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Mycobacterium avium complex (MAC) causes chronic lung disease
in immunocompetent people and disseminated infection in patients
with AIDS. MAC is intrinsically resistant to many conventional anti-
mycobacterial agents, it develops drug resistance rapidly to macro-
lide antibiotics, and patients with MAC infection experience fre-
quent relapses or the inability to completely eradicate the infection
with current treatment. Treatment regimens are prolonged and
complicated by drug toxicity or intolerances. We sought to identify
biochemical pathways in MAC that can serve as targets for novel
antimycobacterial treatment. The cytochrome P450 enzyme,
CYP51, catalyzes an essential early step in sterol metabolism, remov-
ing a methyl group from lanosterol in animals and fungi, or from
obtusifoliol in plants. Azoles inhibit CYP51 function, leading to an
accumulation of methylated sterol precursors. This perturbation of
normal sterol metabolism compromises cell membrane integrity,
resulting in growth inhibition or cell death. We have cloned and
characterized a CYP51 from MAC that functions as a lanosterol 14�-
demethylase. We show the direct interactions of azoles with purified
MAC-CYP51 by absorbance and electron paramagnetic resonance
spectroscopy, and determine the minimum inhibitory concentra-
tions (MICs) of econazole, ketoconazole, itraconazole, fluconazole,
and voriconazole against MAC. Furthermore, we demonstrate that
econazole has a MIC of 4 �g/ml and a minimum bacteriocidal
concentration of 4 �g/ml, whereas ketoconazole has a MIC of
8 �g/ml and a minimum bacteriocidal concentration of 16 �g/ml.
Itraconazole, voriconazole, and fluconazole did not inhibit MAC
growth to any significant extent.
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Mycobacterium avium complex (MAC) consists of the nontuber-
culous mycobacteria M. avium subspecies avium, intracellulare,
paratuberculosis, and others (1). MAC is ubiquitous in nature,
and is commonly isolated from water or soil. There is a wide
spectrum of disease caused by MAC, affecting both immunocom-
petent and immunocompromised individuals (2, 3). Chronic
pulmonary disease is the most common form of localized MAC
infection in humans, and manifests as upper lobe infiltrates simi-
lar to classic cavitary tuberculosis, or patchy nodular disease in
the middle lobe or lingula associated with bronchiectasis (4, 5).
Disseminated MAC occurs in immunocompromised patients,
such as those with underlying immune defects due to chronic
corticosteroid use, hematologic malignancies, organ transplanta-
tion, and infection with HIV (6–9). The treatment of patients
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with chronic pulmonary disease or disseminated infection from
MAC is difficult due to the long duration necessary for treatment
and the high frequency of drug intolerances or toxicity. Recently,
hypersensitivity pneumonitis due to MAC has been described
in patients using hot tubs or humidifiers, or exposed to contami-
nated household water (10, 11). For the majority of these pa-
tients, elimination of the exposure typically results in a cure;
however, some patients may require a short course of corticoste-
roids, or specific antimycobacterial therapy.

In comparison with the treatment of tuberculosis, drug ther-
apy for patients with MAC infection has been disappointing (1,
12). Most of the first-line antituberculosis medications
have significantly less activity against MAC compared with
Mycobacterium tuberculosis. MAC is intrinsically resistant to
isoniazid and pyrazinamide, and rapidly develops drug resistance
when single agents are used for treatment (13–15). Combination
therapy with macrolide antibiotics (such as clarithromycin or
azithromycin), rifabutin, or rifampin, and ethambutol is recom-
mended for initial treatment (1). Treatment regimens are usually
prolonged, and relapse after treatment is frequent. Pulmonary
MAC infection is typically treated for 18 mo, but may require
lifelong treatment in cases of disseminated infection. The diffi-
culties of treating chronic and disseminated MAC infections
highlight the urgent need to identify novel targets for the devel-
opment of antimycobacterial medications.

CYP51, called ERG11 in fungi, is a highly conserved cyto-
chrome P450 enzyme required for the early steps of sterol metab-
olism in the animal, fungus, and plant kingdoms (16–19). CYP51
enzymes have been identified in the genomes of M. tuberculosis
and Mycobacterium smegmatis, and the inhibition of mycobacte-
rial sterol biosynthesis may be therapeutically useful for patients
with mycobacterial infections (20–22). This essential enzyme
catalyzes the removal of a methyl group from lanosterol in ani-
mals and fungi, or from obtusifoliol in plants, allowing sterol
metabolism to proceed to the end-product of cholesterol, ergo-
sterol, or phytosterol, respectively. Azole medications, which
have been the foundation for the treatment of fungal infections,
inhibit CYP51 function by binding to the heme cofactor in the
active site of the enzyme (23, 24). Sterol metabolism cannot
proceed normally due to an accumulation of methylated sterol
precursors, which ultimately affect cell membrane integrity, re-
sulting in growth inhibition or cell death. Here, we describe the
cloning, expression, purification, and characterization of CYP51
from M. avium subspecies avium. We show the direct interac-
tions of azoles with purified MAC-CYP51. Furthermore, we
demonstrate that econazole has a minimum inhibitory concen-
tration (MIC) of 4 �g/ml and a minimum bacteriocidal concen-
tration (MBC) of 4 �g/ml, whereas ketoconazole has a MIC of
8 �g/ml and an MBC of 16 �g/ml. Itraconazole, voriconazole,
and fluconazole did not inhibit MAC growth to any significant
extent. Our studies suggest that inhibition of CYP51 function
in MAC may be of therapeutic benefit for patients with this
infection.
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MATERIALS AND METHODS

Materials

All reagents were from Sigma-Aldrich (St. Louis, MO) unless otherwise
specified. Restriction endonucleases, PCR reagents, and Pfx polymer-
ase were from Invitrogen (Carlsbad, CA).

Mycobacterial Growth Conditions

M. avium subspecies avium (American Type Culture Collection no.
25,291) was grown in modified Middlebrook 7H9 broth containing oleic
albumin dextrose catalase supplement at 37�C in the BACTEC MGIT
960 fluorescent detection instrument (Becton-Dickinson and Co.,
Franklin Lakes, NJ) until growth was detected.

Cloning of MAC-CYP51

MAC DNA was extracted using standard procedures. We designed degen-
erate oligonucleotide PCR primers after aligning the amino acid sequences
of sterol 14�-demethylase enzymes, as described previously (25). PCR
was performed in a 50 �l reaction using 1 �M of each degenerate primer:
sense, 5�-AA(A/G)-GA(A/G)-AC(A/T/G/C)-CT(A/T/G/C)-CG(A/T/G/
C)-CT(A/T/G/C)-CA(T/C)-CC(A/T/G/C)-CC-3�; and antisense: CA(A/
T/G/C)-CG(A/G)-TG(A/T/G/C)-CG(A/T/G/C)-CC(A/T/G/C)-GC(A/T/
G/C)-CC(A/G)-AA(A/T/G/C)-GG-3�; with 200 ng of purified MAC
DNA. We performed PCR across an annealing temperature gradient
from 60 to 72�C in an iCycler thermocycler (Bio-Rad Laboratories,
Hercules, CA). A 248-bp PCR amplicon was identified by electrophore-
sis on agarose after ethidium bromide staining. This fragment was sub-
cloned, sequenced, and analyzed by BlastX (National Center for Bio-
technology Information, Bethesda, MD). The PCR amplicon was a
novel gene with greatest homology to M. tuberculosis CYP51. This
partial gene was then used to search the unannotated MAC genomic
database (The Institute for Genomic Research, Rockville, MD; http://
www.tigr.org/tdb/mdb/mdbinprogress.html), from which we were able
to identify the start and stop codons for the full-length MAC-CYP51.
We amplified the complete MAC-CYP51 cDNA by PCR, and sub-
cloned the gene into the bacterial expression plasmid pGEX4T3
(Amersham Biosciences, Piscataway, NJ) to create an N-terminal gluta-
thione S-transferase (GST) fusion.

Expression and Purification of Recombinant MAC-CYP51

The MAC-CYP51 in the pGEX4T3 plasmid was transformed into
Escherichia coli BL21 pLysS cells. Transformed colonies were grown
overnight at 37�C in 10 ml of Terrific Broth containing 100 �g/ml of
carbenicillin and 34 �g/ml of chloramphenicol, and a subculture (1:50
ratio) was expanded in fresh medium and grown to a 0.8 optical density
at 600 nm. Protein expression was induced with the addition of 1 mM
isopropylthiogalactopyranoside and growth was continued at 25�C with
shaking at 200 rpm for approximately 20 h. The cultures were supple-
mented with 2 mM �-aminolevulinic acid for heme synthesis. The bacte-
rial pellet was resuspended in 100 mM potassium phosphate (pH 7.4),
and protein lysates prepared by French press. The soluble lysate was
applied to a glutathione sepharose GSTrap FF 5 ml column (Amersham
Biosciences) and washed extensively with PBS. MAC-CYP51 was
cleaved from the GST fusion tag by the addition of 80 U of thrombin
in PBS applied to the column and incubated at 22�C for 16 h, and
purified cleaved MAC-CYP51 was eluted with PBS. Thrombin was
removed from the eluted cleaved MAC-CYP51 using a HiTrap Benzam-
idine FF column (Amersham Biosciences), and buffer exchange was
performed using a centricon YM30 (Millipore, Billerica, MA), so that
the purified cleaved MAC-CYP51 protein was in 100 mM potassium
phosphate (pH 7.4) containing 20% glycerol.

Spectral Analysis

The absolute, dithionate, and carbon monoxide reduced spectra were
performed as described by Omura and Sato (26, 27). For the azole
binding spectra, MAC-CYP51 was placed in cuvettes in a volume of
1 ml with increasing amounts of azole compounds. The sample was
scanned from 500 to 380 nm with a Shimadzu UV-1601 spectrophotome-
ter (Shimadzu Corporation, Kyoto, Japan). The difference spectra were
generated in overlay mode by measuring the absorbance in the sample
cuvette and subtracting the absorbance of the enzyme mixed with the

vehicle control alone. The binding parameters (dissociation constant,
Kd) for the interaction between azoles and MAC-CPY51 were deter-
mined from the difference spectra by plotting 1/�absorbance versus 1/
azole concentration. Voriconazole and fluconazole were dissolved in
water, whereas econazole, ketoconazole, and itraconazole were dis-
solved in DMSO.

Electron paramagnetic resonance (EPR) spectra of azole-bound
and unbound MAC-CYP51 were measured on an ESP 300 EPR spec-
trometer (Bruker, Billerica, MA) equipped with an Oxford ESR-910
liquid helium cryostat (28). The microwave frequency was 9.5 GHz
(x-band) at 15K, with power and modulation of 10 mW and 1 mT.
MAC-CYP51 was at a concentration of 0.1 mM, and each azole concen-
tration was 3 mM.

MAC-CYP51 Catalytic Activity

Lanosterol (Sigma) and obtusifoliol (a generous gift from Dr. Hubert
Schaller) were dispersed in Triton WR1339 (29, 30). Purified MAC-
CYP51 was incubated with 18 nmol spinach ferredoxin, 2 nmol ferre-
doxin-NADP reductase, and 2 mM reduced nicotinamide adenine dinu-
cleotide phophate at 37�C for 4 h. Sterols were extracted in hexane,
evaporated, followed by silyation with bis(trimethylsilyl)trifluoroacet-
amide (BSTFA) at 60�C for 1 h. The sterol substrates and metabolites
were identified by gas chromatography/mass spectrometry (GC-MS)
on a Finnigan Voyager GC-MS (Thermo Inc., San Jose, CA). The
column was a DB-1MS 30 m � 0.25 mm ID with 0.25 �m film (J&W
Scientific, Folsom, CA). The temperature program was operated at
120–295�C at 10�C/min using helium as the carrier gas.

Determination of MICs for Azole Compounds

A 60-�l aliquot of a 1 McFarland unit (1 � 108 organisms/ml) of
M. avium subspecies avium American Type Culture Collection no. 25,291
was diluted in 12 ml of modified Middlebrook 7H9 broth containing
oleic albumin dextrose catalase growth supplement. This suspension
(100 �l; 5 � 104 organisms) was added to 96-well plates containing the
various azoles. The plates were sealed and incubated at 37�C in a
humidified incubator with 5% CO2 for 8 d. Growth was examined
daily in control (no azoles added) and test plates. At 8 d, 15 �l of
dimethylthiazoldiphenyltetrazolium bromide stock solution (5 mg/ml)
was added to each well for 6 h at 37�C, followed by 100 �l of 10%
SDS, and the plate was incubated at 37�C for 16 h. The absorbance at
562 nm of control and treated samples was recorded using a 96-well
plate reader. All conditions were performed in triplicate. The MIC was
determined as the lowest concentration of azole drug that caused at
least a 99.6% reduction of MAC growth by Day 8 (31). Aliquots from
control and test wells were plated on modified Middlebrook 7H9 agar
and grown at 37�C for 8 d to determine bactericidal or bacteriostatic
effects of the azoles.

RESULTS

Cloning, Expression, and Purification of MAC-CYP51

Degenerate PCR was used to amplify a fragment of the MAC-
CYP51 gene, which has greatest homology to M. tuberculosis
CYP51 (69% identity by BlastX analysis). This partial gene was
then used to search the unannotated MAC genomic database
at the Institute for Genomic Research, from which we were able
to identify the start and stop codons for the full-length MAC-
CYP51. We amplified the 1,356-bp complete MAC-CYP51 gene
by PCR, sequenced it completely (GenBank Accession no.
DQ195502), and subcloned it into the bacterial expression plas-
mid pGEX4T3 to create an N-terminal GST fusion. The trans-
lated MAC-CYP51 open-reading frame encodes a 51.4 kD pro-
tein with 451 amino acids, a size typical of other CYP51 proteins.
The full-length MAC-CYP51 has greatest homology (BlastX)
to M. tuberculosis CYP51 (76% identity), with low homology to
human (34% identity) or Saccharomyces (29% identity) CYP51.

MAC-CYP51 protein was produced in E. coli. The GST
fusion protein was column-purified, and MAC-CYP51 was ob-
tained by thrombin cleavage of the GST tag. The migration of the
purified MAC-CYP51 corresponded to its predicted molecular
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Figure 1. (A ) SDS-PAGE
analysis of Mycobacterium
avium complex (MAC)-
CYP51 expressed in
Escherichia coli. Lane L is the
molecular weight ladder,
lane 1 is bacterial lysate,
lane 2 is the glutathione
S-transferase (GST)–puri-
fied fusion protein, and
lane 3 is the thrombin-
cleaved MAC-CYP51. (B )
Absorption spectrum of
absolute oxidized form of
MAC-CYP51, (C ) the di-
thionate reduced form,
and (D ) the carbon mon-
oxide reduced form.

weight of 51.4 kD (Figure 1A). The purified MAC-CYP51 has
the typical P450 absolute spectrum (Figure 1B), dithionate re-
duced spectrum (Figure 1C), and carbon monoxide reduced
spectrum (Figure 1D) characteristic of this family of cytochrome.

MAC-CYP51 Demethylase Activity

We reconstituted MAC-CYP51 activity in vitro using lanosterol
and obtusifoliol as substrates in the presence of reduced nicotin-
amide adenine dinucleotide phophate. The demethylation activ-
ity of MAC-CYP51 on these substrates was analyzed by GC-
MS. As shown in Figure 2A, MAC-CYP51 converts lanosterol
to its demethylated product. The molecular ion of the silylated
lanosterol is m/z 498 with a retention time of 23.5 min, and the

Figure 2. MAC-CYP51 demethylase activity. MAC-CYP51
activity was reconstituted in vitro using lanosterol and obtusi-
foliol and the demethylation activity of MAC-CYP51 was
analyzed by GC-MS. As shown in (A ), MAC-CYP51 converts
lanosterol (m/z 498 with a retention time of 23.5 min) to
its demethylated product (m/z 482 with a retention time of
23.7 min). No demethylation of obtusifoliol is observed (C).
In the control experiments containing lanosterol (B ) or ob-
tusifoliol (D ) without MAC-CYP51, there was no observed
demethylation product.

molecular ion of the silylated demethylated lanosterol is m/z
482 with a retention time of 23.7 min. We did not observe any
demethylation using obtusifoliol as a substrate (Figure 2C). In
the control experiments using lanosterol or obtusifoliol without
MAC-CYP51 (Figures 2B and 2D), there was no demethylation
product. These data demonstrate that the MAC-CYP51 func-
tions as a lanosterol 14�-demethylase.

Azole Binding Interactions with MAC-CYP51

The direct interaction of the azole drugs econazole, ketocona-
zole, itraconazole, fluconazole, and voriconazole was examined for
MAC-CYP51. Absorbance spectroscopy and EPR spectroscopy
provides an accurate method of determining the direct binding
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Figure 3. MAC-CYP51 azole interactions. The direct interaction of the
azole drugs econazole (solid line, circles), ketoconazole (dashed-dotted line,
squares), itraconazole (long dashed line, diamonds), fluconazole (dashed
line, “x”s), and voriconazole (dotted line, plus symbols) with MAC-CYP51
were examined by absorption spectroscopy (A-B). Econazole demonstrated
the best interactions with MAC-CYP51, followed by ketoconazole and vorico-
nazole. Minimal binding interactions were detected for itraconazole and
fluconazole. The absorption change depicted on the y axis (�A) is 0.13 (0.08
to 	0.05). The inhibitor binding constant (Kd) for econazole (3.5 �M),
ketoconazole (11.3 �M), and voriconazole (26.4 �M) were calculated,
but could not be calculated for fluconazole and itraconazole due to poor
binding (C ).

of azole inhibitors to P450 enzymes such as MAC-CYP51. The
nitrogen atom present in the azole ring binds to the heme cofac-
tor present in the active site of MAC-CYP51, resulting in a
shift of the absorption spectrum. This spectral shift creates a
characteristic type II spectrum, with a peak at 435 nm and a
trough at 412 nm. The resulting MAC-CYP51/azole complex
can be titrated to provide a measurement of the azole inhibitor
dissociation constant (Kd). We tested all of the azoles at concen-
trations of 0, 1, 5, 10, 25, or 50 �M in the presence of purified
MAC-CYP51. As shown in Figure 3A, econazole demonstrated
the best interactions with MAC-CYP51, followed by ketocona-
zole and voriconazole. Minimal binding interactions were de-
tected for itraconazole and fluconazole. We calculated the azole
Kd for econazole, ketoconazole, and voriconazole, but were un-
able to do so for fluconazole and itraconazole due to poor binding
interactions with MAC-CYP51 (Figures 3B and 3C). The calcu-
lated Kd of MAC-CYP51 for econazole is 3.5 �M, with less
affinity for ketoconazole at 11.3 �M, and still less affinity for
voriconazole at 26.4 �M.

EPR spectroscopy is a powerful technique for demonstrating
the direct interaction of MAC-CYP51 with azoles. EPR measures
the absorption of microwave radiation by an unpaired electron
when it is placed in a strong magnetic field, and spectra are ob-
tained by measuring the absorption of the microwave radiation
while scanning the strength of the magnetic field (g values).
Azole inhibitors binding to the heme iron of the cytochrome
will shift the gz to low field and gx to high field, whereas lack of
binding will cause no effect in these values (28). As shown in
Figure 4, the set of g values (gz, gy, gx) for the unbound MAC-
CYP51 are 2.41, 2.23, and 1.89, respectively. Binding of econa-
zole or ketoconazole resulted in g values (gz, gy, gx) of 2.46,
2.24, 1.87, respectively. There was no significant spectral change
detected for fluconazole, voriconazole, or itraconazole. The EPR
values for unbound and azole-bound MAC-CYP51 are shown
in Table 1.

Growth Inhibition of M. avium with Azoles

There are no universally accepted guidelines for laboratory sus-
ceptibility testing of MAC. The Clinical Laboratory Standards



240 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 35 2006

Figure 4. Electron paramagnetic resonance (EPR) spectra of azole
bound and unbound to MAC-CYP51. EPR spectra of MAC-CYP51
0.1 mM (control) or MAC-CYP51 0.1 mM bound to various azoles (3
mM each of econazole, ketoconazole, itraconazole, voriconazole, fluco-
nazole) were obtained at a microwave frequency of 9.5 GHz (X-band)
at 15K, with power and modulation of 10 mW and 1 mT. Direct binding
interactions with MAC-CYP51 were noted only with econazole and
ketoconazole.

Institute suggests that MAC susceptibility testing be performed
with a broth-based method using either macrodilution or microti-
ter dilution (32). We used a highly sensitive and quantitative
microtiter broth-based dilution assay to test the ability of azoles
to inhibit MAC growth and to determine MIC and MBC (31).
This assay is based on the ability of metabolically active MAC
organisms to reduce dimethylthiazoldiphenyltetrazolium bro-
mide to formazan by their mitochondrial dehydrogenases. The
MIC for the azoles was determined as the lowest concentration
of drug that inhibited mycobacterial growth by at least 99.6%
over 8 d of treatment. The percent reductions were taken from
azole-treated MAC compared with untreated MAC. The azoles
tested at standard doses were econazole, ketoconazole, itracona-
zole, and voriconazole (0–16 �g/ml) and fluconazole (0–64 �g/ml).
We found that econazole had a MIC of 4 �g/ml and an MBC
of 4 �g/ml (Figure 5). In contrast, with ketoconazole, we ob-
served an MIC of 8 �g/ml and an MBC of 16 �g/ml. Itraconazole,
voriconazole, and fluconazole did not inhibit MAC growth to
any significant extent.

TABLE 1. ELECTRON PARAMAGNETIC RESONANCE g VALUES
FOR MYCOBACTERIUM AVIUM COMPLEX–CYP51 BOUND OR
UNBOUND TO AZOLES*

gz gy gx

Control 2.41 2.23 1.89
Unbound MAC-CYP51

Econazole 2.46 2.24 1.87
Ketoconazole 2.46 2.24 1.87
Fluconazole 2.41 2.23 1.88
Voriconazole 2.41 2.23 1.89
Itraconazole 2.40 2.23 1.9

Definition of abbreviation: MAC, Mycobacterium avium complex.
*Electron paramagnetic resonance (EPR) was performed at a microwave fre-

quency of 95 GHz (X-band) at 15K, with power and modulation of 10 mW and
1 mT. Econazole and ketoconazole binding to MAC-CYP51 shifted the gz to low
field and gx to high field, whereas no significant effect was seen for fluconazole,
voriconazole, or itraconazole.

DISCUSSION

The results of this study demonstrate that the pulmonary patho-
gen M. avium contains a gene with homology to CYP51 that,
when expressed as a recombinant protein, exhibits spectral prop-
erties consistent with cytochrome P450 enzymes, and catalyzes
the removal of a methyl group from lanosterol. MAC-CYP51
interacts with the azoles econazole and ketoconazole in vitro,
producing typical type II binding absorption spectra and charac-
teristic EPR spectra. We also found that econazole and ketoco-
nazole inhibit MAC growth in culture, whereas the other tested
azoles had no effect. As a key enzyme in sterol biosynthesis,
CYP51 has been a target for antifungal drug design (24, 33).
Azole compounds have proven efficacy for treating localized
and systemic fungal infections; however, not all fungi respond
to individual azole agents. Although CYP51 proteins isolated
from bacteria through mammals have highly conserved regions,
significant structural variability occurs in regions of the enzyme
associated with the binding of sterol substrates and azole inhibi-
tors (34, 35). For example, CYP51 from human and Candida
albicans both catalyze the demethylation of lanosterol, but with
significantly different enzymatic activity (36). In contrast, CYP51
from Sorghum bicolor has a strict substrate specificity and selec-
tivity for obtusifoliol, and cannot catalyze the demethylation of
lanosterol (37). For MAC-CYP51, we found it could demethylate
lanosterol but not the phytosterol obtusifoliol.

The difference in the molecular structure of azole compounds
affects their solubility and their ability to bind and inhibit CYP51
enzymes (33). Econazole and ketoconazole are imidazoles, which
have five-membered ring structures containing two nitrogen
atoms. Fluconazole, itraconazole, and voriconazole are triazoles,
which have five-membered ring structures containing three nitro-
gen atoms. Econazole, ketoconazole, and itraconazole are highly
lipophilic compounds, whereas fluconazole and voriconazole are
very water soluble. The nitrogen atom in the azole ring coordi-
nates binding of the azole to the heme cofactor present in the
active site of CYP51 enzymes. Interestingly, we found that the
best in vitro interactions of the azole compounds with MAC-
CYP51, as determined by type II spectral analysis and EPR, was
for the imidazoles econazole (Kd 
 3.5) and ketoconazole (Kd 

11.3). The triazoles demonstrated significantly less binding to
MAC-CYP51. Econazole and ketoconazole were also the most
effective in inhibiting the growth of MAC in culture.

Three-dimensional computer modeling has been applied to
the study of yeast CYP51 in an attempt to design novel com-
pounds to specifically inhibit fungal CYP51 preferentially over
mammalian CYP51. The inherent molecular differences in CYP51
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Figure 5. Growth inhibitory ef-
fect of azoles on M. avium. Eco-
nazole, ketoconazole, itracona-
zole, and voriconazole were
tested from 0 to 16 �g/ml, and
fluconazole was tested from
0 to 64 �g/ml. Econazole was
found to have a minimum in-
hibitory concentration (MIC) of
4 �g/ml and a minimum bacte-
riocidal concentration (MBC)
of 4 �g/ml, whereas ketocona-
zole had an MIC of 8 �g/ml
and an MBC of 16 �g/ml. Itra-
conazole, voriconazole, and flu-
conazole did not inhibit MAC
growth to any significant extent.

enzymes between different organisms make such an approach
feasible. Highly specific nonazole compounds were designed to
inhibit Candida ERG11 in this manner (38). The crystal structure
of M. tuberculosis CYP51 (MTCYP51) reveals several unique
structural features, which explains the differences noted between
MTCYP51 and human and fungal CYP51s (20, 39). For example,
MTCYP51 prefers obtusifoliol as a substrate, yet can also de-
methylate lanosterol. MTCYP51 was found to have similar affin-
ities for binding ketoconazole and fluconazole, with calculated
Kd values of 19 �M and 20 �M, respectively (40). In contrast
to MTCYP51, we found that MAC-CYP51 demethylated lanost-
erol but not obtusifoliol, and had strong affinity for econazole
and ketoconazole (Kd 
 3.5 �M and 11.3 �M, respectively), but
poor affinity for fluconazole. It is conceivable that these differences
are due to structural differences between MAC-CYP51 and
MTCYP51, as there is only a 76% identity between both proteins
on the amino acid level. Similar to our data, however, is that
the CYP51 from the nonpathogenic M. smegmatis has high affin-
ity for econazole and ketoconazole, but does not interact at all
with fluconazole (21, 41). Econazole was found to be bactericidal
for M. smegmatis grown in culture. Additionally, a recent study
showed that the biosynthesis of M. smegmatis glycopeptidolipids
is inhibited with econazole and clotrimazole treatment, and that
both azoles inhibited M. smegmatis growth with MIC values of
2 and 0.5 �g/ml, respectively; the authors speculate that inhibi-
tion of the CYP51 from M. smegmatis is involved in the biosyn-
thesis of glycopeptidolipids (42).

In summary, the inhibition of mycobacterial sterol metabo-
lism through the binding of compounds to MAC-CYP51 may
provide new treatment options for patients infected with MAC.
The application of computer modeling to MAC-CYP51 may aid
in the design of novel agents specific for MAC-CYP51 inhibition
preferentially over human CYP51, thereby improving efficacy
and limiting toxicity.
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