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Three variants of Candida albicans CYP51 (sterol 14-demethylase P450) having
Y132H and/or F145L substitutions were purified and characterized to reveal the
effects of these amino acid substitutions on the enzymatic properties and azole resist-
ance of the enzyme. Y132H and F145L substitutions modified the spectral properties
of the enzyme, suggesting that they caused some structural change modifying the
heme environments of CYP51. Y132H and F145L substitutions increased the resist-
ance of the enzyme to azole compounds but considerably decreased the catalytic
activity. This fact represents a trade-off between acquisition of azole resistance and
maintenance of high activity in the CYP51 having Y132H and F145L substitutions. A
fluconazole-resistant C. albicans strain DUMC136 isolated from patients receiving
long-term azole treatment was a homozygote of the altered CYP51 having Y132H and
F145L substitutions. However, neither of these substitutions was found in CYP51 of
wild-type C. albicans so far studied. These facts suggest that the azole-resistant vari-
ant having Y132H and/or F145L substitutions might be selected only under azole-rich
environments because of its azole resistance and impaired catalytic activity. This
may be a live example showing one of the important processes of P450 diversification,
the selection of altered P450 through the interaction with environmental compounds.

Key words: azole antifungal agent, azole resistance, biodiversity, CYP51, CYP51 variant,
cytochrome P450, fungus, mutation, site-directed mutagenesis, sterol 14-demethylase.

Abbreviations: CYP51, sterol 14-demethylase P450; FCZ, fluconazole; SKC-derivatives, a series of novel azole
compounds synthesized by S.K. Chung and his colleagues; ICj,, concentration of an inhibitor necessary for 50%

inhibition; SRS, substrate-recognition site.

Numerous species of P450 monooxygenase showing
diversified substrate specificities exist in the biological
world. These P450 monooxygenases might have been
formed through gene duplications, mutations of dupli-
cated genes and subsequent selection as a result of inter-
action with environmental compounds. A newly formed
P450 variant might be fixed as a novel enzyme if it is
advantageous to the organism. The selection of a newly
formed P450 variant by environmental compounds must
be a key step in P450 diversification. However, it is
impossible to obtain evidence showing the existence of
such a selection process from the comparative and molec-
ular phylogenetic analysis of the existing P450s.

A live example demonstrating the formation of a func-
tionally modified P450 through mutation and selection
by environmental compounds may be obtained by exam-
ining the mutation of specific P450 species under specific
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conditions. Emergence of an azole-resistant variant of
sterol 14-demethylase P450 (CYP51) in a pathogenic
fungus under azole-rich conditions may be one of the
most suitable materials for such examination. CYP51 is
an essential enzyme for sterol biosynthesis that is con-
served in eukaryotes (1—4), and fungal CYP51 is the pri-
mary target of azole antifungal agents (5—-8). Many azole-
resistant mutants of pathogenic fungi have been isolated
(9-11), and altered CYP51 genes with a few amino acid
substitutions were found in them (12-17). The amino
acid substitutions occurred in these CYP51s might
reduce the azole susceptibility of the enzyme, and these
altered CYP51s may have been selected through interac-
tion with azole-rich environments. However, these con-
siderations are speculative, and precise experimental
evaluation of the effects of the amino acid substitutions
occurring in CYP51 variants on their azole resistance,
catalytic activity and molecular properties is needed.
The CYP51 gene (called CYP51pyc in this work) of a
fluconazole (FCZ) resistant isolate of Candida albicans,
strain DUMC136 (18), has four amino acid substitutions,
D116E, K128T, Y132H and F145L, compared with the
reported sequence of C. albicans CYP51 (DDBJ/EMBL/

© 2005 The Japanese Biochemical Society.

2102 ‘62 Jequeldes uo A1siealun Buied e /Bio'seulnolpioixo-qly:dny wouy pspeojumoq


http://jb.oxfordjournals.org/

626

116 128 132 145

ATCC-2 LSDVSAEEAYKHLTTPVFGTGVIYDCPNSRLMEQKKFA
ATCC-1 %%k ok sk sk sk D ok ok sk sk ok ok ok ok ok ok sk K ok ok ok ok ok ok o ok ok ok ok ok ok o ok ok ok ok
DUMC %% %ok sk s %k ok ok ok ok ok ok ok ok okook sk ok ok ok ok ok ok ok sk sk skokok sk ok ok ok |k
MT DD*#LDQAK**—PFM** | xxEx*VF*xASPE*RK*xM--LH
89 100

Fig. 1. The amino acid substitutions identified in CYP51
alleles of C. albicans ATCC 90028, and the CYP51 variant of
C. albicans DUMC136. ATCC-1 and ATCC-2 represent the amino
acid sequences encoded by the CYP51 alleles of C. albicans ATCC
90028, and the former corresponds to the sequence appearing in
DDBJ, EMBL and GenBank as X13296. DUMC is the amino acid
sequence encoded by CYP51 variant occurring in the FCZ-resistant
C. albicans DUMC136. MT is the amino acid sequence of the corre-
sponding region of Mycobacterium tuberculosis CYP51.

GenBank: X13296) (Fig. 1) (14). Two of these substitu-
tions, D116E and K128T, were also observed in the
CYP51 alleles (called CYP51qcc.; and CYP51qccs in
this work) of an azole-sensitive strain of C. albicans,
ATCC 90028 (Fig. 1) (14). Comparison of these sequences
suggested that CYP51,5oc; and CYP51pyyc might be
derived from CYP51 jqcc.o by introducing two amino acid
substitutions: E116D and T128K for CYP51pqc; and
Y132H and F145L for CYP51 . The FCZ-resistant C.
albicans DUMC136 is a homozygote of CYP5Ipyyc,
whereas CYP51 variants having Y132H and/or F145L
substitutions have not been found in azole-sensitive C.
albicans strains so far studied (I4). However, other
amino acid substitutions including E116D and T128K
were found among CYP51 genes of these strains (14).
These facts indicated that a CYP51 variant having either
the Y132H or F145L substitution is unlikely to be
selected under normal environments, but the CYP51
variant having both of these substitutions was positively
selected under FCZ-rich environments. Consequently, it
is expected that detailed examination on the effects of
Y132H and F145L substitutions on the enzymatic prop-
erties and azole susceptibility of CYP51 will provide use-
ful information for considering the selection mechanism
of P450 variants by environmental compounds. There-
fore, we constructed two artificial CYP51 variants having
either Y132H (CYP51yy) or F145L (CYP51y;) substitu-
tion. These two artificial CYP51s, as well as CYP51pyyc,
CYP51 y1oc.; and CYP51 ypoc.g Were expressed independ-
ently in Escherichia coli, and the five CYP51 variants
were purified. This paper describes the results of spectro-
photometric and enzymatic characterization of the puri-
fied preparations of these CYP51 variants as well as
their reactivity with azole compounds. Based on these
results, a possible mechanism of P450 diversification
through mutation and selection by interaction with envi-
ronmental compounds is discussed.

METHODS

Construction of Expression Plasmids of CYP51 Vari-
ants—The cloned CYP51pyc prepared by Asai et al. (14)
was used as the starting material for constructing five
CYP51 variants. Before constructing the plasmid for
expressing CYP51pyyc in E. coli cells, the following mod-
ifications were made on the cloned CYP5Ipyyc. The
codon “CTG”, which is translated as serine by Candida
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sp. (19, 20) but as leucine by other organisms, was
replaced with a general serine codon “TCG” by site-
directed mutagenesis according to the method described
by Nitahara et al. (21). One Ndel site (CATATG) present
in the upstream fragment (see below) was converted to
CTTATG by site-directed mutagenesis (21) to protect this
site from Ndel digestion in the construction of the expres-
sion plasmid (see below) without amino acid substitution.
The 5'-end including the initiation codon was made up to
CATATG (Ndel site), and the following 21 nucleotides
were arranged to encode the N-terminal amino acid
sequence of MALLLAVF to improve the expression in E.
coli (22).

The upstream fragment extending from 5’-end (INdel
site) to the unique Xbal site and including all of the
above-mentioned modifications was prepared by PCR.
This Ndel-Xbal fragment (upstream part) and the Xbal-
HindIIl fragment (downstream part) obtained by Xbal
and HindIIl digestion of the cloned CYP5I1pyyc were
inserted together into the Ndel-HindlIII site of pCWori*
vector to construct the plasmid, pPCW/DUMC, for express-
ing CYP51 . The expression plasmids for CYP51 ypcc;
and CYP51 ¢, PCW/ATCC-1 and pCW/ATCC-2,
respectively, were constructed by replacing the Sacl-
Spel fragment of pCW/DUMC with the corresponding
fragment of the cloned CYP51qcc.; or CYP51 s (14,
23). To construct two artificial CYP51 variants having
either Y132H or F145L mutation, the BamHI-HindIII
fragment of pCW/DUMC covering the complete coding
sequence of CYP51 ¢ was subcloned with pBluescript
SK- and subjected to site-directed mutagenesis (21) to
replace either H132 with Y to give CYP51y;, or L145 with
F to give CYP51yy. Each of these modified fragments was
inserted into the BamHI-HindlIII site of pCWori*.

Expression of CYP51 Variants in E. coli and Prepara-
tion of the Membrane Fraction Containing the Expressed
Proteins—The expression plasmids were transformed
into E. coli JM109 and expressed as described previously
(22, 23). CYP51-expressing E. coli cells were washed with
10 mM potassium phosphate buffer (pH 7.5) containing
0.15 M NaCl and centrifuged at 15,000 x g for 10 min.
The pellet was suspended in 50 mM potassium phos-
phate buffer (pH 7.5) containing 0.5 mM EDTA and 0.25
M sucrose. The cells were disrupted by two passages of
the suspension through a French press cell, and the
resulting suspension was centrifuged to remove unbro-
ken cells. The cell-free supernatant thus obtained was
further centrifuged at 100,000 x g for 2.5 h. and the
resulting pellet was suspended with 100 mM potassium
phosphate buffer (pH 7.8) containing 0.5 mM EDTA and
20% glycerol to give the membrane fraction.

Purification of Expressed CYP51—The purification pro-
cedure described below could be applied to the purifica-
tion of all CYP51 variants. The membrane fraction pre-
pared as above was diluted with 100 mM potassium
phosphate buffer (pH 7.8) containing 1 mM EDTA and
20% glycerol (buffer A) to give a protein concentration of
5.0 mg/mL. Then, 0.5 mM DTT and 1% sodium cholate
were added to the suspension, and the suspension was
allowed to stand for 40 min with gentle stirring at 4°C.
The suspension was centrifuged at 100,000 x g for 2 h,
and the supernatant containing solubilized CYP51 was
dialyzed overnight against buffer A containing 0.5 mM
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Table 1. Summary of purification of five C. albicans CYP51s expressed in the membrane fraction of E.
coli. Five CYP51s were expressed in the membrane fraction of E. coli and purified as described in “METHODS.”

CYP51 Specific content nmol/mg protein (yield %)
Membrane fraction of E. coli EAH-Sepharose 4B eluate DE52 eluate
CYP51rc01 0.238 (100) 8.32(77.6) 12.9 (40.0)
CTP511¢c0 0.205 (100) 8.86 (76.6) 13.2 (40.3)
CYP51punc 0.186 (100) 10.1(73.9) 12.2 (22.4)
CYP51y;, 0.0711 (100) 5.56 (68.7) 10.9 (45.6)
CYP51yp 0.373 (100) 8.23 (58.1) 12.6 (37.0)
DTT and 0.5% sodium cholate. The dialyzed specimen RESULTS AND DISCUSSION

was loaded onto a column of EAH-Sepharose 4B equili-
brated with buffer A containing 0.5% sodium cholate, and
the column was washed well with the equilibration
buffer. The adsorbed CYP51 was then eluted from the col-
umn with the equilibration buffer containing 0.1% Emul-
gen 913. The fractions containing CYP51 were pooled
and dialyzed overnight against 10 mM potassium phos-
phate buffer (pH 7.8) containing 20% glycerol and 0.1%
Emulgen 913 (buffer B). The dialyzed solution was
applied to a column of DE52 equilibrated with buffer B.
CYP51 was adsorbed at the top of the column. The col-
umn was washed well with buffer B and eluted with a 0
to 150 mM concentration gradient of KC1 in buffer B. The
fractions containing CYP51 were collectedand dialyzed
overnight against buffer B. The dialyzed eluate was
applied to a second DE52 column. The CYP51 adsorbed
on the column was washed with buffer B and then eluted
very slowly with buffer B containing 150 mM KCl to give
concentrated CYP51 preparation.

Spectrophotometric Analysis and Determination of
CYP51 Content—Spectrophotometric properties of puri-
fied CYP51 were analyzed with either a Shimadzu UV-
2200 or Shimadzu UV-300 recording spectrophotometer.
CYP51 content was basically determined from its
reduced CO-difference spectrum by using the extinction
coefficient of 91.1 mM-1 cm~! (24). The CYP51 concentra-
tion at each purification step was estimated by the
absorbance of the Soret peak of oxidized CYP51 at 416
nm using the extinction coefficient of 110 mM-! cm (25).
Protein was determined by the method of Lowry et al.
(26) using bovine serum albumin as the standard.

Determination of the Catalytic Activity of CYP51—
Lanosterol 14-demethyase activity of purified CYP51 was
determined with a reconstituted system consisting of
CYP51 and purified yeast NADPH-P450 reductase that
was cloned and expressed in E. coli (Aoyama et al.,
unpublished). The reaction mixture contained 0.07 nmol
CYP51, 1.0 unit of NADPH-P450 reductase, 23.4 nmol
lanosterol dispersed with dilauroylphosphatidyl choline,
and 1.0 pmol NADPH in 1.0 mL of 0.1 M potassium phos-
phate buffer (pH 7.2). The reaction was run aerobically at
30°C for 5 min, and stopped by saponification with meth-
anolic KOH (7). Sterols extracted from the reaction mix-
ture were analyzed by gas chromatography (1), and
CYP51 activity was calculated from the conversion ratio
of the substrate to the 14-demethylated metabolites as
described previously (). Azole compounds were added to
the reaction mixture as 1.0 pl of dimethylsulfoxide solu-
tion. FCZ was the same preparation used in the previous
work (14), and SKC derivatives (SKC-1, -3, -5, and -7)
were prepared as described previously (27).
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Expression of Five CYP51 Genes in E. coli and Purifica-
tion of the Expressed CYP51s—CYP51 yroc.1, CYP51 ppec.9s
CYP51yyye, CYP51y;, and CYP51yy were expressed effec-
tively in E. coli, and most of the expressed CYP51s were
recovered in the membrane fraction. The apparent
amounts of expressed CYP51s determined spectrophoto-
metrically ranged from 0.2 to 0.4 nmol/mg protein, except
for that of CYP51y;, (Table 1). CYP51 expressed in the
membrane fraction could be solubilized by the treatment
with 1.0% sodium cholate in the glycerol-containing
buffer. The solubilized CYP51 was purified with the
EAH-Sepharose 4B column chromatography developed
for the purification of CYP51 from the microsomal frac-
tion of Saccharomyces cerevisiae (25). However, CYP51 of
C. albicans was unstable upon subsequent adsorption on
a hydroxylapatite column, even though such a column
was effective in the purification of CYP51s of S. cerevisiae
(25) and rat (22). Therefore, the subsequent purification
procedure was newly developed. The amino acid
sequence predicted that C. albicans CYP51 would be an
acidic protein, whereas CYP51s of S. cerevisiae and mam-
mals are basic proteins that bind to CM-Sepharose col-
umn (22, 25). Based on these characteristics, chromatog-
raphy with DE52 column at pH 7.8 was employed, and
the purification procedure described in Methods was
established. By this procedure, the five CYP51 variants
were successfully purified (Table 1). Specific contents of
purified preparations except for CYP51y; were about 13
nmol/mg protein, and yields were over 37% except for
CYP51pyyc. All CYP51 variants showed essentially the
same behavior during purification process and the final
preparations were homogenous in SDS-PAGE (data not
shown). These results indicated no substantial difference
in stability and chromatographic behavior among the five
CYP51 variants through the purification process.

Spectrophotometric Properties of CYP51 Variants—Fig-
ure 2A shows typical absorption spectra of oxidized form,
reduced form and reduced CO-complex of the purified
CYP51,10c9, @ wild-type enzyme. These spectra were
essentially the same as those of CYP51 of S. cerevisiae
(25), and essentially the same spectra were observed for
CYP51,7cc.1, CYP51y;, and CYP51yy. However, the spec-
tral properties of CYP51pyc (Fig. 2B) were slightly but
clearly different from those of CYP51,1¢c.o. The Soret
peak of ferric CYP51yyc showed a significant red-shift
to 419 nm, and the broad absorption peak around 420 nm
of the ferrous form (spectrum 2 of Fig. 2B) was of weaker
intensity than the corresponding peak of ferrous
CYP51,pcc.g observed at 414 nm (spectrum 2 of Fig. 2A).
These findings suggested that Y132H and F145L substi-
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Fig. 2. Absorption spectra of purified CYP51 preparations.
Panel A: Absorption spectra of CYP515¢c.o. Purified preparation of
CYP51p¢c, (0.31 pM) was dissolved in 10 mM potassium phos-
phate buffer, pH 7.8, containing 20% glycerol and 0.1% Emulgen
913. Spectra 1, 2 and 3 represent the oxidized form, the reduced
form with dithionite and the reduced CO-complex, respectively.
Panel B: Absorption spectra of CYP51pyyc. Purified preparation of
CYP51pc (0.28 pM) was dissolved in 10 mM potassium phosphate
buffer, pH 7.8, containing 20% glycerol and 0.1% Emulgen 913.
Spectra 1 and 2 represent the oxidized form and the reduced form
with dithionite, respectively.

tutions significantly modified the heme environment of
CYP51, causing detectable changes in the spectro-
photometric properties of its ferric and ferrous forms.
Upon binding with an azole compound, the Soret peak
of ferric CYP51 shows a characteristic red-shift that is
caused by the coordination of azole nitrogen to the heme
iron (8), and this spectral change is detectable as the dif-
ference spectrum called Type II. As shown in Fig. 3A,
CYP51,10c. showed clear red-shift of the Soret band and
a typical Type II difference spectrum upon binding with
FCZ. Essentially the same FCZ-induced Type II differ-
ence spectra were observed for CYP511¢c.1, CYP51y; and
CYP51yp, but the FCZ-induced difference spectrum of
CYP51pyyc was small, as shown in Fig. 3B. It is notewor-
thy that the absorption spectrum of the FCZ complex of
CYP51 ¢ (spectrum 2 of Fig. 3B) was superimposable
on that of CYP51,p¢c (spectrum 2 of Fig. 3A), and the
low intensity of the FCZ-induced Type II difference spec-
trum of CYP51 ) is due to the red-shifted Soret band of
ferric CYP51pyyc (spectrum 1 of Fig. 3B). This fact indi-
cated that the unusual spectral feature of ferric
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Fig. 3. Spectral changes of CYP51 ;¢ and CYP51 ¢ caused
by the binding with FCZ. Purified preparations of CYP51,1qc.
(0.31 uM) and CYP51pyyc (0.28 uM) were dissolved in 10 mM potas-
sium phosphate buffer, pH 7.8, containing 20 % glycerol and 0.1%
Emulgen 913. Panels A and B represent CYP51p0c, and
CYP51pyyc, respectively. Absorption spectrum of oxidized form
(spectrum 1) was recorded. Then, 12.5 uM of FCZ was added and
the absorption spectrum of its FCZ complex (spectrum 2) was
recorded. Note that the absorption peak of the FCZ complex was
observed at 422 nm on both CYP51,70cy and CYP51pyyc as indi-
cated by the broken line. Upper part of each panel is the difference
spectrum obtained by subtracting spectrum 1 from spectrum 2.

CYP51yc represented by the red-shifted Soret band
(spectrum 1 of Fig. 2B) was masked by the binding of FCZ
as the sixth ligand. Accordingly, the red-shifted Soret
band of ferric CYP51y might be due to modification of
the interaction with the internal sixth ligand caused by
Y132H and F145L substitutions. Exchange of the inter-
nal sixth ligand caused by the conformational change
induced by one amino acid substitution was suggested for
the similar red-shifted Soret band of a naturally occur-
ring S. cerevisiae CYP51 mutant named P4504;; (28).
However, the exact structural changes causing the modi-
fied spectrophotometric characteristics of CYP51pyyc
remain unknown.

Reduction of CYP51,50c by dithionite was slow, and
the reduced CO-complex was stable under the experi-
mental conditions (Fig. 4, bottom), and CYP51,r¢c.g,
CYP51y;, and CYP51yp showed similar behavior upon
reduction by dithionite in the presence of CO. Since
essentially the same phenomena were observed with the
purified CYP51 of S. cerevisiace (Yoshida, Y., unpub-
lished), slow reduction by dithionite and the stable
dithionite-reduced CO-complex appear to be common fea-
tures of fungal CYP51s. However, CYP51pyc Was rap-
idly reduced by dithionite, and its reduced CO-complex
was readily denatured to P420 form (Fig. 4, top). These
facts indicated that introduction of both Y132H and
F145L substitutions considerably altered the chemical
reducibility and stability of the reduced CO-complex of
CYP51.

These evidence obtained by spectrophotometric exami-
nations on CYP51 variants indicated that Y132H and
F145L substitutions together caused local conforma-
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Fig. 4. Time dependent spectral changes of CYP51 y1¢c., and
CYP51yyc caused by the reduction with dithionite in the
presence of CO. Purified preparations of CYP51pcc, (0.31 pM)
and CYP51pc (0.28 M) were dissolved in 10 mM potassium phos-
phate buffer, pH 7.8, containing 20% glycerol and 0.1% Emulgen
913. A few grains of dithionite were added to the specimen, and CO
was bubbled through the solution. The absorption spectra of
CYP51c (top) and CYP51 10 (bottom) were recorded immedi-
ately after the CO bubbling and 5 min and 10 min later. The arrows
indicate the directions of the time-dependent movements of the
absorption peaks.

tional change affecting the coordination structure of the
heme iron, although neither substitution alone caused
significant spectral change.

Catalytic Properties of the CYP51 Variants—The puri-
fied preparations of the wild-type enzymes encoded by
CYP51 alleles of C. albicans ATCC 90028, CYP51q¢c
and CYP51,p¢cg, showed lanosterol 14-demethylase
activity with a specific activity over 10 nmol/min/mg pro-
tein upon reconstruction with yeast NADPH-cytochrome
P450 reductase (Fig. 5). Introduction of Y132H or F145L
substitution into CYP51 10y considerably reduced the
activity, as shown by the activities of CYP51yy and
CYP51y;, (Fig. 5). These amino acid substitutions seemed
to have additive effects on the enzyme activity, since
the activity of CYP51pyc having both Y132H and F145L
substitutions was less than one-third of that of
CYP51,7cc.g (Fig. 5). As discussed in the preceding sec-
tion, reduced CO-complex of CYP51pyc was rapidly con-
verted to a denatured 420 nm form. This fact suggested
that the low activity of CYP51 ;¢ might be due to loss of
the active enzyme by denaturation. However, this possi-
bility was unlikely, since the time course of the
CYP51yc-mediated reaction was linear up to 10 min of
incubation. Therefore, the local conformational change
induced by Y132H and F145L substitution caused unfa-
vorable effects on the catalytic activity of the enzyme.

Azole Susceptibility of the CYP51 Variants—Suscepti-
bility to FCZ of the wild-type and three variants of CYP51
is summarized in Fig. 6. The wild-type CYP51,qcc.o Was
highly sensitive to FCZ with apparent ICy, of less than
0.03 pM, whereas CYP51yy. showed FCZ resistance
with apparent IC;, of about 0.3 pM. These results were
essentially the same as those described in the prelimi-
nary communication (23). Interestingly, the Y132H and
F145L variants had different FCZ susceptibilities.
CYP51y;, showed high FCZ resistance comparable to that
of CYP51pyyc, Wwhereas CYP51yy showed low FCZ resist-
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Fig. 5. Lanosterol 14-demethylase activities of the purified
preparations of five CYP51s. Lanosterol 14-demethylase activi-
ties of the purified preparations of five CYP51s were determined as
described in “METHODS.”
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Fig. 6. Inhibitory effect of fluconazole on the lanosterol 14-
demethylase activity of the purified preparations of CYP51.
Lanosterol 14-demethylase activity of purified CYP51 was deter-
mined as described in “METHODS.” FCZ was added to the reaction
mixture as 1 ul of DMSO solution, and the same volume of the sol-
vent was added to the control. Open squares, CYP51y¢c.; Open tri-
angles, CYP51yy; solid inverted triangles, CYP51y;; and open cir-
cles, CYP51pc-

ance (Fig. 6). These findings suggested that the FCZ
resistance of CYP51pyyc was dominantly dependent on
F145L substitution, while Y132H substitution might con-
tribute little to the FCZ resistance of CYP51pc. Essen-
tially the same result was reported by Bellamine et al.
(29). Since Y132H substitution further reduced the activ-
ity of CYP51 decreased by F145L substitution (Fig. 5),
the question arose why CYP5 1 having Y132H substi-
tution was selected. Moreover, Y132H is an amino acid
substitution frequently found in naturally occurring CYP51
variants of azole-resistant C. albicans mutants (16).

To find a clue to solve the above question , the effects of
a series of novel azole compounds (27), here called SKC
derivatives, on the CYP51 variants were examined.
Inhibitory effects of four compounds (SKC-1, -3, -5, and
-7, Fig. 8) on CYP51 are summarized in Fig. 7. It is clear
from these results that CYP51,50.5 Was most sensitive
and CYP51pyy was most resistant to all SKC deriva-
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Fig. 7. Inhibitory effect of SKC derivatives
100 A 100 on the lanosterol 14-demethylase activity
of the purified preparations of CYP51.
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tives. This indicated that Y132H and F145L substitu-
tions occurring in CYP5 1y enhanced its resistance not
only to FCZ but also to SKC derivatives. However, the
inhibitory effects of the SKC derivatives on CYP51yy and
CYP51y; depended the derivative. CYP51yp showed high
resistance to SKC-7, whereas CYP51y;, was sensitive to
this compound (panel D of Fig. 7). This fact suggested
that the Y132H substitution plays the dominant role in
the high SKC-7 resistance of CYP51yyyq, although this
substitution was not necessary for the FCZ resistance of
CYP51pyyc (Fig. 6). CYP51yy also showed higher resist-
ance than CYP51y; to inhibition by SKC-5 (panel C of
Fig. 7). However, the SKC-5 resistance of CYP51yy was
markedly lower than that of CYP51 ¢, Suggesting that
both Y132H and F145L substitutions synergistically
enhanced the SKC-5 resistance of CYP51. In contrast,
both CYP51y; and CYP51y; showed similar moderate
resistance to SKC-1 and 3, and resistance of CYP51yc
to these compounds seemed to be the sum of them (panel
A and B of Fig. 7).

These observations together indicate that the effect of
Y132H or F145L substitution on azole resistance of
CYP51 depends on the structure of the azole compound
(Fig. 8), but that introduction of both of these substitu-
tions induces high resistance of the enzyme to multiple
azole compounds.

General Considerations—Amino acid sequence align-
ment of CYP51,1¢c., and CYP51 of M. tuberculosis (30)

SKC-7 (u M)

showed that Y132 and F145 of the former correspond
respectively to F89 and L.100 of the latter (see Fig. 1). X-
ray crystallographic analysis of the FCZ complex of M.
tuberculosis CYP51 (31) showed that F89 and L.100 were
included in the BC loop and had no direct interaction
with the bound FCZ. Since the fundamental architecture
of M. tuberculosis and C. albicans CYP51s may be con-
served, Y132 and F145 of CYP51q¢c. are considered to
be included in the BC loop and have no direct interaction
with the azole molecule in the active site. Podust et al.
(31) described that the BC loop is one of the most
dynamic regions affecting the conformation of M. tuber-
culosis CYP51 molecule. Accordingly, Y132H and F145L
substitutions occurring in BC loop must affect the confor-
mation of C. albicans CYP51, and this possibility is sup-
ported by the unusual spectrophotometric properties of
CYP51pyyyc (Figs. 2 through 4). Thus, it can be inferred
that the conformational modification induced by Y132H
and F145L substitutions must be the reason for the high
azole resistance of CYP51yyc (Figs. 6 and 7). However,
the same conformational modification might cause con-
siderable impairment of the catalytic activity (Fig. 5).
Therefore, the acquisition of azole resistance is a trade-
off against maintenance of high catalytic activity for
CYP51pyyc. Podust et al. (32) inferred that the mutations
of fungal CYP51 inducing azole resistance occurred to
preserve the catalytic activity. Their inference was sim-
ply deduced from the fact that the mutation hot-spots of
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Fig. 8. Structural formulas of the azole compounds used in
this study.

CYP51s found in the azole resistant isolates (16) existed
outside of the putative SRSs. The present discussion
based on extensive examination of CYP51 variants hav-
ing Y132H and/or F145L substitutions suggests that the
inference of Podust et al. (32) may not always be adequate
to illustrate the general mechanism for the emergence of
azole-resistant CYP51 variants in pathogenic fungi. As
described by Asai et al. (14), azole-resistant C. albicans
DUMC136 was a homozygote of CYP51pyc, suggesting
that this CYP51 variant was positively selected in azole-
rich environments such as patients receiving long-term
azole treatment. However, neither Y132H nor F145L
substitution necessary for azole resistance of CYP51pyyc
has been found in the CYP51 alleles occurring in azole
sensitive natural isolates of C. albicans so far studied
(I14). Results obtained in this work revealed that the
molecular and catalytic properties of CYP51,5c; and
CYP51,7ccs encoded by CYP51 alleles of C. albicans
ATCC 90028 were essentially the same in spite of the
existence of two amino acid substitutions at thell6th
and 128th positions (Fig. 1). Both CYP51,1¢c; and
CYP51pyyyc were derived from CYP51 ypqc.o by mutations
introducing two amino acid substitutions (Fig. 1), and
each of these mutations might occur randomly with simi-
lar possibility. Consequently, the following scenario can
be written for the emergence of azole-resistant CYP51.
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CYP51 of C. albicans underwent frequent mutations, but
functionally disadvantageous mutations were eliminated
to maintain the essential function of CYP51 in eukaryotic
life, and only neutral mutations were allowed to form
allelic polymorphisms. However, in azole-rich environ-
ments such as in the azole-treated patients, azole resist-
ance might be the dominant factor for selecting CYP51
variants, and an altered CYP51 encoding an azole-resist-
ant form such as CYP51yyc was selected, even if this
involved disadvantageous changes to its enzymatic prop-
erties. This is a live example demonstrating the occur-
rence of dynamic alterations of P450 and the selection of
resulting P450 variants through interaction with envi-
ronmental compounds. Although the present example is
the formation of an altered enzyme showing resistance to
the inhibitors, essentially the same process may occur in
the formation of a new enzyme showing novel or
expanded substrate specificity, which is the core process
of P450 diversification.

The authors thank to Mr. K. Asai and Dr. K. Okonogi of
Takeda Chemicals, Co. Ltd. for their kind permission to use
cloned CYP51 ¢ and FCZ preparation in this work.
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