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The cytochrome P450 sterol 14-demethylase (CYP51) of Candida albicans is involved in an essential step of
ergosterol biosynthesis and is the target for azole antifungal compounds. We have undertaken site-directed
mutation of C. albicans CYP51 to produce a recombinant mutant protein with the amino acid substitution
R467K corresponding to a mutation observed clinically. This alteration perturbed the heme environment
causing an altered reduced-carbon monoxide difference spectrum with a maximum at 452 nm and reduced the
affinity of the enzyme for fluconazole, as shown by ligand binding studies. The specific activity of
CYP51(R467K) for the release of formic acid from 3B-[32-*H]hydroxylanost-7-en-32-0l was 70 pmol/nmol of
P450/min for microsomal protein compared to 240 pmol/nmol of P450/min for microsomal fractions expressing
wild-type CYP51. Furthermore, inhibition of activity by fluconazole revealed a 7.5-fold-greater azole resistance
of the recombinant protein than that of the wild type. This study demonstrates that resistance observed
clinically can result from the altered azole affinity of the fungal CYP51 enzyme.

Inhibition of the ergosterol biosynthetic pathway in fungi has
attracted intense interest for the development and application
of antifungal compounds (for a review, see reference 4). Al-
though there are a number of inhibitors of sterol biosynthesis,
the azole antifungal compounds represent the most wide-
spread and are used in both medicine and agriculture. Azole
antifungal compounds are known to bind and inhibit cyto-
chrome P450 sterol 14a-demethylase (other names, CYP51
and P450,,\), Which catalyzes the oxidative removal of the
sterol C-14 methyl group. Inhibition of this step in sterol bio-
synthesis results in the accumulation of 14-methylated sterols,
particularly 14a-methylergosta-8,24(28)-dien-33-ol, which ulti-
mately results in cell growth arrest in Candida albicans (7, 8).
Recent work has indicated that the substrate of the 14a-de-
methylase reaction, lanosterol, can support growth if it is not
modified by other sterol biosynthetic enzymes (2).

Fungal infection rates have increased due to organ trans-
plantation, diseases and chemotherapies affecting the immune
system, and, coupled to increased azole antifungal use, coupled
to fungal resistance has emerged as a significant problem in the
clinic, e.g., in >10% of AIDS patients (10). We have been
interested in elucidating the molecular mechanisms of azole
antifungal resistance in C. albicans and other fungi. Previously,
our work has shown that alteration of the ergosterol biosyn-
thetic pathway by a defect in sterol A>°-desaturase (responsi-
ble for the conversion of ergosta-7,22-dienol to ergosterol)
results in resistance to azole antifungals in Saccharomyces cer-
evisiae, as indicated by Mendelian genetic segregation. Defects
in sterol A>°-desaturation were also found in azole-resistant C.
albicans isolated from the clinic and in Ustilago maydis (3, 19;
S. L. Kelly, D. C. Lamb, D. E. Kelly, J. Loeffler, and H. Einsele,
Letter, Lancet 348:1523-1524). A defect in this enzyme pre-
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vents the formation of the toxic sterol 14a-methylergosta-
8,24(28)-dien-6B,3a-diol when the fungal cells are treated with
azole and thus results in the formation of 14a-methylfecoste-
rol, which allows cell growth in the presence of azole (5).
Additionally, we reported, on the basis of laboratory studies,
that alteration in the target enzyme CYP51 by a single amino
acid, in this case a change of Thr315 to Ala by a single base
substitution, produced an altered protein exhibiting reduced
catalytic activity and reduced affinity for fluconazole and keto-
conazole (9; S. L. Kelly, Abstr. 3rd Int. Symp. Cytochrome
P450 Biodiversity, abstr. 28, 1995). Subsequently, a number of
reports showing that differing genetic polymorphisms in the
CYP51 gene from clinical C. albicans isolates are responsible
for and/or associated with azole antifungal resistance have
emerged, but no biochemical data on the isolated CYP51 pro-
tein have been available (11, 14, 20).

In the present study, we have undertaken site-directed mu-
tagenesis of the C. albicans CYP51, heterologously expressed
in S. cerevisiae, to assess the contribution of the mutation
R467K to fluconazole resistance. This alteration is within the
heme-binding domain and has previously been associated with
the emergence of resistance by genetic means in clinical iso-
lates of C. albicans (14, 20). We demonstrate that the alter-
ation causes reduced affinity for the drug and alters the heme-
binding environment in the protein active site.

MATERIALS AND METHODS

Site-directed mutagenesis. Our previous studies have employed a yeast ex-
pression system to express the C. albicans CYP51 by using the S. cerevisiae GAL
10 promoter in the vector YEp51 (17). Recombinant PCR was employed to
replace codon 467 encoding arginine (AGA) with one encoding lysine (GGA).
The following oligonucleotides were used as outside primers: 1, 5'-CGCGTCG
ACATAATGGCTATTGTTGAAACTGTC-3', annealing to positions 1 to 21 of
the C. albicans CYP51; 2, 5'-ACTAACGTTTTAAAACATACAAGTTTCTCT-
3’, annealing to the 3’ end at positions 1569 to 1587 of CYP51. Inside primers
used in the PCR mutagenesis were as follows: 1, 5'-GGTCGTGGTGGACATA
GATGTATTGGG-3'; 2, 5'-CCCAATACATCTATGTCCACCACCACCAAA-
3’. In a first step, two separate PCRs were carried out with outside primer 1 and
inside primer 2 in one reaction and inside primer 1 and outside primer 2 in the



64 LAMB ET AL.

]

\
GAL 10
promoter CYPpst

YEp51:CYP51
9144 bps

LEU 2

ANTIMICROB. AGENTS CHEMOTHER.

PCR MUTAGENESIS

Nsi 1
Sal 1

-
[

>
o
>

-

T4

Hind IIT
Sal I/Hind III
' AMPr
Sal I Nai Hind IIT
J GGA
Sal I/Hind II
Sal I Nsil Hind HI
al I
HindlIl
GAL 10
promoter CYPpsl Nsi 1
YEpsl Nsi I
7560 bps ) i
Sal I Nsi X Nsil Hind IIT
LEU GGA
ORI
ligate
I
‘eate ligate
 HindI1l

LEU 2

YEp5L1:(467)

9144 bps

FIG. 1. Schematic representation of the strategy used for the generation of CYP51(R467K). Site-directed PCR mutagenesis was performed to change the triplet
at position 467 from AGA to GGA as described in Materials and Methods. The NsiI-HindIII mutant fragment was ligated into the corresponding region of the wild-type
gene in the yeast expression vector YEp51 allowing expression from the GAL10 promoter.

other. The partially overlapping DNA fragments obtained were purified, mixed,
and recombined in a later PCR step with outside primer 1 and outside primer 2.
PCRs were performed on a Perkin-Elmer DNA thermal cycler with conditions as
previously described. PCR was undertaken with Pfu polymerase (Stratagene,
Amsterdam, The Netherlands). The resulting DNA fragment containing the
R467K mutation was digested with Nsil/HindIII and ligated into the YEpS1:
CYP51 expression plasmid as shown in Fig. 1. Introduction of the mutation and
maintenance of the authentic sequence were corroborated by DNA sequencing.
All restriction enzymes and T4 DNA ligase were obtained from Promega
(Southampton, United Kingdom), and the recommended conditions for use were
applied.

Heterologous expression of recombinant proteins. The plasmid YEp51:
CYP51(R467K) was transformed into S. cerevisiae AH22 (MATa leu2-3,2-112

his3-11,3-15 can®). Yeast transformants were grown at 28°C and 250 rpm with
250-ml cultures in 500-ml flasks. The media used consisted of Difco (Becton
Dickinson, Meylan, France) yeast nitrogen base without amino acids (1.34%
[wt/vol]) supplemented with 100 mg of histidine/liter and 2% (wt/vol) glucose as
the initial carbon source. Heterologous expression was induced when the glucose
was exhausted at a cell density of approximately 108 cells/ml. The culture was left
a further 4 h before galactose was added to a concentration of 3% (wt/vol). After
20 h of induction cells were harvested by centrifugation, resuspended in buffer
containing 0.4 M sorbitol-50 mM Tris-HCl (pH 7.4), and broken with a disin-
tegrator (Braun GmbH, Mesungen, Germany) with four bursts of 30 s together
with cooling from liquid carbon monoxide. Cell debris was removed by centrif-
ugation at 1,500 X g for 10 min with an MSE bench centrifuge. The resulting
supernatant was centrifuged twice at 10,000 X g for 20 min to remove mitochon-
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dria and then at 100,000 X g for 90 min to yield the microsomal pellet. This was
resuspended with a Potter-Elvehjeim glass homogenizer at about 10 mg of
protein/ml in the same buffer described above. The P450 concentration was
measured by reduced carbon monoxide difference spectroscopy (13), and protein
concentrations were measured as described previously (12). NADPH-cyto-
chrome P450 reductase levels were measured as described by Vermillion and
Coon (18).

Spectrophotometric studies with recombinant proteins. The interaction of
fluconazole with C. albicans wild-type CYP51 and CYP51(R467K), isolated
following heterologous expression in S. cerevisiae, was analyzed spectrophoto-
metrically by using a Hitachi U3010 recording spectrophotometer. Microsomal
wild-type CYP51 and CYP51(R467K) (0.2 nmol) were dissolved in 0.1 M po-
tassium phosphate buffer, pH 7.2, containing 20% glycerol. The cytochrome was
titrated with fluconazole. Further details are given in the figure legends.

Determination of microsomal sterol 14a-demethylase activity and inhibition
by fluconazole. Our previous studies have developed a novel method for studying
the sterol 14a-demethylase activity of recombinant CYP51 following heterolo-
gous expression in yeast (17). Following the addition of the 32-tritiated CYP51
substrate 3B-[32-*H]hydroxylanost-7-en-32-o0l (52 pg in 10 pl of dimethylform-
amide) to the microsomal protein, NADPH (final concentration, 1 mM) was
added to the reaction mixture and the mixture was incubated at 37°C. After 20
min, the reaction was stopped by the addition of a mixture of dichloromethane
(2 ml) and water (2 ml), and the mixture was immediately shaken and then
centrifuged. The organic layer was discarded, further dichloromethane and water
(2 ml each) were added, and the above procedure was repeated. To the resulting
aqueous phase was added charcoal, and the suspension was shaken, left at 4°C
for 1 h, and finally centrifuged to remove the charcoal. The radioactivity of the
aqueous phase was measured by liquid scintillation counting. Sterol 14a-demeth-
ylase activities of the microsomal preparations of wild-type CYP51 and
CYP51(R467K) were assayed as described above. Fluconazole was added to the
reaction mixtures from 1,000-fold stock solutions. Double-reciprocal analysis and
Lineweaver-Burk plots were used to calculate enzyme kinetic parameters based
on mean values of duplicate experiments.

RESULTS

Site-directed mutagenesis and heterologous expression of
CYP51 and CYP51(R467K). The expression system, which we
have previously developed, had already included modifying the
coding sequence at position 263 due to the presence of CTG,
which encodes leucine in S. cerevisiae but serine in C. albicans
(15). Introduction of TCT allowed the authentic amino acid
(serine) to be included when CYP51 was expressed in S. cer-
evisiae. Further mutagenesis was undertaken to change Arg467
to Lys, a process involving a single base substitution changing
AGA to GGA, as outlined in Fig. 1. S. cerevisiae AH22 trans-
formed with CYP51(R467K) expressed levels of P450 compa-
rable to those expressed by the wild-type enzyme, with up to
2.5 nmol of P450/mg of microsomal protein produced after
expression from the GAL10 promoter of YEp51, as deter-
mined from the optical absorption spectrum of the carbon
monoxide-bound form of reduced P450. NADPH-cytochrome
P450 reductase levels in the microsomes were 0.85 = 0.7
nmol/mg of protein for CYP51 and 0.94 *= 0.8 nmol/mg of
protein for CYP51(R467K), indicating that differences in this
electron donor did not contribute to different activities. Both
CYP proteins exhibited stability under the conditions of the
assays, as indicated by unchanged specific content measure-
ments. The absorption maximum of the CO-bound form of
wild-type CYP51 was located at 447 nm. However, the CO-
bound form of CYP51(R467K) had the Soret absorption max-
imum at 452 nm (Fig. 2), which reflects pertubations in the
heme environment of the protein.

Binding of fluconazole to CYP51 and CYP51(R467K). Flu-
conazole caused characteristic changes in the oxidized forms of
both CYP51 and CYP51(R467K) due to a shift to a low-spin
state for the heme on binding fluconazole. This interaction
gave rise to the type II change, which is characterized by the
displacement of the native sixth ligand of the heme iron (water
molecule) by the nitrogen atom in the triazole ring (N-4) of
fluconazole and which results in a spectral peak (420 to 427
nm) and a corresponding trough (390 to 410 nm) (21). The
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FIG. 2. Reduced-carbon monoxide difference spectrum of microsomal cyto-
chrome CYP51(R467K). Shown are the reduced-carbon monoxide difference
spectra of microsomal fractions, prepared as described in Materials and Meth-
ods, after induction of heterologous expression in yeast transformants containing
YEp51 alone (— » —), CYP51 (—), and CYP51 (R467K) (- --).

intensity of the resulting difference spectrum was found to be
proportional to the amount of the azole-bound form of the
cytochrome (22). Fluconazole caused the type Ila spectral
change in both CYP51 and CYP51(R467K). The spectral peak
was located at 424 nm and the trough was located at 409 nm for
wild-type CYP51 and CYP51(R467K). The apparent affinity of
fluconazole for CYP51(R467K) was greatly reduced compared
to that for wild-type CYP51. Fluconazole bound stoichiomet-
rically with wild-type CYP51, whereas the compound only
showed saturation in binding with CYP51(R467K) at approx-
imately 20-fold excess fluconazole over P450 (Fig. 3). Alter-
ation in the affinity of fluconazole for CYP51(R467K) com-
pared to that for wild-type CYP51 indicates a subtle alteration
in the conformational environment around the P450 heme

A (424-409 nm)

0‘!’ T T T T T T
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Fluconazole (nmol)

FIG. 3. Comparative analysis of type II binding spectra. The magnitudes of
spectra obtained, as described in Materials and Methods, with different concen-
trations of fluconazole bound to 0.2 nmol of CYP51 () or CYP51(R467K) (A)
are shown. Data were reproducible in triplicate experiments.
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FIG. 4. Inhibition of sterol 14a-demethylase activity. Comparative plot of
sterol demethylase activity in the presence of various amounts of fluconazole for
CYP51 and CYP51(R467K). P450 was used to examine the inhibitory effects of
fluconazole for CYP51 (OJ) and CYP51(R467K) (O).

caused by this mutation, resulting in decreased fluconazole
affinity.

Sterol 14a-demethylase activity of CYP51 and CYP51(R467K)
and inhibition by fluconazole. The catalytic activities of puri-
fied CYP51 and CYP51(R467K) were assayed by measuring
the release of [*H]formic acid during the conversion of 3-[32-
*H]hydroxylanost-7-en-32-ol to its C-14 demethylated product,
4,4-dimethyl-5a-cholesta-8,14,24-trien-3B-ol. Heterologously
expressed microsomal CYP51(R467K) showed a reduction in
its ability to metabolize the alcohol derivative substrate com-
pared to the wild-type CYP51 (60% reduction in the catalytic
activity of CYP51(R467K) compared to CYP51). As expected,
the demethylation activity was below the baseline of detect-
ability in microsomes from the host strain harboring the parent
vector, YEpS51 (data not shown). Wild-type CYP51 and
CYP51(R467K) were shown to have similar K, values (20
wM). However, the maximal enzymatic rates for both proteins
differed [240 pmol of product formed/min/nmol of CYP51
compared to 70 pmol of product formed/min/nmol of
CYP51(R467K)], showing the reduced catalytic activity of the
mutant enzyme compared to that of the wild-type form.

Figure 4 shows the results of experiments in which microso-
mal CYP51 and CYP(R467K) (3 nmol of P450) activities were
inhibited with increasing amounts of fluconazole. For CYP51,
the inhibition of enzymatic activity was dependent on azole
concentration, and total inhibition of enzyme activity occurred
at a concentration equimolar to that of CYP51 (3 nmol of
CYP51 required 3 nmol of fluconazole for complete inhibition
and 1.5 nmol for 50% inhibition. However, for CYP51(R467K)
38 nmol of fluconazole was needed for complete inhibition (by
extrapolation) and 11.3 nmol for 50% inhibition. For compar-
ison of 50% inhibition points this was a 7.5-fold excess of
fluconazole needed for CYP51(R467K) inhibition compared
to CYPS1.

DISCUSSION

Resistance to azole antifungal compounds has been shown
to be attributed to one or a combination of the following
mechanisms: (i) reduced accumulation of the compound
within the fungal cell, (ii) alteration of the ergosterol biosyn-
thetic pathway to prevent formation of fungistatic sterols, and
(iii) alteration in the target enzyme resulting in reduced affinity
for the azole antifungal compound (6). In the present study we
have proved at the biochemical level that the resistance mech-
anism resulting from the substitution R467K in CYP51 is due
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Human CYP51 FGAGRHRCIGENTF
Rat CyYp51 FGAGRHERCIGENTF
s.C. CYP51 FGGGRHRCIGEHTFEF
s.B. CYP51 FGGGRHGCLGETPTF
M.T. CYP51 FGAGRHRCVGAATF
C.A, CYP51 FGGGRHRCIGERQF
C.A. CYP51(R467K) FGGGKHRCIGEQF
Human CYP1Al FGMGKREKCIGETTI
Rat CYP2B1 FSTGKRICLGEGI
Human CYP2CS FSAGKRICVGEAL
Human CYP2E1l FSTGKRVCAGEGL
RabbitCYP2B4 FSLGKRICLGEGTI

FIG. 5. Amino acid sequences of P450s in the heme-binding region. Shown
are an alignment of CYP51 amino acid sequences from humans, rats, S. cerevisiae
(S.C.), Sorghum bicolor (S.B.), Mycobacterium tuberculosis (M.T.), and C. albi-
cans (C.A.) and a comparison to the same region in CYP51(R467K) and various
mammalian CYP isoforms involved in foreign compound metabolism. The con-
served arginine and lysine residues are in boldface.

to reduced affinity for the drug. This demonstration shows that
alterations in CYP51 can produce resistance, and diagnostic
tests resulting in rapid adjustment of treatment regimens can
be envisaged.

Fluconazole inhibits CYP51 through coordination of N-4 in
the triazole ring with the heme iron of the cytochrome. In
addition, hydrophobic interactions between the N-1 substitu-
ent and the apoprotein of the active site have also been pro-
posed as being important in determining the affinity of flucon-
azole for the enzyme. In particular molecular modeling, based
on the known structure of P450 4, has suggested an aromatic
interaction between the fluorophenyl moiety and either
Phe233 or Phe235 in the apoprotein (1; D. C. Lamb, P.
Boscott, B. C. Baldwin, D. E. Kelly, and S. L. Kelly, Abstr.
Proc. Int. Symp. Cytochrome P450 Microorganisms Plants, ab-
str. P-32, 1993). The observation that a 20-fold increase in
fluconazole was required to saturate CYP51(R467K) com-
pared to that necessary to saturate wild-type CYP51 clearly
reveals reduced affinity of fluconazole for CYP51(R467K).
Since fluconazole can elicit a type II spectral change, the low
affinity of this compound cannot be explained by steric hin-
drance or exclusion from the active site. Therefore, the muta-
tion has altered the stereo- and regiospecific interactions of the
N-1 substituent with the apoprotein near the heme involved in
binding fluconazole. Reduced affinity of fluconazole for
CYP51(R467K) was substantiated when a 7.5-fold-excess con-
centration of compound was required to inhibit sterol 14a-
demethylase activity, as identified by total inhibition of activity.
This reduction in fluconazole affinity has arisen by replacement
of the arginine for lysine at position 467, altering the heme
environment in CYP51. This was also reflected in the altered
reduced-CO difference spectrum, where the Soret maximum
moved from 447 nm in the wild type to 452 nm in the mutant.
One possible explanation for reduced fluconazole affinity may
be that the R467K mutation results in a slight tilting of the
heme or some other alteration in the position of the heme so
that the interaction of N-1 substituent groups of fluconazole
with CYP51 apoprotein is decreased and hence reduced affin-
ity results. The residue under investigation forms part of the
conserved heme-binding domain observed in all cytochrome
P450 molecules (Fig. 5) (16). In all the known CYP5I genes
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isolated to date the same triplet encodes arginine, but other
members of the superfamily have lysine at the same position
where it was found in the mutant protein (16). This may ex-
plain the retention of catalytic activity by the mutant protein
altered in this important region of all cytochrome P450 mole-
cules, i.e., this alteration is compatible with a functional heme-
binding environment.

The alteration in the heme environment was also reflected
when the catalytic activity of the mutant enzyme was measured.
The catalytic turnover was reduced by the mutation, with no
significant effect on the substrate binding constant (K,,,) indi-
cating that the affinity of the enzyme for sterol was not altered.
An alteration in the location of molecular oxygen vis-a-vis the
C-14 methyl group of the sterol substrate during catalysis may
account for this observation.

Here we demonstrate altered fluconazole affinity for mutant
CYP51(R467K), which has been observed in separate flucon-
azole-resistant strains of C. albicans from AIDS patients (14,
20). It can be anticipated to be a common mechanism of
resistance, although an epidemiological study of the types of
resistant strains is not yet completed. Other molecular changes
in these resistant strains have also been observed, and the
contribution of the CYP51(R467K) mutation to resistance in
cells is under further evaluation by reintroduction into C. al-
bicans. Single-base-pair changes in CYP51 can be detected by
rapid PCR-based methods (11) and this may allow adjustment
of therapy where the sensitivity of such strains to alternative
antifungal agents has been previously characterized.
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