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Abstract Sterol 14

 

a

 

-demethylase (14DM) is a cytochrome
P-450 involved in sterol biosynthesis in eukaryotes. It was
reported that 

 

Mycobacterium smegmatis

 

 also makes choles-
terol and that cholesterol is essential to 

 

Mycobacterium tuber-
culosis

 

 (MT) infection, although the origin of the cholesterol
is unknown. A protein product from MT having about 30%
sequence identity with eukaryotic 14

 

a

 

-demethylases has
been found to convert sterols to their 14-demethyl products
indicating that a sterol pathway might exist in MT. To deter-
mine the optimal sterol structure recognized by MT 14DM,
binding of 28 sterol and sterol-like (triterpenoids) mole-
cules to the purified recombinant 14

 

a

 

-demethylase was ex-
amined. Like eukaryotic forms, a 3

 

b

 

-hydroxy group and a
14

 

a

 

-methyl group are essential for substrate acceptability
by the bacterial 14

 

a

 

-demethylase. The high affinity binding
of 31-norcycloartenol without detectable activity indicates
that the 

 

D

 

8

 

-bond is required for activity but not for binding.
As for plant 14

 

a

 

-demethylases, 31-nor-sterols show a bind-
ing preference for MT 14DM. Similar to enzymes from
mammals and yeast, a C24-alkyl group is not required for
MT 14DM binding and activity, whereas it is for plant 14

 

a

 

-
demethylases.  Thus, substrate binding to MT 14DM
seems to share common features with all eukaryotic 14

 

a

 

-
demethylases, the MT form seemingly having the broadest
substrate recognition of all forms of 14

 

a

 

-demethylase stud-
ied so far.

 

—Bellamine, A., A. T. Mangla, A. L. Dennis, W. D.
Nes, and M. R. Waterman. 
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Sterol 14

 

a

 

-demethylases (14DM) are P-450 monooxyge-
nases involved in one of the key steps in sterol biosynthe-
sis, the removal of 14

 

a

 

-methyl group in 

 

D

 

8

 

-sterols via three
successive oxidation steps (1) (

 

Fig. 1A

 

). This function is
considered the most conserved amongst the P-450 super-
family (2). In mammals, 14

 

a

 

-demethylase substrates are
24,25-dihydrolanosterol and lanosterol, which is also a
yeast substrate, while fungi preferentially use 24-methyl-

 

ene dihydrolanosterol. Plant forms, however, have a more
strict substrate specificity and demethylate only obtusifo-
liol into its 14-demethyl product (3), although plant 14

 

a

 

-
demethylases can bind lanosterol and 24-methylene dihy-
drolanosterol (4).

Sterol substrate requirements are reported to be com-
mon to all 14

 

a

 

-demethylases. Studies of maize and 

 

Saccha-
romyces cerevisiae

 

 show that the 3

 

b

 

-hydroxy group of sterols
is critical for the 14

 

a

 

-demethylase activity, presumably by
allowing a correct orientation of the 14

 

a

 

-methyl group to
the heme center (5, 6). Thr-315 is thought to form a hy-
drogen bond with the 3

 

b

 

-hydroxy group of 24-methylene
dihydrolanosterol, as suggested by a 

 

Candida albicans

 

 14

 

a

 

-
demethylase modeling study (7) and site-directed mu-
tagenesis (8). The 

 

D

 

8

 

-bond in the lanosterol ring system is
also important for substrate metabolism, probably by
maintaining a pseudoplanar conformation of the ring sys-
tem favorable for the enzyme-substrate interaction (5, 9,
10). The importance of the sterol side chain, however,
seems to be different from one 14

 

a

 

-demethylase species
to another. The structure and the length of the side chain
as well as unsaturation at the C-24 alkyl group are impor-
tant for yeast 14

 

a

 

-demethylase lanosterol metabolism (11,
12). Conversely, plant 14

 

a

 

-demethylase is able to catalyze
demethylation of both obtusifoliol and dihydroobtusifo-
liol with similar efficiency, suggesting that plant forms are
less sensitive to unsaturation at the C-24 alkyl group but
require the presence of a methyl group at C-24 (5). How-
ever, because those studies were performed by measuring
catalytic activities, it was not clear if those sterol require-
ments are also important for the binding.

We have shown that a gene cloned from 

 

Mycobacterium
tuberculosis

 

 (MT) encodes a P-450 14

 

a

 

-demethylase (13).

 

Abbreviations: 14DM, cytochrome P-450 14

 

a

 

-demethylase; MT, 

 

My-
cobacterium tuberculosis.
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The MT recombinant enzyme expressed in 

 

Escherichia coli

 

is able to convert sterols to their 14-demethyl product;
making 14

 

a

 

-demethylase the only P-450 (CYP) family
found in four phyla (animals, plants, fungi, and now bac-
teria). The MT 14DM was found to bind and preferen-
tially metabolize obtusifoliol and 24,25-dihydrolanosterol;
lanosterol being the poorest substrate despite similar
binding as 24,25-dihydrolanosterol (13). Herein, we re-
port a detailed analysis of substrate binding requirements
for MT 14DM. Using type I binding spectra (14) (Fig. 1B),

 

K

 

s

 

 values reflecting substrate recognition were deter-
mined. Because of the availability of highly purified re-
combinant MT 14DM, these studies are the first to charac-
terize in detail the 

 

K

 

s

 

 values for a sterol biosynthetic
enzyme. We have examined the binding of 28 sterols and
sterol-like molecules. Results show that the bacterial 14

 

a

 

-
demethylase requires the presence of a 3

 

b

 

-hydroxy group.
Decreased affinity of MT 14DM for 

 

D

 

5

 

- and 

 

D

 

7

 

- or 

 

D

 

9

 

-bond
sterol analogs suggests that the particular conformation of
the ring system provided by the 

 

D

 

8

 

-bond is strongly fa-
vored. 31-Nor-sterol derivatives show better binding for
the MT 14DM than their 4,4-dimethyl analogs. However,
alkylation at C-24 does not affect the binding. Thus, MT
14DM has requirements for substrate binding reported to
be important for 14

 

a

 

-demethylase orthologs from all the
phyla, suggesting that MT has the same origin as eukary-
otic 14

 

a

 

-demethylases. Although no binding was detected
for several 9

 

b

 

,19-cyclopropyl sterols such as cycloartenol,
dihydrocycloartenol, and 24-methylene cycloartanol, the

high affinity observed for the 31-norcycloartenol suggests
that specific cyclopropyl analogs might be intermediates
in the bacterial sterol biosynthetic pathway. However, 31-
norcycloartenol is not metabolized by MT 14DM, indicat-
ing that the 

 

D

 

8

 

-bond is important not only for substrate
recognition but also for the catalytic activity of 14

 

a

 

-de-
methylase, as previously suggested (9).

MATERIALS AND METHODS

 

Enzymes and sterol sources

 

MT 14DM was expressed in 

 

E. coli

 

 and purified by two passes
on an Ni

 

2

 

1

 

-nitriloacetic acid affinity column as previously de-
scribed (13). MT ferredoxin was prepared as previously described
(13). Flavodoxin and flavodoxin reductase were kindly provided
by C. Jenkins (15, 16). Spinach ferredoxin reductase was a gen-
erous gift from D. O’Keefe and tritiated 24,25-dihydrolanosterol
(24,25-[24-

 

3

 

H]dihydrolanosterol) was a generous gift from J.
Trzaskos. The 28 sterols and triterpenoids included in this study
(boldface numbers), obtained from the Nes collection (17, 18),
are summarized in 

 

Table 1

 

.

 

3

 

 Their structures are shown in Figs.
2–5.

 

Type I binding spectra

 

P-450 MT 14DM in 0.1 M Tris-HCl (pH 7.5), 0.1 mM
EDTA, 20% glycerol, diluted to 10 

 

m

 

M in a 1-ml final volume of
20 mM morpholinepropanesulfonic acid (pH 7.5), 50 mM KCl,
5 mM MgCl

 

2

 

, 10% glycerol was titrated with saturating amounts
of sterols (15 to 140 

 

m

 

M depending on the sterol). Spectra were
recorded between 350 and 450 nm, revealing changes at 390 and
420 nm characteristic of a P-450 type I binding spectrum (see
Fig. 1B). Equal concentrations of P-450 were placed in one sam-
ple and one reference chamber of two tandem cuvettes and an
equal volume of P-450-containing buffer was placed in the other
chambers. The baseline was recorded with a double-beam spec-
trophotometer (AMINCO DW-2 UV/Visible; Spectronic Uni-

Fig. 1. A: 14a-demethylation reaction of 24,25-dihydrolanosterol.
B: Type I binding spectra. Titration of 10 mM of MT 14DM by 31-
norlanosterol (up to 140 mM) was performed as described under
Materials and Methods. Interaction of the P-450 14a-demethylase
with its substrate leads to the displacement of a water molecule (6th
ligand of the heme iron) resulting in the spin shift of the heme
iron from low spin to high spin as shown by an increase of the ab-
sorbance at 390 nm and a decrease at 420 nm (14).

 

3

 

Trivial names and systematic naming of sterols and triterpenoids
used in this study are as follows: 24,25-dihydrolanosterol (

 

1

 

), 4,4,14

 

a

 

-
trimethyl-5

 

a

 

-cholest-8-en-3

 

b

 

-ol; 3-keto-24,25-dihydrolanosterol (

 

2

 

),
4,4,14

 

a

 

-trimethyl-5

 

a

 

-cholest-8-en-3-one; 3-acetoxy-24,25-dihydrolanos-
terol (

 

3

 

), 4,4,14

 

a

 

-trimethyl-5

 

a

 

-cholest-8-en-3-OAC; 3-deoxy-24,25-dihy-
drolanosterol (

 

4

 

), 4,4,14

 

a

 

-trimethyl-5

 

a

 

-cholest-8-en); obtusifoliol (

 

5

 

),
4

 

a

 

,14

 

a

 

-dimethyl-5

 

a

 

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

 

b

 

-ol; dihydroobtusofoliol (

 

6

 

),
24(28)-dihydroobtusifoliol; 31-norlanosterol (

 

7

 

), 4,14

 

a

 

-dimethyl-5

 

a

 

-
cholesta-8,24-dien-3

 

b

 

-ol; 31-norcycloartenol (

 

10

 

), 4,14

 

a

 

-dimethyl 9

 

b

 

,
19-cyclo-5

 

a

 

-cholest-24-en-3

 

b

 

-ol; cycloartenol (

 

14

 

), 4,4,14

 

a

 

-trime-
thyl 9

 

b

 

,19-cyclo-5

 

a

 

-cholest-24-en-3

 

b

 

-ol; 24-methylenelophenol (

 

8

 

), 4

 

a

 

-
methyl-5

 

a

 

-ergosta-7,24(28)-dien-3

 

b

 

-ol; lanosta-7,24-dienol (

 

13), 4,4,14a-
trimethyl-5a-cholesta-7(8), 24-dien-3b-ol; zymosterol (15), 5a-cholesta-
8,24-dien-3b-ol; 4a-methyl zymosterol (9), 4a-methyl-5a-cholesta-8,24-
dien-3b-ol; desmosterol (16), 5a-cholesta-5,24-dien-3b-ol; cholesterol
(17), 5a-cholesten-3b-ol; 24,25-dehydropollinastanol (18), 14a-methyl
9b,19-cyclo-5a-cholest-24-en-3b-ol); fusidic acid (11), 3a,11a,16b-trihy-
droxy-29-nor-8a,9b,13a,14b-dammara-17(20),24-dien-21-oic acid 16-
acetate; lanosterol (12), 4,4,14a-trimethyl-5a-cholesta-8,24-dien-3b-ol;
agnosterol (19), 4,4,14a-trimethyl-5a-cholesta-7(8),9(11),24-trien-3b-ol;
parkeol (20), 4,4,14a-trimethyl-5a-cholesta-9(11),24-dien-3b-ol; cucur-
bita-5,24-dienol (21), 19(10 ➝ 9b)-abeo-lanosta-5(6),24-dien-3b-ol; 24-
methylene cycloartanol (22), 4,4,14a-trimethyl 9b,19-cyclo-5a-ergost-
24(28)-en-3b-ol; dihydrocycloartenol (23), 4,4,14a-trimethyl 9b,19-cy-
clo-5a-cholest-en-3b-ol; euphol (24), 5a,13a,14b,17a,20R-lanosta-8,24-
dien-3b-ol; tirucallol (25), 5a,13a,14b,17a,20S-lanosta-8,24-dien-3b-ol;
24-methylene dihydrolanosterol (26), 4,4,14a-trimethyl-5a-ergosta-
8,24(28)-dien-3b-ol; diplopterol (27), hopan-22-ol; tetrahymanol (28),
gammaceran-3b-ol.
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cam, Rochester, NY). Sterols dispersed in Triton WR 1339 (16
mg/ml) (19) were added to the P-450 chamber of the sample cu-
vette and to the buffer chamber of the reference cuvette. To
avoid the effect of detergent on the P-450, an equal amount of
Triton WR 1339 was added simultaneously to the P-450 chamber
of the reference cuvette and the buffer chamber of the sample
cuvette. Depending on the availability of sterols, Ks values were
determined for two to four repeated experiments.

P-450 reconstituted activity
Activity measurements were carried out as described (13) ex-

cept that 0.9 nmol of P-450 was used with 18 nmol of E. coli fla-
vodoxin, 2 nmol of E. coli flavodoxin reductase, and 50 nmol of
substrate in the presence of an NADPH-regenerating system:
isocitrate dehydrogenase at 0.16 mg/ml (Sigma, St. Louis, MO),
10 mM sodium isocitrate (EM Science, Gibbstown, NJ), and 2
mM NADPH (Calbiochem, San Diego, CA). Reactions were car-
ried out at 378C and stopped after 10, 20, 60, and 120 min. For

31-norcycloartenol conversion, the reaction was carried out over-
night at 288C using 4 nmol of P-450, 100 nmol of MT ferredoxin
(13), and 9.75 nmol of spinach ferredoxin reductase with 40 mg of
substrate. Under the same conditions, 16 mg of obtusifoliol was
used as a control. Tritiated 24,25-dihydrolanosterol and its metabo-
lite were analyzed by high performance liquid chromatography
(19); unlabeled obtusifoliol, its metabolite, and 31-norcycloartenol
were analyzed by gas chromatography-mass spectrometry (13).

RESULTS

Role of the 3b-hydroxy group in MT 14DM
substrate binding

To evaluate the role of the 3b-hydroxy group in sub-
strate recognition, binding of three 24,25-dihydrolanos-
terol analogs (1, Fig. 2) was examined. Those having a
ketone (2, Fig. 2) or acetoxy (3, Fig. 2) group at the 3-
position carbon showed no binding. The 3-deoxy-24,25-
dihydrolanosterol (4, Fig. 2) also failed to bind MT 14DM.
Yeast and maize 14a-demethylases are also unable to use
either 3-methyl or the 3-acetoxy analogs as substrates (5,
6). The yeast form, however, is reported to metabolize
3-keto-24,25-dihydrolanosterol with low efficiency (6). Be-
cause those reports were based on the activity, it was not
clear if the 3-hydroxy group facilitates substrate recogni-
tion or is also involved in the catalytic activity. This group
is presumed to form a hydrogen bond with a threonine
residue conserved in all forms of 14a-demethylase (8),
leading to a correct positioning of the C-14 methyl over
the heme center. A methyl or an acetoxy group at this po-
sition could result in steric hindrance preventing correct
positioning. The low activity reported for the keto substi-
tute with the yeast enzyme (6) might be the result of an
impaired hydrogen bond formed between the carbonyl
oxygen and the conserved threonine, allowing a low level
of 14a-demethylase activity. Our results suggest that the
hydroxy group at C-3 is important for MT 14DM substrate
binding, which seems to be a common requirement for ef-
ficient substrate binding to all 14a-demethylases.

Effect of the 4b-methyl group on MT 14DM
substrate binding

In general, the MT 14DM showed better binding with
31-nor-sterols (missing the 4b-methyl group at C-4) (Fig. 3A)
such as obtusifoliol (5, Fig. 3A), dihydroobtusifoliol (6,
Fig. 3A), and 31-norlanosterol (7, Fig. 3A), than with 4,4-
dimethyl sterols (Fig. 3B). The 4b-methyl group seems to
have an inhibitory effect on the binding because 31-norcy-
cloartenol (10, Fig. 3A) binds despite the presence of the

TABLE 1. Ks values of sterols and triterpenoids used in this study

Sterol Ks

mM

24,25-Dihydrolanosterol (1) 1 6 0.5a

3-Keto-24,25-dihydrolanosterol (2) n.d.
3-Acetoxy-24,25-dihydrolanosterol (3) n.d.
3-Deoxy-24,25-dihydrolanosterol (4) n.d.
Obtusifoliol (5) 0.35 6 0.15
Dihydroobtusifoliol (6) 1.9 6 0.65
31-Norlanosterol (7) 2 and 2.5
24-Methylenelophenol (8) 12.5 6 5.5
4a-Methyl zymosterol (9) n.d.
31-Norcycloartenol (10) 0.88 6 0.38
Fusidic acid (11) 28 6 5
Lanosterol (12) 1.5 6 0.5a

Lanosta-7,24-dienol (13) 14 6 6
Cycloartenol (14) n.d.a
Zymosterol (15) n.d.
Desmosterol (16) n.d.
Cholesterol (17) n.d.
24,25-Dehydropollinastanol (18) 18.5 6 14.5
Agnosterol (19) 9 6 2
Parkeol (20) n.d.
Cucurbita-5,24-dienol (21) n.d.
24-Methylene cycloartanol (22) n.d.
Dihydrocyloartenol (23) n.d.
Euphol (24) 23 6 6
Tirucallol (25) n.d.
24-Methylene dihydrolanosterol (26) 7 6 3
Diplopterol (27) n.d.
Tetrahymanol (28) n.d.

Ks values determined by type I binding spectra are the means of
three or four experiments except for 3-deoxy-24,25-dihydrolanosterol
(4), 31-norlanosterol (7), 4a-zymosterol (13), cholesterol (15), parkeol
(20), and tetrahymanol (28), for which Ks measurements are dupli-
cated. n.d., No detectable binding or such weak spectral change that Ks
cannot be determined. 

a Ks measurement previously performed (13).

Fig. 2. 3b-Hydroxy group isomers [highlighted in 24,25-dihydrolanosterol (1)]. Ks 5 n.d., no detectable
binding observed. a Ks measurement previously performed (13).
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cyclopropyl ring system (which seems to inhibit binding as
described below). However, the presence of the 4b-methyl
group does not preclude binding in the case of lanosterol
(12, Fig. 3B), which does not have the cyclopropyl ring. In
the case of cycloartenol (14, Fig. 3B), two inhibitory
effects are summed (presence of 4b-methyl group and cy-
clopropyl ring system), which led to a loss of binding. 31-
Norcycloartenol, however, binds with lower amplitude, in-
dicating that the binding is not optimal although the
affinity is the same as that of lanosterol (Ks 0.88 6 0.38
mM). However, the inhibitory effect of the 4b-methyl
group on the binding is not seen when 31-norlanosterol
(7, Fig. 3A) is compared with lanosterol (12, Fig. 3B). 24-
Methylenelophenol (8, Fig. 3A), which is the D7-analog of
obtusifoliol but missing the C-14 methyl group, showed an
altered type I binding spectrum, having a broad maxi-
mum and maximum and minimum shifted to longer
wavelengths compared with a typical substrate binding
spectrum. The estimated Ks value is about one order of
magnitude higher than that for obtusifoiol (12.5 6 5.5 vs.
0.35 6 0.15 mM) and similar to that of lanosta-7,24-dienol
(13, Fig. 3B), which has both the 4b- and the C-14 methyl
groups and demonstrates a spectral alteration similar to

that of 24-methylenelophenol. Absence of both of the me-
thyl groups at C-4 (Fig. 3C) led to no detectable binding
with zymosterol (15, Fig. 3C), desmosterol (16, Fig. 3C),
and cholesterol (17, Fig. 3C). 4a-Methyl zymosterol (19,
Fig. 3A), which is the 31-norlanosterol 14a-demethylated
product, did not show any binding either. 24,25-Dehydro-
pollinastanol (18, Fig. 3C), which does not have a C-4
methyl group, showed some binding with a broad maxi-
mum (similar to that seen for 24-methylenelophenol and
lanosta-7,24-dienol). The estimated Ks is about 18.5 6
14.5 mM. These results suggest that the 4a- and C-14
methyl groups are required for the spin shift of the heme.
The difference in binding observed between 24-methyle-
nelophenol (8, Fig. 3A) and the other C-14 demethylated
sterols (zymosterol, 4a-zymosterol, desmosterol, and cho-
lesterol) can probably be explained by other effects such
as the D7-bond and C-24 alkylation as discussed below.
These results further emphasize the preference of MT
14DM for 31-nor-sterols (13), making this bacterial iso-
form more plantlike rather than fungal/animal-like (3,
5). The inability of maize 14a-demethylase to metabolize
4,4-methyl group sterols such as lanosterol, 24,25-dihydro-
lanosterol, or 24-methylene dihydrolanosterol has led to

Fig. 3. C-4 methyl group sterol isomers [highlighted in obtusifoliol (5)]. A: C-4 monomethyl sterols. B: C-4
dimethyl sterols. C: C-4 demethyl sterols. Ks 5 n.d., no detectable binding observed. a Ks measurement previ-
ously performed (13).
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the assumption that the plant enzyme active site might
contain a cleft accommodating only one C-4 methyl group
(3, 5). Lanosterol and 24-methylene dihydrolanosterol
have been reported to bind wheat 14a-demethylase with
apparent Ks values of 2.2 and 2.5 mM, respectively, but
with a lower amplitude of spectral shift than that of obtusi-
foliol. However, no metabolism of either can be detected
(4). Although preferentially binding 31-nor-sterols, like
the plant forms, MT 14DM showed a high affinity and ac-
tivity for several 4,4-dimethyl substitutes (13) (Fig. 3B),
suggesting that this isoform has an active site structure in-
termediate between that of the plant and fungal/animal
isoforms. Fusidic acid (11, Fig. 3A) is a 31-nor-sterol-like
molecule having substitutions at C-8, C-11, C-13, C-16, and
C-20 and its side chain “left-handed” compared with lanos-
terol (12, Fig. 3B). This compound showed an altered
type I binding spectrum, with its maximum and minimum
shifted to longer wavelengths compared with a typical
binding spectrum. This spectral change can be titrated
with increasing amounts of fusidic acid, demonstrating a
binding constant of 28 6 5 mM, approximately one order
of magnitude higher than that of lanosterol (12, Fig. 3B).
The alteration of the type I binding spectrum might be
the result of the side-chain orientation and/or the ab-
sence of the C-13 methyl group in fusidic acid. It might
also be the result of the additional carboxy group at C-20
and/or acetate group at C-16.

Influence of the ring system structure
in MT 14DM substrate binding

To investigate the effect of the ring system conforma-
tion and the role of the D8-bond on substrate recognition,
D9-, D7-, and D5-lanosterol analogs, as well as isoforms having
the 9b,19-cyclopropane rings, were used (Fig. 4). MT
14DM showed a low affinity for D7-sterols such as lanosta-
7,24-dienol (13, Fig. 3B), agnosterol (19, Fig. 4), and 24-
methylenelophenol (8, Fig. 3A) with estimated Ks values
approximately one order of magnitude higher than for
lanosterol (12, Fig. 3B). Sterols having D9-bonds [parkeol
(20), Fig. 4] or D5-bonds [desmosterol (16) and choles-
terol (17), Fig. 3C] did not show any detectable spectral
binding. Cucurbita-5,24-dienol (21, Fig. 4), which is a D5-

sterol analog, showed an atypical binding spectrum with-
out a maximum, and with its minimum shifted to a longer
wavelength. The small absorbance change (20-fold less
than that obtained with 31-norlanosterol) is not reproduc-
ible, perhaps because of temperature differences, because
all solutions were identical from day to day. Use of a D7-
sterol analog of 32-hydroxy-24,25-dihydrolanosterol as a
substrate resulted in a decrease in yeast 14a-demethylase
activity (9). Using D6-lanostene or lanostane analogs re-
sulted in loss of the activity (9), probably because of a
dramatic change in the ring system conformation. In addi-
tion to its effect on enzyme-substrate interaction, the D8-
bond is presumed to play an important role in cleaving
the bond between C-14 and C-32 via an electronic effect
because of its proximity to the 14a-methyl group (9).
Among all the cycloartenol isoforms (10, 14, and 18, Fig.
3; and 22 and 23, Fig. 4) only 31-norcycloartenol (10,
Fig. 3A) and dehydropollinastantol (18, Fig. 3C) bind to
the enzyme (Ks values of 0.88 6 0.38 and 18.5 6 14.5 mM,
respectively). Cycloartenol (14, Fig. 3B), 24-methylenecy-
cloartanol (22, Fig. 4), and dihydrocycloartenol (23, Fig.
4), which are plant sterol intermediates (20, 21), showed
slight spectral changes that did not lead to determination
of Ks values. The lower affinity observed for the 9b,19-
cyclopropyl analogs compared with the D8-sterols (com-
pare lanosterol with cycloartenol, 24,25-dihydrolanosterol
with dihydrocycloartenol, and 24-methylene dihydrol-
anosterol with 24-methylenecycloartanol) is probably due
to the presence of the 9b,19-cyclopropane ring (22). The
high affinity observed for the 31-norcycloartenol can be
attributed to the absence of the 4b-methyl group. This
compound, however, binds with lower amplitude, as men-
tioned above, indicating that the binding is probably not
optimal although the affinity is the same as for lanosterol.
The 9b,19-cyclopropane ring seems to inhibit binding
while the absence of the 4b-methyl group seems to favor
it. Thus, one possible explanation for the difference seen
between cycloartenol and 31-norcycloartenol could be the
combination of the two effects. The binding observed
with dehydropollinastanol is approximately an order of
magnitude weaker than that of lanosterol and 31-norcy-
cloartenol and might be explained by a combination of
the 9b,19-cyclopropane ring effect and the absence of the
two methyl groups at C-4. These differences might lead to
a change in the overall environment of the protein, possi-
bly because of a freer movement of the sterol molecule in
the active site but less affinity for the enzyme because of
the critical role of the 4a-methyl group in such an interac-
tion (see above). This explanation is supported by the al-
tered type I spectrum observed with dehydropollinastanol,
possibly revealing an impaired enzyme-sterol interaction
(not shown). Maize 14a-demethylase is unable to metabo-
lize cycloeucalenol, a 9b,19-cyclopropyl analog of obtusi-
foliol (5).

Side-chain structure requirement for 
MT 14DM substrate binding

Although having similar Ks values, 24,25-dihydrolanos-
terol (1, Fig. 2) was found to be a better substrate than

Fig. 4. Ring system sterol isomers [D8-double bond position high-
lighted in agnosterol (19)]. Ks 5 n.d., no detectable binding
observed.
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lanosterol (12, Fig. 3B) (13), as previously shown for hu-
man 14DM (3), suggesting that the double bond between
C-24 and C-25 might affect MT 14DM activity. Euphol (24,
Fig. 5) and tirucallol (25, Fig. 5) are two lanosterol iso-
mers in their side chains. Both have the hydrogen atom
on C-20 in the same plane as C-18. The C-22 is cis-oriented
(“left-handed”) to C-13 in euphol and trans-oriented to it
(“right-handed”) in tirucallol (23). Euphol showed an al-
tered type I spectrum, having a broad maximum and with
a smaller amplitude than in the case of a typical substrate
(Fig. 1). The Ks value is 23 6 6 mM, approximately one
order of magnitude higher than for lanosterol and similar
to that of fusidic acid (11, Fig. 3A, 28 6 5 mM), which also
has its side chain in the same orientation as euphol. Tiru-
callol, however, did not show any binding. These results
suggest that the MT 14DM active site can preferentially ac-
commodate side chains having the same orientation as
that of lanosterol. The difference observed between euphol
and tirucallol can be explained by greater steric hin-
drance of the tirucallol side chain than that of euphol,
which would fit better in the active site. Sterols having a
methylene group at C-24, such as 24-methylene dihydrol-
anosterol (26, Fig. 5), obtusifoliol (5, Fig. 3A), and dihy-
droobtusifoliol (6, Fig. 3A), bind to the enzyme with Ks
values of the same order of magnitude as for lanosterol
while 24-methylene dihydrolanosterol has a slightly lower
affinity. Obtusifoliol and dihydroobtusifoliol did not show
much difference in their binding constants, suggesting
that chiral substitution at C-24 is not required for MT
14DM binding. The high Ks value observed for 24-methyl-
enelophenol (8, Fig. 3A) might be the result of the pres-
ence of a D7-bond and/or absence of a C-14 methyl group.
Yeast 14a-demethylase metabolizes sterols with or without
an alkyl group at C-24 (24-methylene dihydrolanosterol,
lanosterol, 24,25-dihydrolanosterol, and obtusifoliol) but
fails to use 24-dihydroobtusifoliol as a substrate (12). Rat
14a-demethylase was reported to metabolize both C-24-
alkylated (24-methylene dihydrolanosterol) and nonalky-
lated (lanosterol and 24,25-dihydrolanosterol) sterols
(10). Absence of the C-28 methyl group in 31-norlanos-
terol, however, precludes plant 14a-demethylase activity,
suggesting that the plant form probably has a specific apo-

lar binding site for this group in the side chain (5). In this
respect, MT 14DM seems to be more fungal/mammal-like
than plantlike. Diplopterol (27, Fig. 5) and tetrahymanol
(28, Fig. 5) are a hopanoid and hopanoid isomer, respec-
tively, playing the same role as sterols as membrane inserts
in lower eukaryotes and some bacteria (24). These sterol-
like molecules have their side chain cycled into a fifth ring
and show no binding spectrum (a slight spectral change
was observed for tetrahymanol), probably because of the
absence of the D8-bond or a smaller space occupied by hop-
anoids in the active site compared with sterols. Although
more representatives of this class of molecules need to be
studied in order to clarify the possible role of MT 14DM
in hopanoid biosynthesis, our results suggest that MT
14DM is involved in a sterol biosynthetic pathway. Sterol
biosynthesis is suggested by the discovery of C28–C30 ster-
anes in archean fossils 2,700 million years old, believed to
be cyanobacterial in type (25). Mycobacterium smegmatis, a
mycobacterium closely related to MT, can synthesize cho-
lesterol from radiolabeled mevalonic acid (26), although
the deoxyxylulose 5-phosphate pathway, an alternative
mevalonate-independant pathway, was found in some bac-
teria and yeast (27–30). It is possible that in mycobacteria,
as is the case in plants and other bacteria (27–29), both
pathways coexist.

Catalytic activity
From these binding studies, it appears that sterols miss-

ing the 4b-methyl group show higher affinity for MT
14DM. To investigate the effect of this group on activity,
24,25-dihydrolanosterol (1, Fig. 2) and obtusifoliol (5, Fig.
3A) were selected for a time course analysis. Both were
previously reported to be MT 14DM substrates (13) and
are different in their 4b-methyl group in addition to an
alkyl group at C-24 in obtusifoliol, which does not seem to
affect the binding [compare obtusifoliol with 31-norlanos-
terol (7), Fig. 3A]. The 14a-demethylation rate is 0.18 and
0.14 nmol/min/nmol of P-450 for obtusifoliol and 0.13
and 0.074 nmol/min/nmol of P-450 for 24,25-dihydro-
lanosterol (values from two different experiments). These
values are similar, suggesting that the 4b-methyl group
does not affect the rate of the 14a-demethylation reac-
tion. The values are close to the Vmax reported for human
and fungal 14a-demethylase and are approximately one
order of magnitude lower than those for the plant isoform
(3, 5). It is important to remember, however, that the en-
dogenous reductase system is not known for MT 14DM,
while P-450 reductase serves this role for all eukaryotic iso-
forms. Thus, activities of all experiments using MT 14DM
and flavodoxin/flavodoxin reductase probably underesti-
mate in vivo activities. Because 31-norcycloartenol showed
a high affinity for MT 14DM, we decided to examine
whether this 9b,19-cyclopropyl sterol was actually a sub-
strate. After an overnight incubation, no metabolism was
seen with 31-norcycloartenol, whereas obtusifoliol was
fully metabolized by MT 14DM under the same condi-
tions. The present result demonstrates that the D8-bond is
important for catalytic activity in addition to its effect on
binding by maintaining a pseudoplanar conformation of

Fig. 5. Side-chain sterol isomers [highlighted in euphol (24)]. Ks 5
n.d., no detectable binding observed.
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the ring system. Our results, as well as others (9), suggest
that the presence of a double bond in the ring system
near the C-14 methyl group is a general requirement for
sterol 14a-demethylase activity. If we estimate a relative
catalytic efficiency as the catalytic rate versus Ks values, this
value would be 0.45 for obtusifoliol and 0.068 for 24,45-
dihydrolanosterol, indicating that obtusifoliol is the best-
known substrate for MT 14DM. Because the reductase for
MT 14DM is still unknown and because of the paucity of
other sterol analogs, we were unable to determine the rel-
ative catalytic efficiency for each of the sterol and sterol-
like analogs. Further studies are needed to determine the
best substrate for MT 14DM among all the molecules pre-
sented in this work.

DISCUSSION

On the basis of catalytic activities, it has been suggested
that the 14a-demethylase preferentially holds an 8-lanos-
tene conformation of sterols in the active site mainly by
hydrophobic contact with the b-surface of the sterol mole-
cule (9) with residues in the protein (31). Thus, the side-
chain orientation and its structure may play an important
role in this hydrophobic interaction. Such a framework
might require participation of C-10 and C-13 sterol methyl
groups in hydrophobic interactions. The presumed hy-
drogen bond between the 3b-hydroxy and the conserved
threonine residue in the protein might orient the sub-
strate in the right direction for 14a-demethylation activity
(8, 9). Effects of the 4b-methyl group and the side chain
seem to be different from one 14a-demethylase species to
another. From this study, it appears that the soluble MT
14DM fits in the general hypothetical model of 14a-demeth-
ylases where a pseudoplanar conformation of the sterol
ring system is required and where the substrate interacts
with the enzyme by its 3b-hydroxy group and its side chain
facilitating the substrate binding. Although molecules
presented in Fig. 2 show clearly that the 3b-hydroxy group
is required for binding, other sterols having this group
but differing in more than one feature (9, 14, 15, 16, and
17 of Fig. 3; 20, 21, 22, and 23 of Fig. 4; and 25 and 28 of
Fig. 5) do not bind. In general and for a given pair of ste-
rols, the binding seems to result from the combination of
several effects. It appears from this study that the molecu-
lar features of sterols shown to be important for the cata-
lytic activity of eukaryotic 14a-demethylases are rather im-
portant for substrate recognition, the first step of catalysis.
The 4b-methyl group was found to have, in general, an in-
hibitory effect on the enzyme-sterol interaction but does
not seem to affect the MT 14DM activity, while the 4a-
methyl group is required for such interaction as shown for
plant 14a-demethylase activity. The presence of the C-24
alkyl group, however, seems to be less critical for MT
14DM binding and activity.

Clearly MT 14DM is a sterol 14a-demethylase having
similar substrate structural requirements as eukaryotic
14DM. The function of this enzyme in MT, however, is still
an open question. It is possible that this enzyme, which is

expressed in MT (13), is involved in a sterol biosynthetic
pathway, as is the case for eukaryotic isoforms. Indeed,
other enzymes in the S. cerevisiae sterol pathway show sig-
nificant sequence homologies to MT gene products: Rv3823
(50% to HMG-CoA reductase), Rv1745 (46.9% to isopen-
tenyl pyrophosphate isomerase), Rv3383c (39.1% to far-
nesyl pyrophosphate synthase), Rv3397 (39.1% to squalene
synthase), and Rv1814 (24% to sterol C5-desaturase) (26,
32). The existence of a functional sterol pathway was
shown in M. smegmatis, a bacterium closely related to MT
(26). Why would mycobacteria make sterols, when most
bacteria do not? One report shows that cholesterol is es-
sential for the entry of MT into macrophages during
phagocytosis, an essential step during the tuberculosis in-
fection (33). Assuming that MT synthesizes sterols, our re-
sults can be extrapolated to a more general picture for the
MT sterol biosynthetic pathway. It was reported that maize
14a-demethylase is unable to metabolize cycloeucalenol,
the 24-methyl isomer of 31-norcycloartenol (5). Cyclo-
artenol, however, is the best substrate for sunflower sterol
methyl transferase (SMT), another enzyme involved in
sterol biosynthesis in plants and fungi (34). Knowing that
the 9b,19-cyclopropyl sterols are obtusifoliol precursors in
higher plants (20, 21), the SMT activity should occur be-
fore the 14a-demethylation in the plant sterol biosynthe-
sis sequence. The plant 14a-demethylase preference for
31-nor-sterols suggests that the 4b-demethylation might
occur before 14a-demethylation and SMT activity (34).
Conversely, yeast S. cerevisiae SMT shows a preference for
zymosterol, suggesting that this activity probably takes
place after 14a-demethylation and 4-demethylation in the
ergosterol biosynthesis (18). On the basis of our demon-
stration that MT 14DM prefers 31-nor-sterols, it can be
predicted that 4b-demethylation takes place before 14a-
demethylation in mycobacteria. The 31-norcycloartenol is
not an MT 14DM substrate, but its tight binding would
suggest the presence of 9b,19-cyclopropyl sterols as inter-
mediates in the MT sterol biosynthetic pathway, as in
higher plants (20, 21). In mammals and fungi, and with
the exception of an S. cerevisiae mutant strain, that metab-
olizes radiolabeled cycloartenol with low efficiency (35),
no evidence of cyclopropyl sterol intermediates has been
reported; lanosterol and 24,25-dihydrolanosterol are the
14a-demethylase substrates and are derived directly from
squalene cyclization (36). The cycloartenol pathway oc-
curs only in photosynthetic organisms and can be used as
a marker to identify the phylogenic origin of some organ-
isms (37). Taken together, this would suggest that the ste-
rol biosynthetic pathway in MT can use lanosterol as well
as cycloartenol as intermediates and leads to the assump-
tion that the MT pathway shares a common ancestor with
eukaryotic sterol pathways. MT 14DM, however, is unable
to bind or metabolize 9b,19-cyclopropyl isoforms, suggest-
ing that 14a-demethylation might take place before D8-
cyclopropyl isomerization and after 4b-demethylation.

Fusidic acid initially isolated from the fungus Fusidium
coccineum is used therapeutically as an antimicrobial agent
against gram-positive bacteria (38). This compound was
previously reported to be effective against Mycobacterium
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leprae infection, but shows only low activity against MT,
and therefore is believed to be of no clinical importance
in the treatment of tuberculosis (39). A more recent re-
port, however, showed that fusidic acid has rather low MIC
values (8 to 32 mg/l) for some M. tuberculosis and Mycobac-
terium bovis strains (40). It was reported that fusidic acid
inhibits protein synthesis (41) by interfering with the “G”
elongation factor involved in translocation of tRNAs and
mRNA on the ribosome (38). Because this compound
binds to MT 14DM, perhaps MT sterol biosynthesis might
also be a target for fusidic acid.

In conclusion, this study clearly shows that MT 14DM
has a broad sterol binding capacity because triterpenoids
such as euphol as well as fusidic acid bind to the enzyme.
We also found that the D8-bond is not a requirement for
sterol binding, but it is for the 14a-demethylation activity.
Finally, knowing the structure of sterols required to bind
MT 14DM with high affinity, but that are not demethy-
lated, as is the case for 31-norcycloartenol, might be of as-
sistance in drug design for treatment of tuberculosis. Al-
though there is no evidence implicating sterols in the
vitality of MT, or proof of a functional sterol pathway, it
has been shown that cholesterol plays an essential role in
MT infection (33), raising the possibility that this P-450
and its MT sterol pathway are associated with tuberculosis
infection.
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