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Abstract 14

 

�

 

-Demethylase (CYP51) is a key enzyme in all
sterol biosynthetic pathways (animals, fungi, plants, protists,
and some bacteria), catalyzing the removal of the C-14 methyl
group following cyclization of squalene. Based on muta-
tions found in CYP51 genes from 

 

Candida albicans

 

 azole-
resistant isolates obtained after fluconazole treatment of
fungal infections, and using site-directed mutagenesis, we
have found that fluconazole binding and substrate metabo-
lism vary among three different CYP51 isoforms: human,
fungal, and mycobacterial. In 

 

C. albicans,

 

 the Y132H mutant
from isolates shows no effect on fluconazole binding, whereas
the F145L mutant results in a 5-fold increase in its IC

 

50

 

 for
fluconazole, suggesting that F145 (conserved only in fungal
14

 

�

 

-demethylases) interacts with this azole. In 

 

C. albicans

 

,
F145L accounts, in part, for the difference in fluconazole
sensitivity reported between mammals and fungi, providing
a basis for treatment of fungal infections. The 

 

C. albicans

 

Y132H and human Y145H CYP51 mutants show essentially
no effect on substrate metabolism, but the 

 

Mycobacterium tu-
berculosis

 

 F89H CYP51 mutant loses both its substrate bind-
ing and metabolism.  Because these three residues align in
the three isoforms, the results indicate that their active sites
contain important structural differences, and further em-
phasize that fluconazole and substrate binding are uncou-
pled properties.—

 

Bellamine, A, G. I. Lepesheva, and M. R.
Waterman.
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Sterol 14

 

�

 

-demethylases (14DM) belong to a cyto-
chrome P450 family (CYP51) catalyzing removal of a
methyl group at position C14 in the sterol molecule (1).
This is a key step in cholesterol, ergosterol, and phy-
tosterol synthesis in animals, fungi, and plants (2). 14DM
has also been found in mycobacteria and in 

 

Methylococcus

 

capsulatus

 

, where the reconstituted enzyme was found to
convert sterols to their C14-demethylated products (3–5).
Isoforms of 14DM from different kingdoms use very closely
related sterol molecules as substrate; no other substrate
molecules are known. Furthermore, mammalian and fun-
gal forms show differences in their ability to bind azole
molecules known to inhibit cytochrome P450 activities (6,
7). For example, fungal 14DMs bind fluconazole several
orders of magnitude more tightly than mammalian iso-
forms, which was the basis for the design of azole inhibi-
tors targeting fungal 14DM versus the human form (8).
Inhibition of 14DM activity is lethal in fungi (9); however,
treatment by fungistatic azole compounds leads to the
emergence of resistant clinical isolates over time.

Several mechanisms involved in such resistance have
been elucidated. Overexpression of efflux pumps results
in decreased azole availability in the cells at the 14DM tar-
get site (10, 11). A second way to counter deficiency in er-
gosterol availability is the ability of some isolates to use 14-
methylated precursors such as 14-methylfecosterol for
the sparking hormonal function observed with ergosterol
(12). In this case, accumulation of 14

 

�

 

-methyl-ergosta-
8,24(28)-dien-3

 

�

 

,6

 

�

 

-diol, an ergosterol 14-methyl precur-
sor, indicates that the azole resistance is caused by loss of
sterol 14

 

�

 

-demethylase activity (12). Finally, decreased af-
finity of 14DM for azole molecules is another cause of
azole resistance. In this case, mutations in the CYP51 gene
have been identified in some azole-resistant strains (13–15).
DUMC136, a 

 

Candida albicans

 

 (CA) drug-resistant strain,
is homozygous for multiple mutations in its CYP51 gene
(16) and is one of the most extensively studied azole-resis-
tant isolates (16, 17). Compared with an azole-susceptible
heterozygous strain ATCC 90028, DUMC136 showed a
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125-fold increase in its minimal fluconazole inhibitory
concentration for ergosterol biosynthesis in whole cells
(16). The CYP51 gene alleles have two nucleotide substi-
tutions compared to an allelic variant (ATCC 90028-2) of
the fluconazole-susceptible strain ATCC 90028, resulting
in two amino acid changes: Y132H and F145L. When IC

 

50

 

values were determined for CA 14DM in microsomal frac-
tions, DUMC136 14DM showed only a 10-fold increase in
its resistance to fluconazole compared with the IC

 

50

 

 from
ATCC 90028 or the wild-type strain, without change in
14

 

�

 

-demethylase activity (16). When the single substitu-
tion Y132H was reproduced in CA 14DM and expressed in

 

Saccharomyces cerevisiae

 

, an increase in the IC

 

50

 

 value for
fluconazole (12-fold compared with the wild type) was ob-
served without any effect on the enzymatic activity (17).
This and subsequent studies clearly show that fluconazole
binding and substrate metabolism are uncoupled events.

To better understand the molecular basis of fluconazole
resistance and to begin explaining the differences seen
in fluconazole inhibition among various 14

 

�

 

-demethylase
isoforms (8), we used site-directed mutagenesis to repro-
duce substitutions Y132H and F145L in CA 14DM as

found in the DUMC136 and other clinical isolates and
compared their effect on fluconazole binding and sub-
strate metabolism to their corresponding human and 

 

My-
cobacterium tuberculosis

 

 (MT) 14DM orthologues. We found
that the CA 14DM F145L mutant but not Y132H is respon-
sible for the increase in fluconazole resistance, suggesting
that in CA 14DM F145 interacts with the azole. Although
CA and human mutations did not notably affect catalytic
activity, MT 14DM F89H mutant corresponding to Y132H
in CA 14DM completely abolished enzymatic activity and
profoundly altered substrate binding, indicating a role of
MT 14DM F89 in substrate binding. These results indicate
that the topology in the active sites of the CYP51 isoforms
is different even though all three enzymes serve the same
function and metabolize the same substrates.

MATERIALS AND METHODS

 

General methods

 

Flavodoxin, flavodoxin reductase, and rat P450 reductase
were kindly provided by Dr. Chris Jenkins (18, 19). The 24,25-
[24-

 

3

 

H] dihydrolanosterol was a generous gift from Dr. James
Trzaskos. The 24,25-dihydrolanosterol (DHL), lanosterol, 24-
methylene dihydrolanosterol (24M-DHL), obtusifoliol, and 24-
dihydroobtusifoliol (

 

Fig. 1

 

) were kindly provided by Dr. David
Nes. The fluconazole was a generous gift from Pfizer. The Triton
X-114 (Fluka Chemical, Ronkonkoma, NY) was purified as de-
scribed (20) before use in protein purification. Sequence align-
ment was performed using Clustalw 1.81 software (European
Bioinformatics Institute website) and prepared in 

 

�

 

Sprit 2.1 pro-
grams (http://genopole.toulouse.fr).

 

Mutant construction

 

Primer sequences used for mutagenesis were represented in

 

Table 1

 

 and MT 14 DM/pET-17b (3) was the template for MT
14DM mutants. To construct the H Y145H/pCWOri

 

�

 

 expres-
sion vector, the 

 

Nco

 

I/

 

Spe

 

I fragment (659 bp) of wild-type H
14DM/pCWOri

 

�

 

 (21) is exchanged with the corresponding
fragment of mutated DNA in clone 14B (21). To construct the
CA 14DM Y132H/pCWOri

 

�

 

 and F145L/pCWOri

 

�

 

 mutants, the

 

Sac

 

I/

 

Spe

 

I fragment (1,091 bp) of CA 14DM/pCWOri

 

�

 

 wild type
(22) is exchanged with the mutated DNA in pBSIIKS (Strom-
stedt, personal communication). To construct CA 14DM Y132H/
F145L/pCWOri

 

�

 

, CA 14DM Y132H/pBSIIKS previously con-
structed was used as template in combination with primers used

Fig. 1. Sterol structures referred to in this report.

 

TABLE 1. Primers used for mutagenesis

 

Mutants and Corresponding Residue Changes Primer Sequences

 

MT 14DM F89H 5

 

�

 

-cggcgagggcgtggtgt(c)t(a)cgacgccagcccggaacgg-3

 

�

 

5

 

�

 

-ccgttccgggctggcgtcga(t)a(g)caccacgccctcgccg-3

 

�

 

MT 14DM F89Y 5

 

�

 

-cggcgagggcgtggtgtt(a)cgacgccagcccggaacgg-3

 

�

 

5

 

�

 

-ccgttccgggctggcgtcga(t)acaccacgccctcgccg-3

 

�

 

MT 14DM F89A 5

 

�

 

-cggcgagggcgtggtgt(g)t(c)cgacgccagcccggaacgg-3

 

�

 

5

 

�

 

-ccgttccgggctggcgtcga(g)t(c)caccacgccctcgccg-3

 

�

 

H 14DM Y143H 5

 

�

 

-gggaagggagttgcac(t)acgatgtgcctaatcc-3

 

�

 

5

 

�

 

-ggattaggcacatcgtg(a)tgcaactcccttccc-3

 

�

 

CA 14DM Y132H 5

 

�

 

-ggtaaaggggttattt(c)atgattgtccaaattcc-3

 

�

 

5

 

�

 

-ggaatttggacaatcata(g)aataacccctttacc-3

 

�

 

CA 14DM F145L 5

 

�

 

-ggaacaaaaaaaat(c)ttgctaaatttgc-3

 

�

 

5

 

�

 

-gcaaatttagcaaa(g)ttttttttgttcc-3

 

�

 

Primers design based on the MT 14DM coding sequence (GenBank accession no. MTCY369), with mutated
bases shown in parentheses.
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for CA F145L mutagenesis (Table 1) and the 

 

Sac

 

I/

 

Spe

 

I fragment
(1,091 bp) of CA 14DM/pCWOri

 

�

 

 is exchanged with the mu-
tated DNA. Mutagenesis is performed using QuikChange

 

TM

 

 Site-
Directed Mutagenesis Kit according to the conditions of the
manufacturer (Stratagene, La Jolla, CA). The full coding region
of MT mutants and the mutated fragments of CA and human
mutants were sequenced using automated sequencing: Applied
Biosystems PRISM Big Dye Terminator Cycle Sequencing Ready
Reaction kit and Applied Biosystems PRISM 377 DNA sequencer
(ABI, Foster City, CA).

 

P450 expression and purification

 

MT 14DM and its mutants were expressed and purified as de-
scribed (3), except that a Q Sepharose High Performance col-
umn (Amersham Pharmacia Biotech, Piscataway, NJ) was used
instead of the HQ column on the HPLC. Both the wild type and
the mutants were eluted at 190 to 250 mM NaCl concentration.
Fractions corresponding to a 417nm/280nm ratio of 1.4 and
higher were pooled and P450s were dialyzed against 0.1 M Tris-
HCl, pH 7.5/0.1 mM EDTA/20% glycerol. Human and CA
14DMs and their mutants were expressed in the HMS174 

 

Esche-
richia coli

 

 strain (Novagen, Madison, WI) and purified as de-
scribed for H 14DM except that lanosterol and ketoconazole

were omitted from the buffer (23). P450s were dialyzed against
20 mM Tris-HCl, pH 7.5/0.1 mM EDTA/20% glycerol/0.1% Tri-
ton X-100 (Boehringer Mannheim, Indianapolis, IN) (buffer B)
and loaded onto a Hydroxyapatite Bio-Gel

 

®

 

 HTP Gel column
(Bio-Rad, Hercules, CA) for further purification. The column
was washed with buffer B and P450 eluted using 0–400 mM po-
tassium phosphate pH 7.5 and a 0–0.4% Triton X-100 gradient.
Fractions corresponding to 50–100 mM potassium phosphate
were pooled and dialyzed against buffer B.

 

P450 reconstituted activity

 

One nanomole of MT 14DM, F89H or F89Y mutants was incu-
bated on ice with 18 nmol of 

 

E. coli

 

 flavodoxin and 2 nmol of 

 

E.
coli

 

 flavodoxin reductase. After 10 min, 25 nmol of DHL/[24-

 

3

 

H]DHL dispersed in Triton WR 1339 (16 mg/ml) (SERVA,
Hauppauge, NY) (21), 0.4 mg/ml of isocitrate dehydrogenase, 25
mM sodium isocitrate (Sigma-Aldrich, St. Louis, MO), and 100 

 

�

 

l
of buffer (100 mM MOPS, pH 7.5; 250 mM KCl; 25 mM MgCl

 

2

 

;
50% glycerol) and water was added to 500 

 

�

 

l volume. The reac-
tion mixture was preincubated for 2 min at 37

 

�

 

C before adding
NADPH (Calbiochem, La Jolla, CA) to 5 mM. Aliquots were col-
lected after 10, 20, and 60 min. Sterols were extracted and ana-
lyzed by HPLC as described (21). For H 14DM, CA 14DM, and

Fig. 2. 14�-demethylase sequence alignment. Sequences of 40 14�-demethylases (14DM) were aligned us-
ing Clustalw 1.81 software. Numbering of the residues starts from the first methionine (start codon) when
the N-terminal sequence is known. Arrow heads indicate residues Y132 and F145 of CA 14DM. Residues com-
pletely conserved are included in black boxes. MT 14DM secondary elements are represented above the MT
14DM primary sequence.
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their mutants, 1 nmol of P450, 5 nmol of rat P450 reductase and
50 

 

�

 

g of dilauryl-

 

l

 

-

 

�

 

-phosphatidylcholine (DLPC) were used. Af-
ter addition of 25 nmol of DHL/[24-

 

3

 

H]DHL and incubation on
ice, reactions were performed as described for MT 14DM and
stopped at 5, 10, 20, and 60 min. For the IC

 

50

 

 determinations, re-
actions were performed in the presence of increasing concentra-
tions of fluconazole: 0, 0.25, 0.5, 2, and 4 

 

�

 

M for CA 14DM and its
mutants; 0, 1, 2, 5, and 10 

 

�

 

M for the H 14DM Y145H mutant and
0, 0.1, 1, 5, and 10 mM for wild-type H 14DM.

 

Spectral analyses

 

Sterol binding for MT 14DM and its mutants was performed
as described (24). Fluconazole binding was performed as for ste-

rol binding except that P450s were diluted to 5 

 

�

 

M in 1 ml of 20
mM MOPS, pH 7.5/50 mM KCl/5 mM MgCl

 

2

 

/10% glycerol and
titrated with 500 nM to 200 

 

�

 

M fluconazole for MT, human
14DMs, and their mutants and with 100 nM to 10 

 

�

 

M flucona-
zole for CA 14DM and its mutants. Spectra were recorded be-
tween 350 nm and 450 nm, revealing changes at 412 nm and 435
nm characteristic of a P450 type II binding spectrum (6). Because
fluconazole was dissolved in ethanol, a corresponding volume of
solvent was added simultaneously to the P450 chamber of the ref-
erence cuvette and the buffer chamber of the sample cuvette.
The same results were obtained using DMSO.

 

RESULTS

 

Conservation of Y132 of 

 

C. albicans

 

 among CYP51s and its 
role in catalytic activity

 

A sequence alignment of 40 different 14

 

�

 

-demethylase
isoforms shows that the CA 14DM Y132 residue is con-
served among fungi and animals and corresponds to Y145
in human 14DM. In plant and bacterial isoforms, this po-
sition is occupied by phenylalanine and corresponds to
F89 in MT 14DM (

 

Fig. 2

 

). Y132, Y145, and F89 in CA, hu-
man, and MT 14DMs, respectively, were substituted by his-
tidine as found in CA clinical isolates. F145L also found
in CA clinical isolates, occasionally in combination with
Y132H, was also reproduced only in the CA 14DM, be-
cause this residue is not conserved in the human and MT
isoforms. Note that Y145 in human 14DM aligns with Y132
in CA and not F145 (Fig. 2). In 

 

E. coli

 

, 14DM mutants
showed similar P450 expression levels to the correspond-
ing wild types: MT 14DM and F89H mutant were ex-
pressed at 800 to 1,200 nmol/l, whereas H 14DM and its
mutant were expressed at 200 nmol/l and CA 14DM and
its mutants at 100 nmol/l.

Fig. 3.  24,25-Dihydrolanosterol (DHL) metabolism. Turn-over
numbers determined for CA, human, and MT 14DMs and their
mutants using DHL as substrate are expressed as nmol of product/
min/nmol of P450 (log scale). N.D., no detectable activity. Error
bars represent standard deviation.

Fig. 4. Fluconazole binding. Fluconazole binding of Mycobacte-
rium tuberculosis (MT), Candida albicans (CA), and human (H)
14DMs and their mutants based on type II binding spectra. K s val-
ues (�M) are shown as log scale. Error bars represent standard de-
viation.

Fig. 5. IC50 determination. Fluconazole inhibition of CA 14DM,
H 14DM and mutant activities based on IC50 (�M). Values are de-
termined for 50 �M DHL conversion at 37�C in presence of in-
creasing concentrations of fluconazole and expressed as the per-
cent of activity with fluconazole versus activity without fluconazole
(log scale). * Up to 10 mM limit of solubility for fluconazole, H
14DM is still fully active. Error bars represent standard deviation.
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Catalytic activities
24,25-Dihydrolanosterol (DHL) (Fig. 1) was used as

substrate for both wild-type and mutant forms. CA 14DM
Y132H showed a 2-fold decrease in turnover number and
F145L did not alter DHL metabolism. Human 14DM
Y145H showed no change in turnover, but in MT the
14DM F89H mutant lost catalytic activity (Fig. 3). This
suggests that in CA and in human 14DMs the Y132 and
Y145 residues, respectively, are not required for activity,
but that F89 (which aligns with these two) is required in
MT 14DM.

Role of CA 14DM mutants in fluconazole binding
Type II binding spectra. P450s were tested for their ability to

bind fluconazole based on type II binding spectra (6).
CA14DM Y132H mutant was found to have insignificantly
higher affinity for fluconazole (2-fold decrease in Ks value)
and F145L showed similar K s value to the CA wild type
(Fig. 4). Neither H Y145H 14DM nor MT F89H mutants
showed any change compared with their respective wild
types (Fig. 4). Furthermore, F89H did not alter binding to
clotrimazole and ketoconazole, two other P450 azole-
inhibitors (data not shown). Because triadimenol treat-
ment of the grape powdery mildew fungus Uncinula neca-
tor resulted in the appearance of resistant clones, with the
fungal CYP51 having Y136F substitution (corresponding
to F89 in MT 14DM) (25), we also mutated MT 14DM F89
to tyrosine and found no change in fluconazole binding.
This is in agreement with the X-ray structure determina-
tion of the fluconazole-bound form of MT 14DM, where
F89 did not show interaction with fluconazole (26). These

results based on type II binding spectra suggest that Y132
and F145 in CA, Y145 in human and F89 in MT 14DMs are
not directly involved in fluconazole binding. However,
previous reports indicate that CA 14DM Y132H mutant
expressed in S. cerevisiae and analyzed in a microsomal
fraction led to a 12-fold increase in fluconazole resistance
(17). Furthermore, the CA DUMC136 resistant strain
(having both Y132H and F145L substitutions in its CYP51
gene) showed a 10-fold increase in its resistance to fluco-
nazole (16). In both latter studies, fluconazole affinity was
determined based on IC50 and not type II spectra as it is in
our study.

Effect of F154L on CA 14DM IC50 for fluconazole. Using DHL as
substrate, IC50 values were determined for CA and human
14DM mutants but not for MT 14DM F89H, because this
mutant has no catalytic activity. The IC50 determination
showed no change in fluconazole resistance for the CA
14DM Y132H mutant. However, both the CA 14DM F145L
and Y132H/F145L mutants showed significant increase in
their IC50 values for fluconazole (about 5-fold) (Fig. 5),
suggesting that F145L substitution but not Y132H is re-
sponsible for the observed fluconazole resistance in the
clinical isolates. Surprisingly, the human Y145H mutant
that corresponds to Y132H in CA 14DM showed a de-
crease of more than three orders of magnitude in its IC50
value, compared with the wild type (Fig. 5), suggesting a
much higher affinity for fluconazole for this mutant and
implying that a histidine at position 145 interacts with
fluconazole in the human isoform. The difference seen
between IC50 and Ks values (Figs. 5, 6) implies that in-
teraction of fluconazole with CA and human 14DMs is

Fig. 6. MT 14DM sterol binding. A: Type I binding spectra for obtusifoliol (OB) are shown for MT 14DM
and its mutant F89H and lanosterol (LAN) for F89H. B: Ks values (�M) of MT 14DM and its mutants for
DHL, lanosterol, obtusifoliol and 24M-DHL are estimated based on type I binding spectra. * Altered type I
binding spectra (see text). N.D., no detectable binding. Error bars represent standard deviation. a Value pre-
viously determined (24).
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different when the P450 is oxidized and low spin (type II
binding spectrum) than when it is reduced and high spin
and in the presence of substrate and P450 reductase (IC50
determination). It has been reported that S. cerevisiae
14DM interacts differently with azole molecules when the
P450 is oxidized or when it is reduced (9).

These results suggest that fluconazole interacts with
different residues in CA and human isoforms and that
this interaction depends on the P450 oxidation-reduction
state and its environment (presence of the substrate, P450
reductase and DLPC). The difference in fluconazole bind-
ing seen between human and CA 14DMs (Fig. 5) and re-
ported between mammalian and fungal isoforms (more
than five orders of magnitude) (8) might be explained in
part by presence of F145 in CA 14DM, absent in the hu-
man isoform.

Role of F89 in MT 14DM/substrate binding
Loss of activity of the MT F89H mutant is due to a pro-

found alteration in substrate binding (Fig. 6). Indeed,
DHL, lanosterol, and 24M-DHL showed altered type I
binding spectra, with a shift of the maxima from 390 nm
to 412 nm (Fig. 6A). Estimated K s values for F89H based
on spectral changes are significantly higher (about an or-
der of magnitude) for lanosterol and DHL and in the
same order of magnitude for 24M-DHL (Fig. 6B), suggest-
ing a lower affinity for these substrates. The F89H mutant
has lost any ability to bind obtusifoliol (Fig. 6B) the best
substrate for this enzyme (3, 24), or 24-dihydroobtusifo-
liol (Fig. 1), another C4-monomethyl sterol (data not
shown). Because CA Y132 is conserved among mammals
and fungi, where this residue does not alter substrate me-
tabolism, we also checked the substrate binding for the
MT 14DM F89Y mutant. This mutant showed a moderate
decrease (3-fold) in its catalytic activity (data not shown)
and slightly decreased affinity for DHL and lanosterol
without effect on obtusifoliol binding (Fig. 6B). However,
when F89 is mutated to an alanine, the enzyme lost its cat-
alytic activity and its ability to bind obtusifoliol as seen
for F89H mutant (data not shown). Obtusifoliol and 24-
dihydroobtusifoliol are C4-monomethyl sterols; lanosterol,
DHL, and 24M-DHL are C4-dimethyl sterols (Fig. 1). The
fact that the F89H and F89A mutants do not bind obtusi-
foliol and F89H showed altered binding to DHL, lanos-
terol, and 24M-DHL suggests that the F89 residue in MT
14DM interacts with the sterol molecule at its C4�-methyl
group. Interaction between F89H and C4-dimethyl sterols
resulting in impaired type I binding spectra without cata-
lytic activity, suggests that another residue in the MT
14DM mutants interacts with the C4�-methyl group result-
ing in incorrectly positioned C4-dimethyl sterols. F89H
and F89A lost their binding to obtusifoliol but F89Y did
not, perhaps because an aromatic residue at the position
89 is required for obtusifoliol interaction at its C4�-methyl
group.

DISCUSSION

These results imply that both azole and substrate bind-
ing are different in each of the three CYP51 isoforms stud-
ied. Because the structure of MT 14DM is known, it is the
easiest of the three to explain. MT 14DM F89H did not
show any effect in fluconazole binding based on type II
binding spectrum. Accordingly, crystal-structure determi-
nation of the MT 14DM fluconazole-bound form showed
no interaction between F89 and fluconazole (26). In CA
14DM, Y132H mutant showed no effect on fluconazole
binding but F145L substitution resulted in a 5-fold in-
crease of IC50, a value similar to the one reported for the
CA 14DM clone from the DUMC136 isolate (having both
Y132H and F145L substitutions) when expressed in E. coli
(27). This suggests that F145L but not Y132H is responsi-
ble for fluconazole resistance. However, when the same
clone (having both mutations) is studied in microsomal
fractions from CA, the IC50 increases by 10-fold (16), a

Fig. 7. MT 14DM/sterol interaction. A: Overall view of MT
CYP51 crystal structure in complex with fluconazole (purple) and
its distance to F89 (red). B: MT 14DM (blue) and BM3 (yellow)
structures are superposed in their B-C loop regions and the relative
distances of MT 14DM F89 (red) and BM3 F87 (red) to the heme
center (blue) are shown. C: Distances between the 2 C4- and the
C14-methyl groups are shown in the three-dimensional representa-
tion of lanosterol.
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value closer to the one reported for the single Y132H mu-
tant expressed in S. cerevisiae studied also in a microsomal
fraction (12-fold) (17). It is possible that the differences
in fluconazole sensitivity of CA 14 DM mutants, seen be-
tween results using E. coli expression (data herein and
Ref. 27) and fungal microsomal fractions (16, 17) may be
due to differences in the lipid composition (DLPC in the
reconstituted system and E. coli membranes versus CA
and S. cerevisiae microsomes). Unexpectedly, the H1 4DM
Y145H substitution resulted in a dramatic decrease in the
IC50 value (three orders of magnitude), suggesting a possi-
ble interaction of a histidine at this position with the flu-
conazole, leading to better positioning of the azole toward
the heme center and therefore greater sensitivity for flu-
conazole of the human Y145H versus CA Y132H during
the catalytic cycle.

Another unexpected result was the loss of substrate me-
tabolism and binding for MT 14DM F89H and F89A mu-
tants, although the corresponding mutants in CA and hu-
man had no effect on catalytic activity. This suggests that
F89 in MT has a critical role in substrate/P450 interac-
tion. Accordingly, systematic mutation in MT 14DM of the
conserved F83, G84, and D90 to alanine abolished cata-
lytic activity (28). Although residues F83, G84, D90, and
F89 are part of SRS1 (substrate recognition site) defined
for 14�-demethylases (29), crystal structure determina-
tion of substrate-free MT 14DM suggests that these resi-
dues are located in a B-C loop structure at the open sur-
face of a putative access channel, about 20 Å from the
heme iron, making interaction with the bound substrate
unlikely without a profound conformational change (26)
(Fig. 7A).

The structure of the substrate-bound form of MT 14DM
has not yet been determined, however, because of the
highly nonpolar properties of the substrates, so these
results are difficult to explain. One possibility is that
residues in the SRS1 and B-C loop region interact with
the substrate during MT 14DM/substrate recognition and
contribute to its orientation at the heme center, an inter-
action that is lost once the substrate reaches the active
site. Another possibility is that MT 14DM/substrate bind-
ing induces a closing of the B-C loop, allowing the sub-
strate access to the active site. Thus, the distance between
F89 and the heme iron will become shorter and more
comparable with the distances separating C4- and C14-
methyl groups (Fig. 7A, C). Indeed, the B-C loop region
has a high B factor value, reflecting its high mobility (26).
In P450 BM3 (CYP102A1), another soluble P450 with
known three-dimensional structure, residue F87 also lo-
cated in the B-C loop region showed different conforma-
tions in the absence or presence of the substrate (30).
P450 BM3 F87Y and F87G substitutions result in a de-
creased affinity and turnover numbers, suggesting a criti-
cal role for the F87 in substrate binding and product re-
lease during the catalytic cycle (31). Although MT 14DM
and BM3 B-C loops are not superposed (Fig. 7B), our re-
sults showing loss of substrate binding for F89H and F89A
mutants and decreased turnover number for F89Y suggest
that, in MT 14DM, F89 might play a role similar to that of

F87 in P450 BM3 substrate binding. Corresponding resi-
dues Y132 and Y145 in CA and human 14 DMs, also lo-
cated in SRS1, are not critical for substrate metabolism,
because the Y132H mutant showed only a slight decrease
in CA 14DM catalytic activity and the Y145H mutant
showed no alteration on the H 14DM activity. Perhaps the
conformational change in soluble CYP51 is more pro-
found than that in CYP51s located in membranes.

In summary, fluconazole interacts with CA F145 con-
served in fungi but replaced by a methionine in humans,
suggesting that part of the differences in fluconazole sen-
sitivity reported between animal and fungal isoforms (sev-
eral orders of magnitude) (8) are due to the presence of
residue F145 in CA but not in human. The difference
seen in substrate binding and metabolism upon mutation
of a semiconserved tyrosine substitution (CA Y132H, H
Y145H, and MT F89H) reflects structural differences in
the active sites in the three CYP51 isoforms also observed
in fluconazole binding studies. Even though these en-
zymes share great catalytic similarity, the proposed struc-
tural differences in their active sites are the basis for the
design of drugs selectively targeting microbial CYP51s ver-
sus the human isoform. Note that fluconazole was de-
signed to selectively inhibit CA CYP51 versus the human
isoform in the absence of any structural data for these
enzymes, suggesting differences between these isoforms.
Based on mutations found in fluconazole-resistant clinical
isolates, we have been able to show that these differences
are the result of different interaction of selected residues
in the three CYP51s studies with the inhibitor and the
substrate indicating differences in their active site topol-
ogies.
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