for HsCYP51 and 570, 536,
417, and 354 nm for �60HsCYP51. These spectral characteristics
were typical of a ferric cytochrome P450 enzyme predominantly
(�80%) in the low-spin state (36, 45). Reduced carbon monoxide
difference spectra (Fig. 3B) produced the characteristic red-
shifted Soret peak at 445 to 447 nm typical of ferrous cytochrome
P450 enzymes complexed with CO (37, 38). All three CYP51 pro-
teins bound lanosterol to produce type I binding spectra (Fig. 3C)
typical of the interaction of substrates with cytochromes P450
(45), with a peak at 386 nm and a trough at 419 nm. Substrate
binding constant (Ks) values for lanosterol of 13.5 � 1.1, 17.9 �
1.6, and 18.4 � 1.5 �M determined from the substrate saturation
curves (Fig. 3D) for CaCYP51, HsCYP51, and �60HsCYP51, re-

spectively, confirmed that the three CYP51 proteins had affinities
for lanosterol that were similar. All three CYP51 proteins were
functionally active after isolation, with velocities of 3.9, 6.1, and
22.7 min�1 for CaCYP51, HsCYP51, and �60HsCYP51, respec-
tively, using H. sapiens cytochrome P450 reductase (CPR) and
NADPH as redox partners. Interestingly, the turnover number for
HsCYP51 was 3.7-fold lower than that for the truncated �60 form
of the enzyme, suggesting that the N-terminal membrane anchor
impedes optimal catalysis in the in vitro CYP51 reconstitution
assay.

Binding studies with medical azole antifungals. Clotrim-
azole, itraconazole (Fig. 4A), fluconazole (Fig. 4B), ketoconazole,
and voriconazole all bound tightly to CaCYP51, producing type II
binding spectra with peaks at 429 to 431 nm and troughs at 411 to
413 nm. Type II binding spectra are caused by the triazole ring N-4
nitrogen (fluconazole, itraconazole, and voriconazole) or the im-
idazole ring N-3 nitrogen (clotrimazole and ketoconazole) coor-
dinating as the sixth ligand with the heme iron (5) to form the
low-spin CYP51-azole complex, resulting in a “red shift” of the
heme Soret peak. Both HsCYP51 and �60HsCYP51 bound flu-
conazole weakly and voriconazole less strongly than CaCYP51,
while clotrimazole, itraconazole, and ketoconazole bound slightly
less strongly to HsCYP51 and �60HsCYP51 than CaCYP51 (Table
1). This was reflected in the calculated Kd values; HsCYP51 and

FIG 3 Spectral properties of CaCYP51, �60HsCYP51, and HsCYP51. (A and
B) Absolute oxidized absorption spectra (A) between 700 and 300 nm and
reduced carbon monoxide difference spectra (B) between 500 and 400 nm
were determined using 5 �M CaCYP51 (line 1), �60HsCYP51 (line 2), and
HsCYP51 (line 3), with matched quartz semi-micro cuvettes with 10-mm light
paths. (C) Type I difference spectra were obtained by progressive titration of
lanosterol against 5 �M solutions of the three CYP51 proteins using quartz
semi-micro cuvettes with 4.5-mm light paths. (D) Lanosterol saturation
curves were constructed for the CaCYP51 (�), �60HsCYP51 (Œ), and
HsCYP51 (�) proteins. All spectral determinations were performed in tripli-
cate, although the results from only one replicate are shown.

FIG 4 Itraconazole and fluconazole binding with CaCYP51, �60HsCYP51,
and HsCYP51. (A and B) Type II difference spectra were obtained for 5 �M
solutions of the three CYP51 proteins by progressive titration with itracona-
zole (A) and fluconazole (B). (C and D) Azole saturation curves were con-
structed for itraconazole (C) and fluconazole (D) as the change in absorbance
(�Apeak � trough) against azole concentration using a rearrangement of the
Morrison equation (40) for the tight ligand binding observed with CaCYP51
(�), �60HsCYP51 (Œ), and HsCYP51 (�).
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�60HsCYP51 had 540-fold-lower affinities for fluconazole and
220-fold-lower affinities for voriconazole, in comparison to just
2.5- to 2.1-fold-lower affinities for clotrimazole, than CaCYP51
(Table 1). Itraconazole and ketoconazole bound tightly to
HsCYP51 and �60HsCYP51, with only 6.9- to 4.8-fold- and 5.1-
to 3.5-fold-lower affinities, respectively, than CaCYP51 (Table 1).
With the exception of the catalytic turnover number, HsCYP51
behaved nearly identically to �60HsCYP51 in terms of spectral
properties and binding of lanosterol and the five medical azole
antifungal agents, confirming the validity of the published crystal
model for truncated human CYP51 (46). Therefore, the remain-
ing studies were performed using �60HsCYP51 alone in compar-
ison with CaCYP51 because of the low yield of HsCYP51 from
expression in E. coli.

Binding studies with agricultural azole antifungals. Both
CaCYP51 and �60HsCYP51 bound epoxiconazole (Fig. 5A),

propiconazole (Fig. 5B), prochloraz, tebuconazole, and triadi-
menol tightly. �60HsCYP51 had a 5-fold-lower affinity for epoxi-
conazole, a 9-fold-lower affinity for propiconazole, a 7-fold-lower
affinity for prochloraz, a 3-fold-lower affinity for tebucona-
zole, and a 5-fold-lower affinity for triadimenol than CaCYP51
(Table 2). The selectivity of these five agricultural azole anti-
fungals for the fungal CaCYP51 target enzyme (Kds, 22 to 68
nM) over the human CYP51 enzyme (Kds, 115 to 359 nM) was
relatively poor at only 3- to 9-fold.

Prothioconazole bound weakly to both CaCYP51 and
�60HsCYP51, producing type I binding spectra (Fig. 6A). Type I
difference spectra are often associated with, but not exclusively
caused by, substrate or substrate analog binding and are indicative
of a change in the cytochrome P450 spin state from low spin
(hexa-coordinated) to high spin (penta-coordinated) with dis-
placement of the hexa-coordinated water molecule from the heme
(45). This indicates that prothioconazole does not directly coor-
dinate with the heme ferric ion; therefore, prothioconazole does
not behave like a typical azole antifungal agent when binding to
CYP51. The weak binding was reflected by high apparent Kd val-
ues of 6,100 and 910 nM for prothioconazole with CaCYP51 and
�60HsCYP51, respectively. However, when the sulfur atom is re-
moved from the triazole ring of prothioconazole to form prothio-
conazole-desthio (Fig. 2), the desthio form binds tightly to the two
CYP51 proteins (Fig. 6B) with similar affinities (Kd, �40 nM),
suggesting that the desthio form of prothioconazole is the active
fungicidal agent.

IC50 determinations for azole antifungal agents. IC50 deter-
minations using 60�M lanosterol and 1�M CaCYP51 with the med-
ical azoles fluconazole, itraconazole, and ketoconazole (Fig. 7A) con-
firmed that all three azoles bound tightly to CaCYP51, causing severe
inhibition of CYP51 activity. The IC50s for all three azoles were be-
tween 0.4 and 0.6 �M (Table 3), half of the CaCYP51 concentration
present, indicating direct tight 1:1 binding between the azole and
CaCYP51, with lanosterol being unable to displace these three azoles
from CaCYP51. Similar results were obtained for fluconazole with
CaCYP51 using truncated�33 Saccharomyces cerevisiae CPR (4), sug-
gesting that the partner CPR did not affect the observed IC50. With 0.4
�M �60HsCYP51 (Fig. 7B), inhibition by fluconazole was poor, with
a calculated IC50 of �1,300 �M (Table 3) and only a 25% reduction
in CYP51 activity observed in the presence of 653 �M fluconazole,
which was in agreement with the high Kd value for fluconazole
with �60HsCYP51 (Table 1). Ketoconazole strongly inhibited
�60HsCYP51 activity, with an IC50 of 4.5 �M, 11-fold higher than
the CYP51 concentration present, indicating that the binding was not
as tight as that observed with CaCYP51 and that lanosterol was able to

FIG 5 Epoxiconazole and propiconazole binding with CaCYP51 and
�60HsCYP51. (A and B) Type II difference spectra were obtained for 5 �M
CaCYP51 and �60HsCYP51 by progressive titration with epoxiconazole (A)
and propiconazole (B). (C and D) Azole saturation curves were constructed
for epoxiconazole (C) and propiconazole (D) as the change in absorbance
(�Apeak � trough) against azole concentration using a rearrangement of the
Morrison equation (40) for the tight ligand binding observed with CaCYP51
(�) and �60HsCYP51 (Œ).

TABLE 1 Binding parameters for medical azoles with CaCYP51, �60HsCYP51, and HsCYP51a

Medical azole
antifungal

CaCYP51 �60HsCYP51 HsCYP51 Fold difference in Kd

Kd

(nM) �Amax Kd (nM) �Amax Kd (nM) �Amax

�60HsCYP51/
CaCYP51

HsCYP51/
CaCYP51

Clotrimazole 26 � 6 0.0615 � 0.0015 55 � 5 0.0964 � 0.0028 65 � 19 0.1091 � 0.0069 2.1 2.5
Fluconazole 56 � 4 0.0595 � 0.0016 30,400 � 4,100 0.0144 � 0.0006 30,500 � 7,700 0.0299 � 0.0047 543 545
Itraconazole 19 � 5 0.0493 � 0.0014 92 � 7 0.0533 � 0.0048 131 � 13 0.0707 � 0.0036 4.8 6.9
Ketoconazole 12 � 3 0.1073 � 0.0019 42 � 16 0.1315 � 0.0063 61 � 17 0.1284 � 0.0081 3.5 5.1
Voriconazole 10 � 2 0.0590 � 0.0032 2,290 � 120 0.0775 � 0.0021 2,240 � 520 0.0480 � 0.0031 229 224
a CYP51 concentrations of 5 �M were used. A rearrangement of the Morrison equation was used to determine Kd values for the ligands with tight binding (40). Mean Kd and
�Amax values of three replicates are shown with the associated standard deviations.
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displace ketoconazole from �60HsCYP51. Interestingly, the IC50 for
itraconazole with �60HsCYP51 was greater at 70 �M than suggested
by the Kd value of 92 nM (Table 1), indicating that, even though
itraconazole binds tightly to �60HsCYP51, lanosterol is able to dis-
place itraconazole from �60HsCYP51 under the assay conditions.
Even in the presence of 283 �M itraconazole, �60HsCYP51 retained
32% of the azole-free CYP51 activity.

IC50 determinations using 60 �M lanosterol and 1 �M
CaCYP51 with the seven agricultural azoles (Fig. 7C) indicated
that the observed inhibition was more variable than that observed
with the medical azoles (Table 3). Epoxiconazole, propiconazole,
prothioconazole-desthio, prochloraz, and tebuconazole strongly
inhibited CaCYP51 activity, with IC50s of 0.5, 0.6, 0.6, 0.7, and 0.9

�M, respectively, with epoxiconazole and propiconazole in par-
ticular approaching the potency of itraconazole as a severe inhib-
itor of CaCYP51 activity. The ability of the 60 �M lanosterol pres-
ent in the assay system to displace these azoles from CaCYP51, as
measured by residual activity with 4 �M azole, gradually in-
creased, with residual activity levels of 1% for epoxiconazole, 2.3%
for propiconazole, 3.9% for tebuconazole, 6.3% for prothiocona-
zole-desthio, and 9.6% for prochloraz being observed. Triadi-
menol inhibited CaCYP51 less severely than the other agricultural
azoles (except prothioconazole), with an IC50 of 1.3 �M and a
residual CYP51 activity of 10.2% with 4 �M triadimenol, indicat-
ing a significantly lower potency against CaCYP51 than itracona-

TABLE 2 Binding parameters for agricultural azoles with CaCYP51 and �60HsCYP51a

Agricultural azole
antifungal

CaCYP51 �60HsCYP51
Fold difference in Kd,
�60HsCYP51/CaCYP51Kd (nM) �Amax Kd (nM) �Amax

Epoxiconazole 22 � 6 0.0571 � 0.0018 115 � 9 0.0775 � 0.0031 5.2
Prochloraz 49 � 2 0.0714 � 0.0049 325 � 51 0.0674 � 0.0006 6.6
Propiconazole 38 � 10 0.0575 � 0.008 335 � 37 0.0562 � 0.0042 8.8
Prothioconazole 6,100 � 960b 0.0136 � 0.0002 910 � 290b 0.0105 � 0.0014 0.15
Prothioconazole-desthio 41 � 3 0.0760 � 0.0031 39 � 4 0.0824 � 0.0036 0.95
Tebuconazole 36 � 3 0.0538 � 0.0022 118 � 10 0.0759 � 0.0044 3.3
Triadimenol 68 � 4 0.0487 � 0.0006 359 � 38 0.0492 � 0.0015 5.3
a CYP51 concentrations of 5 �M were used. A rearrangement of the Morrison equation was used to determine Kd values for the ligands with tight binding (40). Mean Kd and
�Amax values of three replicates are shown with the associated standard deviations.
b The Michaelis-Menten equation was used to determine Kd values for prothioconazole.

FIG 6 Prothioconazole and prothioconazole-desthio binding with CaCYP51
and �60HsCYP51. (A and B) Type II difference spectra were obtained for 5
�M CaCYP51 and �60HsCYP51 by progressive titration with prothiocona-
zole (A) and prothioconazole-desthio (B). (C and D) Azole saturation curves
were constructed for prothioconazole (C) and prothioconazole-desthio (D) as
the change in absorbance (�Apeak � trough) against azole concentration. Pro-
thioconazole-desthio saturation curves were fitted using a rearrangement of
the Morrison equation (40) for the tight ligand binding observed with
CaCYP51 (�) and �60HsCYP51 (Œ). The Michaelis-Menten equation was
used to fit the weak binding observed with prothioconazole.

FIG 7 Azole IC50 determinations with CaCYP51 and �60HsCYP51. (A and B)
IC50s were determined with 1 �M CaCYP51 (A) and 0.4 �M �60HsCYP51 (B)
for the medical azoles fluconazole (�), itraconazole (J), and ketoconazole
(�). (C and D) IC50s were also determined with 1 �M CaCYP51 (C) and 0.4
�M �60HsCYP51 (D) for the agricultural azoles epoxiconazole (�), pro-
chloraz (�), propiconazole (Œ), tebuconazole (}), triadimenol (Œ), prothio-
conazole (�), and prothioconazole-desthio (o) with itraconazole (J) as a
control. Relative velocities of 1.00 correspond to actual velocities of 3.9 � 0.3
min�1 for CaCYP51 and 22.7 � 4.8 min�1 for �60HsCYP51.
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zole. Prothioconazole was the exception, as it did not significantly
inhibit CaCYP51 activity at concentrations up to 4 �M. The pro-
thioconazole concentration had to be increased to 145 �M for us
to observe a 48% reduction in the CaCYP51 activity.

In general, inhibition of 0.4 �M �60HsCYP51 by the agricul-
tural azoles (Fig. 7D) was less severe than that of 1 �M CaCYP51,
although it was still significant. Tebuconazole, prochloraz, epoxi-
conazole, and triadimenol proved more effective at inhibiting
�60HsCYP51 than itraconazole, with IC50s of 1.3, 8, 12, and 30
�M, respectively, compared to 70 �M for itraconazole. The severe
inhibition caused by tebuconazole approached that seen with itra-
conazole and CaCYP51. Both prothioconazole-desthio and propi-
conazole inhibited �60HsCYP51 with potencies similar to that of
itraconazole, with IC50s of 100 and 110�M, respectively. The residual
�60HsCYP51 activity levels at the highest azole concentration tested
increased progressively from 9% for tebuconazole to 10% for pro-
chloraz, 16% for epoxiconazole, 18% for triadimenol, 34% for propi-
conazole, and 35% for prothioconazole-desthio, in comparison with
32% for itraconazole, indicating that lanosterol was able to displace
these azoles from �60HsCYP51 in the CYP51 reconstitution assay. In
contrast, prothioconazole did not cause any significant inhibition of
�60HsCYP51 activity at concentrations up to 290 �M.

DISCUSSION

Previous studies with HsCYP51 (16, 18, 46) established that clo-
trimazole, ketoconazole, and itraconazole bound tightly to
HsCYP51 (Kds, 0.10 to 0.13 �M, 0.11 to 0.19 �M, and 3.6 �M,
respectively), while fluconazole bound weakly to HsCYP51 (Kds,
40 to 200 �M). This was in broad agreement with our findings
except those for itraconazole, which bound 30- to 40-fold more
tightly in our study. This reaffirms the therapeutic selectivity of
fluconazole (540-fold) and voriconazole (220-fold) for C. albicans
CYP51 target enzymes over the host human CYP51 and the effi-
cacy of intravenous administration of fluconazole in the treatment
of systemic Candida infections, with minimal side effects on the
patient’s native CYP51. Clotrimazole, ketoconazole, and itracona-
zole, however, have shown less selectivity toward CaCYP51 (Kds,
10 to 26 nM) over the host human CYP51 (Kds, 42 to 131 nM), and

itraconazole is the main drug used for systemic rather than super-
ficial infections. IC50 studies with the medical azoles fluconazole,
itraconazole, and ketoconazole confirmed that all three azoles se-
verely inhibited CaCYP51 and that ketoconazole strongly inhib-
ited �60HsCYP51, whereas fluconazole only weakly inhibited
�60HsCYP51. Interestingly, itraconazole only moderately inhib-
ited �60HsCYP51, with 32% residual CYP51 activity observed in
the presence of 283 �M itraconazole, indicating that lanosterol
readily displaces itraconazole from the heme environment of
�60HsCYP51. Therefore, the azole binding constants (Kds) can-
not be used on their own to accurately predict the inhibitory po-
tency of azole antifungal agents with �60HsCYP51. The itracona-
zole affinities of the truncated �60HsCYP51 and full-length
HsCYP51 were similar (Kds, 92 and 131 nM, respectively), sug-
gesting that similar IC50s for itraconazole would be obtained and
that the weak itraconazole inhibition observed was an innate
property of HsCYP51, in contrast to CaCYP51.

Previously, Trösken et al. (47) compared the effectiveness of
medical and agricultural azole antifungal agents on CaCYP51 and
HsCYP51 by performing IC50 determinations using CYP51 recon-
stitution assays containing 0.2 �M CaCYP51 or 0.1 �M HsCYP51
expressed in insect microsomes. Trösken et al. (47) demonstrated
that the medical azoles clotrimazole, fluconazole, itraconazole,
and ketoconazole bound tightly to CaCYP51 (IC50s, 0.2 to 0.45
times the CaCYP51 concentration), with HsCYP51 IC50s for ke-
toconazole, fluconazole, and itraconazole that were 4.3-, �300-,
and �300-fold greater than the HsCYP51 concentration. This was
in agreement with our findings except that we found itraconazole
to be a more potent inhibitor of HsCYP51 activity.

The agricultural azoles, with the exception of prothioconazole,
bound tightly to both CaCYP51 and �60HsCYP51, with little se-
lectivity for the C. albicans enzyme over the human homolog (only
3- to 9-fold). Tight binding of the agricultural azoles epoxicona-
zole, tebuconazole, and triadimenol was also previously observed
with Mycosphaerella graminicola CYP51 (48), yielding Kd values of
16.6, 26.6, and 299 nM, respectively, indicating that triadimenol
was 4-fold more selective for CaCYP51 than M. graminicola
CYP51. Strushkevich et al. (46) previously determined Kd values
for propiconazole, tebuconazole, and triadimenol of 0.17, 0.10,
and 0.19 �M, respectively, with HsCYP51, which were in agree-
ment with our findings. Interestingly, the main mammalian me-
tabolite of prothioconazole, i.e., prothioconazole-desthio (49,
50), bound tightly to both CaCYP51 and �60HsCYP51, with
equal affinities (Kd, �40 nM), whereas the parent compound only
weakly associated with both CYP51 enzymes, as previously ob-
served with M. graminicola CYP51 (48).

IC50 studies with the agricultural azoles epoxiconazole, pro-
chloraz, propiconazole, prothioconazole, prothioconazole-des-
thio, tebuconazole, and triadimenol confirmed that all of them
except prothioconazole severely inhibited CaCYP51 activity
(IC50s, 0.5 to 1.3 �M), and these IC50s are largely in agreement
with the Kd values (Table 2). However, the agricultural azole IC50s
with �60HsCYP51 were more variable. Tebuconazole, pro-
chloraz, and epoxiconazole strongly inhibited �60HsCYP51 ac-
tivity (IC50s, 1.3, 8, and 12 �M, respectively), with tebuconazole
approaching the potency of itraconazole with CaCYP51. Propi-
conazole and prothioconazole-desthio inhibited �60HsCYP51
moderately and with the same severity as itraconazole (IC50s,
110, 100, and 70 �M, respectively). Triadimenol inhibited
�60HsCYP51 activity with an effect between those of tebucona-

TABLE 3 IC50s for azole antifungal agents with CaCYP51 and
�60HsCYP51

Azole antifungal agent

IC50 (�M)

CaCYP51 �60HsCYP51

Medical azoles
Fluconazole 0.6 �1,300a

Itraconazole 0.4 70
Ketoconazole 0.5 4.5

Agricultural azoles
Epoxiconazole 0.5 12
Prochloraz 0.7 8
Propiconazole 0.6 110
Prothioconazole 150 Noneb

Prothioconazole-desthio 0.6 100
Tebuconazole 0.9 1.3
Triadimenol 1.3 30

a Only 25% inhibition of �60HsCYP51 activity occurred in the presence of 653 �M
fluconazole. The estimated IC50 for fluconazole is greater than 1,300 �M.
b No significant inhibition of �60HsCYP51 activity occurred in the presence of 290 �M
prothioconazole.
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zole and itraconazole (IC50, 30 �M). Interestingly, the 60 �M
lanosterol in the CYP51 assay displaced all of the agricultural
azoles and itraconazole from �60HsCYP51 to varying degrees,
with residual CYP51 activities at the highest azole concentration
used (280 to 330 �M) of 9% for tebuconazole, 10% for pro-
chloraz, 16% for epoxiconazole, 18% for triadimenol, 34% for
propiconazole, 35% for prothioconazole, and 32% for itracona-
zole, explaining why the inhibition observed was not as severe as
predicted by the azole Kd values (Table 2). We previously showed
that epoxiconazole noncompetitively inhibits the binding of
eburicol to M. graminicola CYP51 (48), as azole antifungal agents
bind to the CYP51 molecule primarily through direct coordina-
tion with the heme prosthetic group and not through interactions
with the substrate binding site (36). To establish whether increas-
ing lanosterol concentrations relieve azole antifungal inhibition of
CaCYP51 and �60HsCYP51 activities by a competitive or noncom-
petitive kinetic mechanism, IC50 experiments need to be performed
with several different lanosterol concentrations. However, the physi-
ological relevance of using higher lanosterol concentrations is ques-
tionable. Trösken et al. (47) established that the agricultural azoles
epoxiconazole, prochloraz, propiconazole, tebuconazole, and triadi-
menol bound tightly to CaCYP51 (IC50s, 0.5 to 1.75 times the
CaCYP51 concentration), whereas binding of these agricultural
azoles to HsCYP51 was much weaker (IC50s, 19- to 370-fold greater
than the HsCYP51 concentration), in keeping with our IC50 findings
for �60HsCYP51, which were 3-fold (tebuconazole) to 3,250-fold
(fluconazole) higher than the HsCYP51 concentration.

Prothioconazole was alone in only weakly inhibiting CaCYP51
(IC50, �150 �M) and failing to inhibit �60HsCYP51 even at 290
�M, probably due to the sulfur atom covalently linked to the
triazole ring sterically impeding the N-4 nitrogen atom from co-
ordinating directly with the CYP51 heme ferric ion as the sixth
axial ligand. This suggests that the active form of prothioconazole,
one of the major agricultural azoles currently in use, is the desthio
form generated by intracellular metabolism in mammals (49, 50)
and in other organisms or by physicochemical means (such as
temperature and/or photoactivation) on the surface of plants.
With the sulfur atom removed from the triazole ring, the N-4
nitrogen atom can efficiently coordinate with the CYP51 heme
ferric ion, inhibiting CYP51 activity.

The relatively poor selectivity of the agricultural azoles for the
fungal CYP51 over the human homolog raises the concern that
exposure to azole fungicide residues might disrupt sterol biosyn-
thesis and other endogenous downstream cytochrome P450 met-
abolic systems, such as human steroidogenesis and phase I metab-
olism of xenobiotics in the liver. Ayub and Levell (51–54) found
that human CYP19 was inhibited strongly by econazole, tiocona-
zole, bifoconazole, miconazole, isoconazole, and clotrimazole
(IC50, 0.25 to 0.67 �M), whereas ketoconazole was less potent
(IC50, 7.3 �M), and CYP17 was inhibited by azole antifun-
gals (IC50, 0.6 to 4 �M). In comparison, prochloraz, propicona-
zole, and triadimenol inhibited CYP19, with IC50s of 0.04, 6.5, and
21 �M, respectively (55), indicating that agricultural azoles have
the general ability to inhibit the P450 enzymes in steroidogenesis,
albeit with different potencies. Since the introduction of large-
scale use of azole antifungals in the late 1980s, increasing evidence
of hepatotoxicity and associated hepatic tumors has been reported
(56, 57), with liver tissue concentrations of ketoconazole and itra-
conazole being reported as 22- and 10-fold higher, respectively,
than plasma levels (58), indicating azole toxicity in the liver being

more acute than in other tissues. This reaffirms the need for fur-
ther research to establish the interactions of the agricultural azoles
and their metabolites with the human cytochrome P450 comple-
ment. In addition, recent evidence indicates that the L98H point
mutation in Aspergillus fumigatus CYP51A, which confers resis-
tance to medical azole antifungals, was acquired through exposure
to agricultural azoles outside the clinic, in the general environ-
ment (6–8), which highlights the need to adopt a more compre-
hensive approach to azole antifungal design and treatment regi-
mens both in the clinic and in agriculture to improve azole
antifungal specificity, including that against HsCYP51.
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