
Proc. Natl. Acad. Sci. USA
Vol. 96, pp. 8937–8942, August 1999
Biochemistry

Characterization and catalytic properties of the sterol
14a-demethylase from Mycobacterium tuberculosis

AOUATEF BELLAMINE*, ANIL T. MANGLA†, W. DAVID NES†, AND MICHAEL R. WATERMAN*‡

*Department of Biochemistry, Vanderbilt University School of Medicine, Nashville, TN 37232-0146; and †Department of Chemistry and Biochemistry,
Texas Tech University, Lubbock, TX 79409

Communicated by Ronald W. Estabrook, University of Texas Southwestern Medical Center, Dallas, TX, June 14, 1999 (received for review
March 10, 1999)

ABSTRACT Sterol 14a-demethylase encoded by CYP51 is
a mixed-function oxidase involved in sterol synthesis in eu-
karyotic organisms. Completion of the Mycobacterium tuber-
culosis genome project revealed that a protein having homol-
ogy to mammalian 14a-demethylases might be present in this
bacterium. Using genomic DNA from mycobacterial strain
H37Rv, we have established unambiguously that the CYP51-
like gene encodes a bacterial sterol 14a-demethylase. Expres-
sion of the M. tuberculosis CYP51 gene in Escherichia coli yields
a P450, which, when purified to homogeneity, has the pre-
dicted molecular mass, ca. 50 kDa on SDSyPAGE, and binds
both sterol substrates and azole inhibitors of P450 14a-
demethylases. It catalyzes 14a-demethylation of lanosterol,
24,25-dihydrolanosterol, and obtusifoliol to produce the 8,14-
dienes stereoselectively as shown by GCyMS and 1H NMR
analysis. Both flavodoxin and ferredoxin redox systems are
able to support this enzymatic activity. Structural require-
ments of a 14a-methyl group and D8(9)-bond were established
by comparing binding of pairs of sterol substrate that differed
in a single molecular feature, e.g., cycloartenol paired with
lanosterol. These substrate requirements are similar to those
established for plant and animal P450 14a-demethylases.
From the combination of results, the interrelationships of
substrate functional groups within the active site show that
oxidative portions of the sterol biosynthetic pathway are
present in prokaryotes.

The origin and evolution of the sterol pathway continues to be
an enigma. It has been proposed that it is very ancient, perhaps
having arisen during the later stages of prokaryote evolution,
after the introduction of molecular oxygen into the atmo-
sphere (1, 2). For aerobic bacteria such as Mycobacterium
tuberculosis (MT) (3), the architectural requirements of the
cell membrane can be satisfied by either sterol surrogates, e.g.,
pentacyclic hopanoids (4, 5) synthesized directly from
squalene by an anaerobic pathway, or by sterols synthesized
from squalene by an aerobic pathway (1). However, based on
our knowledge that sterols play a dual role in eukaryotic cell
physiology at vastly different cellular concentrations, structur-
ally as bulk inserts to affect permeability and hormonally to
regulate growth, reproduction, and other processes (6–8), the
level of cellular sterols in bacteria may be substantially less
than even the hormonal level required in eukaryotes. In
bacteria (1), sterol concentration was found to be two or more
orders of magnitude less than the level in eukaryotic cells,
which ranges from ca. 30 to 3,000 fgycell depending on the size
of the cell (9). Although most bacteria are reported not to
contain sterols, chemical and biochemical studies have shown
the occurrence and biosynthesis of distinct sterols in several
nonphotosynthetic and photosynthetic bacteria (1, 10, 11).

Only genes involved in the synthesis of isopentenyl pyrophos-
phate, a common precursor in isoprenoid and terpenoid
biosynthesis, were identified in Escherichia coli (12, 13). Steps
involved in the oxygen-requiring portion of sterol biosynthesis
in eukaryotic organisms are still unknown in bacteria. Re-
cently, Lamb et al. showed that Mycobacterium smegmatis, a
closely related species to MT, is able to synthesize cholesterol
from radiolabeled mevalonic acid (14), indicating the presence
of genes encoding sterol biosynthetic enzymes in some oxy-
genic bacteria. Sequencing of genomic fragments from Myco-
bacterium leprae revealed a CYP (P450) gene fragment, and
comparison between that and MT genomic sequences led to
detection of one sterol 14a-demethylase cytochrome P450
(CYP51)-like P450 (15). Completion of the MT genome
revealed the presence of 20 P450 genes (16), including one that
had sequence similarity (29–39%) with known CYP51 genes in
animals, plants, and fungi that encode the oxygen-requiring
sterol 14a-demethylase (P45014DM) (17). Expressed in E.
coli, this gene product, named CYP51-like, was shown to be a
soluble P450 enzyme that binds ketoconazole, a known inhib-
itor of P450s including P45014DM (18).

We have characterized the enzymatic properties of the MT
CYP51-like protein. Both a 3Fe-4S MT ferredoxin (Fdx) and
E. coli f lavodoxin (Fld) (19) are found to support the 14a-
demethylase activity. Sterol specificity and mechanism of
removal of the 14a-methyl group are unique to P450-
dependent enzymes (Fig. 1B); P45014DM catalyzes the re-
moval of the 14a-methyl group (C32) of sterols through three
successive oxidations resulting in decarbonylation, releasing
formic acid, and generation of an 8,14-diene sterol product
(20). These steps appear to be common to all P45014DM
transformations, although alternate double-bond introduc-
tions at 8,14-diene are known or suspected to occur (21, 22).
The sterol substrate requirements of P45014DM from animal
(20, 22), plant (23), and fungi (24) have been established; the
C3-hydroxyl group, 14a-methyl group, and D8(9)-bond are
obligatory for binding and catalysis. Purified MT P45014DM
is found to act on 14a-methyl sterols specifically and to bind
well known P45014DM azole inhibitors. Similar to the plant
and fungal forms (23, 24), MT P45014DM binds preferentially
C24-alkylated sterols, suggesting that the CYP51 enzyme from
MT is more plantyfungal-like than animal-like.

MATERIALS AND METHODS

General Methods. Absolute spectra of purified MT
P45014DM were recorded as described by Omura and Sato
(25). Protein quantification was performed by using the Brad-
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ford method. DNA sequencing was carried out by using
automated (Applied Biosystems PRISM Dye Terminator Cy-
cle Sequencing Ready Reaction kit and Applied Biosystems
PRISM 377 DNA sequencer) and manual sequencing (Se-
quiTherm Cycle Sequencing; Epicentre Technologies, Madi-
son, WI). Sterols were obtained from the Nes collection (26,
27) and purified by HPLC before assay with P45014DM. The
six sterols assayed with MT P45014DM are shown in Fig. 1A.

MT P450 and Fdx Cloning and Expression. Genomic DNA
from MT strain H37Rv was provided by the TB Research
Materials and Vaccine Testing Contract (NO1 AI-75320) at
Colorado State University, and the MT CYP51-like gene was
cloned by PCR using Vent polymerase (New England Biolabs,
Beverly, MA). Primers were designed based on the sequence
of cosmid MTCY369 from the MT genome, the upstream
primer 59-cgccatatgagcgctgttgcactaccc-39, except the first 6
bases that were complementary to the sequence between bases
7495 and 7475, which is predicted to encode the N-terminal
sequence of the MT CYP51-like protein. The downstream
primer 59- cgcaagcttcagtgatggtgatgaactcccgttcgccggcggtagc-39,
from bases 24 to 46, is identical to MTCY369 sequence
between bases 6143 and 6165. For the Fdx gene, the upstream
primer 59-cgccatatgggctatcgagtcgaagcc-39, except the first 6
bases, is complementary to MTCY369 sequence between
bases 6137 and 6117 and the downstream primer 59-
cgcaagcttcagtgatggtgatgctctcccgtttctcggatggacagtgcctggg-39
from bases 24 to 55 is identical to bases 5934–5965. The stop
codon was removed in each gene, and four histidine codons
followed by a new stop codon (bold characters) were inserted
in the 39 end of the coding sequences. The underlined bases are
NdeI-cloning sites, including the initiator codon in the up-
stream primers and HindIII-cloning sites in the downstream
primers. Amplification conditions were 94°C for 5 min and
then 30 cycles of 94°C for 30 sec, 50°C for 30 sec, and 72°C for
45 sec. The PCR program ended by using one polymerization

step at 72°C for 10 min, and the product was separated by
electrophoresis on a 1% agarose gel. Bands of the expected
sizes of MT P45014DM (1,377 bp) and Fdx (233 bp) were
eluted from the gel by using Qiagen II kit (Qiagen, Valencia,
CA). After digestion by NdeI and HindIII, the cDNAs were
cloned into the E. coli expression vector pet17b (Novagen),
giving MTP450ypet17b and MTFdxypet17b. Those vectors
were transformed separately into competent HMS174 (Nova-
gen) cells. Single ampicillin-resistant colonies from each trans-
formant were grown overnight at 37°C in 5 ml of Terrific Broth
containing 100 mgyml ampicillin. These precultures were used
to inoculate (1:100) 500 ml of modified Terrific Broth medium
(100 mgyml ampicillin) (28). After 5-h growth at 37°C in a
shaking incubator at 240 rpm, the culture was induced by using
1 mM isopropyl b-D-thiogalactopyranoside (Calbiochem). At
the same time, d-aminolevulinic acid (Sigma) was added to 2
mM final concentration for P450 expression. Growth was
continued at 30°C with shaking at 190 rpm for 20 h.

P450 and Fdx Purification. Three liters of MT P450 culture
was pelleted and resuspended in 200 ml of TES buffer (19).
After addition of lysozyme (0.5 mgyml) and stirring at 4°C for
15 min, 1 vol of ice-cold water containing 0.1 mM EDTA was
added slowly, and stirring continued for 30 min. Spheroplasts
were pelleted at 3,000 3 g for 15 min. The supernatant
(fraction A) was centrifuged at 225,000 3 g for 30 min after
addition of DNase I (1 mgyml) and stirring at 4°C for 15 min.
Spheroplasts were resuspended in 50 ml of 2-fold-diluted TES
buffer and sonicated by using a Branson sonifier (Model 250)
at duty cycle 30–40, 50% maximal output for 30 sec at room
temperature followed by 1-min incubation on ice, repeated 10
times. After centrifugation at 225,000 3 g for 30 min, the
supernatant (fraction B) was combined with fraction A and the
P450 was isolated by using a Ni21-nitrilotriacetic acid (NTA)
affinity column (Qiagen) equilibrated with 50 mM potassium
phosphate, pH 7.4y20% glycerol. After washing with the same

FIG. 1. (A) Sterol molecule structures. 1, lanosterol; 2, cycloartenol; 3, parkeol; 4, DHL; 5, zymosterol; and 6, obtusifoliol. (B) DHL
14a-demethylation. Conversion of DHL to 4,4-dimethyl-5a-cholesta-8,14-diene-3b-ol in the presence of MT P45014DM, NADPH, and molecular
oxygen. (C) GLC profile of overnight conversion of 2 mg DHL. E. coli FldyFdr system was used as P450 electron donor. The peaks at 16.38 and
17 min correspond to the DHL and metabolite retention times, respectively.
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buffer containing 50 mM glycine and 500 mM NaCl, the P450
was eluted by using 40 mM L-histidine in place of glycine. The
P450 eluate was dialyzed overnight against 50 mM potassium
phosphate, pH 7.4y20% glycerol. One liter of MT Fdx culture
grown as for MT P450 was pelleted and resuspended in 50 ml
of 50 mM potassium phosphate, pH 7.4y0.1 mM EDTAy20%
glycerol. After addition of lysozyme (0.5 mgyml) and stirring
at 4°C for 15 min, cells were sonicated as above. The cytosolic
fraction after centrifugation at 225,000 3 g was loaded on a
Ni21NTA affinity column. Washing and the elution conditions
were the same as for MT P450.

Antibody Production. Polyclonal antibodies against MT
P45014DM purified by two passes over Ni21NTA were raised
in white New Zealand rabbits that were injected with 0.5 mg
of MT P45014DM mixed with either complete Freund’s ad-
juvant (Sigma) or TiterMax@Gold (CytRx, Norcross, GA).
Two weeks later, the rabbit injected with Freund’s adjuvant
was boosted by using 0.5 mg of MT P45014DM in Freund’s
incomplete adjuvant (Sigma), and the antiserum was collected
after 4 weeks. From the rabbit injected with TiterMax@Gold,
antiserum was collected after 19 days.

Electron Donor System Investigation. Activities of P450
enzymes require support of a reductase, and a functional
reductase system for MT P450s was unknown. The capacity of
rat microsomal NADPH cytochrome P450 reductase, of bo-
vine adrenodoxinyadrenodoxin reductase, and E. coli Fldy
f lavodoxin reductase (Fdr) (19) to reduce MT P45014DM was
determined by formation of the reduced-CO spectrum. MT
P45014DM (200 pmol) and rat P450 reductase (200 pmol)
were incubated in 10 mM potassium phosphate buffer, pH 7.4,
containing 20% glycerol and 200 mM final concentration of
lanosterol with or without 100 mgyml sonicated dilauroyl-L-a-
phosphatidylcholine. After several cycles of degassing and
bubbling with carbon monoxide, NADPH (Calbiochem) was
added (final concentration, 1 mM) and the reduced-CO spec-
trum was recorded. In the control experiment, 40 mM final
concentration of progesterone was added to 200 pmol bovine
17a-hydroxylase P450. To study the bovine adrenodoxiny
adrenoxin reductase system, 20 mM TriszHCl, pH 7.4, buffer
containing 0.2% Tween 20y4 mM MgCl2y200 mM lanosterol
(final concentrations) was used with 100 pmol MT
P45014DMy1 nmol adrenodoxiny100 pmol adrenodoxin re-
ductase with 1 mM NADPH. Bovine cholesterol side-chain
cleavage P450 (100 pmol) with the substrate 25-hydroxycho-
lesterol (30 mM final concentration) was used as positive
control. Using the FldyFdr system, 500 pmol MT P45014DM,
2.5 nmol Fld, and 500 pmol Fdr were incubated on ice (10 min)
in 3-(N-morpholino)propane sulfonic acid buffer containing
200 mM final concentration of lanosterol and 1 mM NADPH
with or without 100 mgyml dilauroyl-L-a-phosphatidylcholine.
In the control experiment, 40 mM progesterone was added to
500 pmol P450 17a-hydroxylase.

Reconstituted Catalytic Activity and Sterol Analysis. MT
P45014DM (365 pmol) was incubated on ice (10 min) with 18
nmol Fld and 2 nmol Fdr or 18 nmol MT Fdx and 2 nmol
spinach ferredoxin reductase (Fnr). Because the electron
donor to MT Fdx is unknown, Fnr (Sigma), shown to reduce
ferredoxins from Streptomyces griseolus (29), was used. Sub-
strate dispersed in Triton WR 1339 was resuspended in
3-(N-morpholino) propane sulfonic acid buffer (30). After
mixing, the reaction was initiated (2 mM NADPH) in a final
volume of 500 ml. After catalysis, sterols were extracted twice
by using 5 vol of ethyl acetate for small-scale reactions or
hexane for large-scale experiments. In the latter case, 1 vol of
methanol containing 10% KOH was used to stop the reaction.
One volume of DMSO then was added, and, after heating at
90°C and cooling to room temperature, sterols were extracted
three times by using 3 vol of hexane and evaporated to dryness.
Radiolabeled dihydrolanosterol ([24-3H]DHL) (20) and its
tritiated 14-desmethyl sterol product were separated by HPLC

on a Nova-Pak C18 column (30). Nonradioactive sterols were
separated by HPLC on a 25-cm Zorbax C18 column (DuPont;
5 mm particle size, 4.6 mm i.d.) by elution with 100% methanol
at room temperature (flow rate of 1 mlymin). TLC was
performed on 250-m silica gel G plates, which were developed
twice with benzeneyether (85y15). GLC analysis was per-
formed on a 3-foot spiral, 3% SE-30 packed column operated
isothermally at 245°C. GLC-MS was performed on a Hewlett–
Packard 5973 Mass Selective Detector interfaced with a 6890
GC system. The capillary column for GLC was a 30-m DB-5
column, 250 mM 3 0.25 mM (from J&W Scientific, Folsom,
CA). The temperature program was operated at: 170°C hold
for 1 min; ramp at 20°Cymin to 280°C; hold for 15 min. MS was
performed by using MS transfer line at 280°C, with the inlet
injector port kept at 250°C. The MS ion source temperature
was maintained at 230°C. Helium gas, used as carrier, was
maintained at a flow rate of 1.2 mlymin. 1H NMR spectroscopy
was performed on samples dissolved in deuteriated chloroform
at ambient temperature by using an AF-300 spectrometer
(Bruker, Billeria, MA) with tetramethylsilane as internal
standard (26, 27, 31, 32).

RESULTS AND DISCUSSION

Cloning, Expression, and Purification of MT P45014DM
and MT Fdx. MTP450ypet17b and MTFdxypet17b encode
CYP51 and Fdx identical to the sequences deposited in
GenBank (accession no. MTCY369). A purine-rich region,
GAAGAGGGGA, located 10 bp upstream from the start
codon is a potential Shine–Dalgarno sequence (Fig. 2A), and
the length of the spacer between this and the start codon (10
bp) is similar to other mycobacterial genes (33). MT CYP51
produced in E. coli (2.5 mmolyliter) has a typical P450 re-
duced-CO spectrum (Fig. 2C), as observed previously (18).
Cell fractionation reveals that MT P45014DM is soluble, with
no P450 detected in the membranes as seen upon expression
in JM109 E. coli strain (18). After two consecutive Ni21 affinity
column-purification steps, the specific content of the MT
P45014DM is about 18 nmolymg, and a single band is observed
on SDSyPAGE at about 50 kDa, with the predicted molecular
mass from the sequence being 51.4 kDa (Fig. 2D). The
oxidized absolute spectrum of the purified enzyme, in the
absence of substrate, showed a Soret band at 417 nm and a-,
b-, and d-bands at 569, 535, and 369 nm, which is typical for
low-spin cytochrome P450 (Fig. 2B). Reduction by sodium
hydrosulfite results in a Soret peak at 411 nm.

Sterol 14a-Demethylase Reconstitution and Activity. To
investigate MT P45014DM enzymatic activity, it was first
necessary to determine which electron donor can reduce the
hemoprotein. In eukaryotes, P450s are localized in either the
endoplasmic reticulum and reduced by ubiquitous NADPH
cytochrome P450 reductase (34) or in the inner mitochondrial
membrane and reduced by a two-component system of a
flavoprotein reductase and a 2Fe-2S protein (35). Neither
reducing system was capable of reducing MT P45014DM
(Table 1). Nonetheless, we found that it can be reduced by a
two-component system, FldyFdr from E. coli. FldyFdr reduces
MT P45014DM at about 20% of the full reduction by sodium
hydrosulfite when using the P450yFldyFdr ratio of 1:5:1, which
reduces bovine P450c17 at 77% (Table 1).

Preliminary studies on metabolism of [24-3H]DHL by MT
P45014DM suggested the reconstituted enzyme by using Fldy
Fdr-catalyzed 14a-demethylation. Cloning Fdx from MT
showed that this 3Fe-4S ferredoxin was able to support the MT
P45014DM activity to a level similar to E. coli FldyFdr when
spinach Fnr was used as an Fdx electron donor (Fig. 3). To
characterize the product, scaled-up batch enzyme experiments
using FldyFdr as electron donor and three, different, nonra-
dioactive sterol substrates—lanosterol, DHL, and obtusifo-
liol—were carried out overnight with 50 mM sterol and 365
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pmol enzyme per assay. Total product recovered from the
quenched reaction mixtures was 1% for lanosterol, 20% for
DHL (Fig. 1C), and 98% for obtusifoliol. From incubation with
lanosterol, a single sterol product was detected on TLC at Rf
5 0.5 (the Rf value distinguishes whether C-demethylation
occurs at C4, Rf of 0. 43, or C14, Rf of 0.50), by GC [3% Se-30:
retention time relative to cholesterol (RRTc), 1.62], MS (M1,
410, and related diagnostic ions at myz 395, 392, 377, 357, and
328), and UV (in ethanol) at lmax 5 248 nm for a 8,14-diene
(36). From incubation with DHL, a single sterol product was

detected and identified: TLC, Rf 5 0.5; GLC, RRTc 5 1.53;
MS, M1 5 412 (and related ions at 397, 394, 279, 351, 312, 285,
266, 245, 227, and 159); UV (in ethanol), lmax 5 248 nm; 1H
NMR analysis of the sample exhibited four singlets and three
doublets in the methyl region of the spectrum between d 0.76
and 1.01 ppm, consistent with loss of a methyl group from C14
and a single chemical shift at d 5.34 ppm in the olefinic region
corresponding to the D14(15)-bond. These structural assign-
ments indicate a 4,4-dimethyl D8,14(15)-sterol (27). From incu-
bation with obtusifoliol, a single sterol product was detected
and identified: TLC, Rf 5 0.43 (characteristic migration on
TLC for a C4-monomethyl sterol); GLC, RRTc 5 1.55; MS,
M1 5 410 (and related ions at myz 395, 392, 379, 357, 328, 267,
247, 227, and 189); and UV (in ethanol), lmax 5 248 nm.

Substrate Binding. In the absence of substrates, most P450
enzymes are low-spin (37). Substrate addition shifts the heme
to the high-spin state. For MT P45014DM, as for most P450s,
the change in spin state leads to a peak at 390 nm and a trough
at 420 nm in the substrate-induced difference spectrum (Fig.
4A). The amplitude of this difference is proportional to the
P450-substrate complex. Addition of increasing amounts of
substrate permits estimation of a binding constant similar to
the Ks value. Binding constants were determined for obtusi-
foliol, lanosterol, and DHL. Obtusifoliol binds to the enzyme
with a Ks value of 350 6 150 nM, whereas DHL and lanosterol
bind to the enzyme less effectively, ca. 1 6 0.5 mM each (Fig.
4B). Neither parkeol, cycloartenol, nor zymosterol (Fig. 1 A)
were found to bind to the enzyme.

Azole-Binding Spectra. Binding of ketoconazole, clotrim-
azole, and fluconazole, known for their ability to inhibit
14a-demethylase activities (38, 39), was examined for MT
P45014DM. These molecules produce type II binding spectra
as a result of binding of the azole nitrogen to the sixth
coordination position of the heme iron. The type II binding
spectrum is characterized by a peak at 434 and a trough at 412
nm (Fig. 4C). Similar to the type I spectra, the P450-inhibitor
complex can be titrated leading to an estimation of the
inhibitor Ks (Fig. 4D). For ketoconazole and clotrimazole,
these values are around 5 mM, whereas for fluconazole, the
value is around 10 mM. Ketoconazole (20 mM) was found to
inhibit the 14a-demethylation of DHL by MT P45014DM (not
shown).

Expression of P45014DM in M. tuberculosis. Immunoblot
analysis was carried out on the cytosolic fraction of the MT
virulent strain H37Rv (Fig. 5). A band near the expected
molecular weight but lower than for purified recombinant MT

Table 1. CO-based reduction of purified recombinant P450s by
adrenodoxinyadrenodoxin reductase, rat P450 reductase, and E.
coli FldyFdr

Donor SCC bC17 MT

AdxyAdr 80% — NR
Rat P450 reductase — 73% NR
FldyFdr — 77% 20%

Reduction is compared with 100%, determined by sodium hydro-
sulfite. AdxyAdr, adrenodoxinyadrenodoxin reductase; SCC, choles-
terol side cleavage P450; bC17, bovine 17a-hydroxylase; MT, myco-
bacterial 14a-demethylase; NR, no reduction.

FIG. 2. (A) Potential Shine–Dalgarno sequence (shadowed box) of
the MT CYP51 gene; the ATG is represented in boldface characters.
(B) Absorbance of purified MT P45014DM (400 pmol), absolute
oxidized form (regular trace), and sodium hydrosulfite reduced form
(dashed trace). Inset shows the a- and b-bands for the oxidized and the
reduced forms. (C) Differential CO-reduced P450 spectrum of puri-
fied MT P45014DM (400 pmol). (D) Silver staining (1) and immu-
noblot analysis (2) using 1 pmol and 0.4 pmol of purified MT
P45014DM, respectively. MT P45014DM antibody prepared with
TiterMax@Gold as adjuvant was used at a 1:5,000 dilution. Protein
G-horseradish peroxidase conjugate (Bio-Rad) was used as a second
antibody, and an enhanced chemiluminescence kit was used for
detection.

FIG. 3. Comparison of MT P45014DM activities supported by
either FldyFdr or FdxyFnr. [24-3H]DHL was converted overnight at
30°C by 1 nmol MT P45014DM with either 20 nmol Fld and 2 nmol
Fdr (A) or 20 nmol Fdx and 2 nmol Fnr (B) (30). Peaks S and P
correspond to DHL and its 14a-demethylated product, respectively.
Peaks U are unidentified products. MT P45014DM used in this
experiment was purified further by HLPC (BIOCADySprint, Perspec-
tive Biosystems, Framingham, MA) by using Poros HS and HQ
columns (Perspective Biosystems). The HS flowthrough is loaded on
an HQ column and eluted by using a NaCl gradient (150–500 mM).
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P45014DM was obtained. Using antiserum depleted with an
excess of purified recombinant MT P45014DM, this cytosolic
band as well as that for purified P45014DM was reduced
dramatically. This suggests that the MT P45014DM is ex-
pressed in MT. The difference in size between the recombinant
and MT proteins might be explained by the presence of four
additional histidines at the C terminus of the recombinant
enzyme. Such modification can affect the mobility of proteins
during SDSyPAGE. In fact, a single amino acid mutation in
P4501B1 expressed in E. coli results in a shift to a greater size
on the SDS-polyacrylamide gel (41).

CONCLUSIONS

Results of this study demonstrate that MT contains a gene
encoding an enzyme that catalyzes removal of the sterol
14a-methyl group stereoselectively, producing the 8,14-diene.

The influence of substrate structure on MT P45014DM sterol
binding has been determined by using a series of substrates that
differ in a single molecular feature or in a combination of
similar features. The tendency for preferential binding of
obtusifoliol compared with the five other sterols tested indi-
cates that the active site accommodates sterol side chains with
a C24-alkyl group, suggesting the bacterial enzyme is planty
fungal-like in its active-site topology. Obtusifoliol also was
found to be the best substrate for the MT P45014DM. The
inability of parkeol or cycloartenol, structural isomers of
lanosterol, to bind MT P45014DM indicates that the orienta-
tion of the substrate assumed upon binding requires a specific
pseudoplanar conformation of the ring system and a specific,
equatorially oriented tilt of the C3-hydroxyl group—analogous
structural requirements as observed for the sterol methyl
transferase enzyme from fungi and plants (26, 42). The lack of
zymosterol binding (4,4,14-tridesmethyl lanosterol) indicates
that one or both of the C4- and C14-methyl groups are
important in sterol binding. The D8-bond is a critical stereo-
electronic element of recognition; in each of the three sterols
that were found to undergo 14a-demethylation by MT
P45014DM, the product of the multistep reaction was a sterol
with the conjugated D14(15)-bond system, suggesting the bac-
terial enzyme has evolved to bind and catalyze 14a-methyl
sterols in a manner similar to P45014DM enzymes from higher
species (17). Clearly, there is a conservation in sterol specificity
for the P45014DM enzyme from primitive bacteria to ad-
vanced fungal and plant systems. The ketoconazole-binding
constant estimated for maize microsomes is 10 mM (39), about
the same as that for MT P45014DM, emphasizing similarities
between bacterial and eukaryote enzymes.

A purine-rich region located 10 bp upstream of the ATG is
associated with the MT CYP51 gene. Similar sequences are
associated with other MT genes such as TB dnaj and TB 65
(33). The structure and the location of this putative MT CYP51
Shine–Dalgarno sequence are also in agreement with what is
known in the most studied bacterium, E. coli, where the
purine-rich region is separated from the ATG by 5–12 bases
(43). No such sequence could be identified upstream of the Fdx

FIG. 5. Western blot analysis of 0.4 pmol purified recombinant MT
P45014DM (lanes 1 and 3) and 100 mg of MT cytosolic fraction (lanes
2 and 4) by using complete (lanes 1 and 2) and depleted (lanes 3 and
4) antisera. The antiserum raised by using Freund’s adjuvant was
purified using an MT P45014DM Sepharose affinity column followed
by batch chromatography with the same resin (40). The antiserum was
depleted by overnight incubation with 6 nmol purified MT P45014DM
at 4°C.

FIG. 4. (A) MT P45014DM type I binding spectrum for obtusifoliol (100 nM–5 mM). (B) Double reciprocal plot for obtusifoliol (F), DHL (Œ),
and lanosterol (■) binding with 10 mM MT P45014DM. (C) MT P45014DM type II binding spectrum in the presence of clotrimazole (500 nM–100
mM). (D) Double reciprocal plot for clotrimazole (E), ketoconazole (F), and fluconazole (Œ) binding with 5 mM MT P45014DM.
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gene in the P450 ORF, suggesting that the two genes that are
separated by only 2 bp might be expressed as a polycistronic
RNA.

MT P45014DM is an endogenous P450 that has been found
to accept electrons from both an iron–sulfur protein (Fdx) and
an FMN-containing protein (Fld). Perhaps this reflects a
transition in the P450 evolution between prokaryotic electron
transfer (iron–sulfur protein) and the eukaryotic type (FMN-
containing protein for microsomal P450s). The endogenous
MT reductase remains to be established, although the 3Fe-4S
ferredoxin seems a good candidate. The formulation of bind-
ing topology from studies with sterol substrates and the
sensitivity of the P45014DM to azole inhibitors is consistent
with MT having a functional sterol pathway and further refines
the general picture of sterol evolution that has emerged from
classical natural product chemistry approaches to identify
sterol biosynthetic pathways. The identification of P45014DM
in MT and its possible role in sterol biosynthesis support the
recent demonstration that cholesterol biosynthesis occurs in M.
smegmatis via a mevalonic pathway (14). Targeting MT
P45014DM opens a possibility in drug design for new treat-
ments of tuberculosis, a disease infecting one-third of the world
population (44).
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