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TheMycobacterium tuberculosis cytochrome P450 enzyme
CYP142 is encoded in a large gene cluster involved in metabo-
lism of host cholesterol. CYP142 was expressed and purified as
a soluble, low spin P450 hemoprotein. CYP142 binds tightly to
cholesterol and its oxidized derivative cholest-4-en-3-one,
with extensive shift of the heme iron to the high spin state.
High affinity for azole antibiotics was demonstrated, highlight-
ing their therapeutic potential. CYP142 catalyzes either 27-
hydroxylation of cholesterol/cholest-4-en-3-one or generates
5-cholestenoic acid/cholest-4-en-3-one-27-oic acid from these
substrates by successive sterol oxidations, with the catalytic
outcome dependent on the redox partner system used. The
CYP142 crystal structure was solved to 1.6 Å, revealing a simi-
lar active site organization to the cholesterol-metabolizingM.
tuberculosis CYP125, but having a near-identical organization
of distal pocket residues to the branched fatty acid oxidizing
M. tuberculosis CYP124. The cholesterol oxidizing activity of
CYP142 provides an explanation for previous findings that
�CYP125 strains ofMycobacterium bovis andM. bovis BCG
cannot grow on cholesterol, because these strains have a defec-
tive CYP142 gene. CYP142 is revealed as a cholesterol 27-oxi-
dase with likely roles in host response modulation and choles-
terol metabolism.

Tuberculosis (TB)3 is a debilitating and frequently fatal dis-
ease caused by the bacteriumMycobacterium tuberculosis.
The disease usually presents as a pulmonary condition but
can also affect other parts of the body (1).M. tuberculosis can

also remain in a dormant phase in the host (latent TB), and a
proportion of individuals with latent TB will later develop
active TB (2). The emergence and proliferation of multidrug-
resistant and extensively drug-resistantM. tuberculosis strains
have provided a major challenge for TB therapeutic develop-
ment (3). NumerousM. tuberculosis clinical strains are now
resistant to one or several front line and second line drugs,
including antibiotics such as rifampicin, isoniazid, streptomy-
cin, and ethambutol (4). TB and drug-resistant strains are
prevalent in the less developed countries of Asia and Africa,
and synergy betweenM. tuberculosis and HIV leads to high
rates of TB infection and deaths in HIV-infected individuals
(5). Consequently, there has been recent intensive research on
the genetics and biochemistry ofM. tuberculosis, as well as
work to develop novel therapeutics and to identify new drug
targets (6–8). Recent successes include the development of
1,3-benzothiazin-4-ones that inhibit the decaprenylphosphor-
yl-�-D-ribose 2�-epimerase enzyme and formation of cell wall
arabinans, and clavulanate/�-lactam combinations inhibiting
formation of cell wall peptidoglycan (9, 10).
TheM. tuberculosis H37Rv and then theM. tuberculosis

CDC1551 genome sequences provided key information on the
M. tuberculosis proteome, highlighting the complexity ofM.
tuberculosis lipid metabolism as well as several genes previ-
ously found only in eukaryotes, e.g. the adrenodoxin reductase
homolog FprA (11–13). The presence of 20 P450 (CYP) genes
inM. tuberculosis pointed to their involvement in important
biochemical processes. Of particular note was the identifica-
tion of the first prokaryotic sterol demethylase (CYP51B1),
which was shown to be particularly active in 14�-demethyla-
tion of the plant sterol obtusifoliol (14). However, the remain-
ingM. tuberculosis P450s are dissimilar in sequence from
other P450s of known structure/function, preventing simple
functional assignment. However, such data have emerged for
certain otherM. tuberculosis P450s. CYP121 catalyzes oxida-
tive coupling of tyrosyl side chains of the cyclic dipeptide cy-
clo-L-Tyr-L-Tyr in synthesis of a secondary metabolite of un-
known function. CYP128 was predicted to catalyze terminal
hydroxylation of respiratory dihydromenaquinone-9 to enable
sulfation at the same position catalyzed by the product of its
adjacent gene (stf3 or Rv2269c) (15, 16). Sulfated dihydro-
menaquinone-9 may have a role inM. tuberculosis virulence,
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as do otherM. tuberculosis-sulfated lipids (16).M. tuberculo-
sis CYP124 catalyzes �-hydroxylation of phytanic acid and
other methyl branched chain fatty acids (17).
More recently, studies onM. tuberculosis CYP125 have

shown that this P450 binds cholesterol and cholest-4-en-3-
one, transforming these substrates by 27-hydroxylation on
their side chain (18, 19). CYP125 is located in a large gene
regulon extensively conserved between Rhodococcus sp. strain
RHA1 andM. tuberculosis, and is responsible for directing
cholesterol import and catabolism (20). CYP125 (H37Rv gene
Rv3545c) lies in a region known as igr (intracellular growth)
(genes Rv3545c to Rv3540c). These genes are required forM.
tuberculosis growth in macrophages and for virulence in mice,
as well as for cholesterol metabolism (21, 22). CYP125 is pre-
dicted to be important inM. tuberculosis cholesterol metabo-
lism that is crucial to infectivity and survival in the host, and
the labile nature of its ferrous-NO complex was suggested to
be advantageous in evasion of inhibition by host-generated
NO (23, 24). Interestingly, bothM. tuberculosis H37Rv and
the TB vaccine strainMycobacterium bovis BCG grow on
cholesterol as a carbon source. However, the BCG CYP125
gene deletion strain did not grow on cholesterol (unless com-
plemented with another copy of CYP125), although theM.
tuberculosis CYP125 deletion strain grew well on cholesterol
(19). In studies of CYP125 in the clinically relevant CDC1551
M. tuberculosis strain, cholest-4-en-3-one was shown to accu-
mulate in cells of the �CYP125 strain, suggesting this choles-
terol derivative is also a physiological substrate for CYP125
(25).
Data from Capyk et al. (19) suggested that there is redun-

dancy in cholesterol oxidation capacity inM. tuberculosis
H37Rv (but not inM. bovis BCG) and that a compensatory
activity can overcome absence of CYP125 in this bacterium to
enable growth on cholesterol. In this respect, it is notable that
a further P450 gene (CYP142, Rv3518c) is located in the cho-
lesterol regulon ofM. tuberculosis. Here, we report expres-
sion, isolation, and characterization of CYP142. We demon-
strate that CYP142 is a cholesterol 27-hydroxylase with
intriguing relationships to the structurally resolvedM. tuber-
culosis CYP125 and CYP124 proteins, pointing to a common
evolutionary pathway.

EXPERIMENTAL PROCEDURES

Cloning and Expression of M. tuberculosis CYP142—The
CYP142 gene (Rv3518c in theM. tuberculosis H37Rv genome)
was amplified by PCR from anM. tuberculosis H37Rv chro-
mosomal cosmid DNA library (supplied by Dr. Roland
Brosch, Institut Pasteur, Paris). The BAC clone containing
CYP142 (Rv416) was prepared by standard protocols and used
as a template DNA for the PCR using Pfu turbo DNA poly-
merase (Agilent) and oligonucleotide primers designed from
theM. tuberculosis genomic sequence as follows: upstream
(CYP142-NdeF), 5�-GGAGGATCCATATGACTGAAGCTC-
CGGACGTGG-3�, and downstream (CYP142-BamHIR), 5�-
CGTTCGGGATCCCTCAGCCCAGCGGCGTGAAC-3�.
The letters underlined in the upstream primer indicate an
engineered NdeI restriction-cloning site, including the initia-
tion codon ATG (boldface). The underlined letters in the

downstream primer indicate a BamHI restriction-cloning site,
with the stop codon in boldface. Amplification conditions
were 95 °C for 2 min, 30 cycles of 95 °C for 45 s, 62 °C for 30 s,
and 72 °C for 1.5 min, followed by a final polymerization step
of 72 °C for 10 min. CYP142 was cloned into pET15b (Merck)
pre-digested with the same restriction enzymes, allowing the
expression of the CYP142 gene from a T7lac promoter under
isopropyl 1-thio-�-D-galactopyranoside induction and pro-
ducing a recombinant P450 protein with an N-terminal His6
tag.
Purification of CYP142—Recombinant CYP142 was heter-

ologously expressed in the Rosetta (DE3) Escherichia coli
strain (Merck). Typically, 20 liters of Luria-Bertani (LB)
medium was divided into 600-ml cultures in 2-liter conical
flasks, and antibiotic plasmid selection was done using 50
�g ml�1 ampicillin and 34 �g ml�1 chloramphenicol. Cul-
tures were started at 37 °C and inoculated with 10 ml from
an overnight culture growth. Cultures were grown with
agitation (220 rpm) for 1 h, and the temperature was then
reduced to 30 °C. Cell culture was continued until an opti-
cal density (OD600) of 0.5. The temperature was then re-
duced to 22 °C and culture continued until an OD600 be-
tween 0.6 and 0.8 was reached. CYP142 expression was
then induced by addition of 0.1 mM isopropyl 1-thio-�-D-
galactopyranoside. After 24 h of culture post-induction at
22 °C, cells were harvested by centrifugation at 6,000 � g
(15 min, 4 °C). Resulting pellets were pooled and resus-
pended in 50 mM KPi, 250 mM KCl, 10% glycerol, pH 8.0
(buffer A) and centrifuged as before. Cell pellets were ei-
ther used immediately or stored at �20 °C until required.
For cell breakage, the cells were resuspended in �350 ml of

buffer A (4 °C) containing phenylmethanesulfonyl fluoride
(PMSF) and benzamidine hydrochloride (�1 mM each) and 2
“complete” EDTA-free tablets (Roche Applied Science) as
standard protease inhibitors. The cell suspension was initially
treated with lysozyme and DNase (10 �M each) for 30 min
with stirring at 4 °C and then sonicated on ice (�10 cycles of
20 s, with 1-min rest periods between cycles) using a Bandelin
Sonopuls sonicator, as described previously (26, 27). The ly-
sate was centrifuged twice at 40,000 � g for 30 min at 4 °C to
pellet insoluble material. Soluble supernatant was loaded onto
a pre-equilibrated (buffer A) nickel-nitrilotriacetic acid col-
umn (Qiagen) and washed with 50 ml of buffer A plus 15 mM

imidazole. Bound protein was eluted using buffer A plus 55
mM imidazole, and this fraction then dialyzed against 50 mM

Tris, 1 mM EDTA, pH 7.2 (buffer B), also containing 50 mM

KCl before being loaded on a Q-Sepharose column (GE
Healthcare). The column was washed extensively with buffer
B and then eluted using a linear gradient of KCl in buffer B
between 50 and 500 mM. Red fractions were analyzed spec-
trally for CYP142 content, and the purest fractions (from
A418/A280 ratio) were pooled. This sample was again dialyzed
against buffer B, before concentration by ultrafiltration (Cen-
triprep 30, Millipore) to �1 ml and final purification by gel
filtration on a Sephacryl S-200 column. CYP142 purity was
confirmed by a single band present on an SDS-polyacrylamide
gel and by UV-visible spectroscopy, where an A418/A280 ratio
�2 correlated with highly pure CYP142. CYP142 was stored
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for later use by dialysis into buffer B plus 10% glycerol before
freezing at �20 °C. For crystallography, CYP142 was taken
immediately from the S-200 purification step and buffer ex-
changed into 10 mM Tris, pH 7.5, using a 10 DG disposable
chromatography column (Bio-Rad), then concentrated by
ultrafiltration as before (typically to �15 mg/ml), and used
directly for crystallogenesis.
Substrate and Ligand Binding Studies—UV-visible absorb-

ance analysis of CYP142 was done on a Cary UV-50 UV-visi-
ble scanning spectrophotometer (Varian, UK) using a 1-cm
path length quartz cuvette, recording spectra between 250
and 800 nm, and typically with CYP142 at �2–10 �M in
buffer B. Binding of CO to ferrous CYP142 and nitric oxide
(NO) to the ferric enzyme was done as described previously,
with release of 5–6 bubbles of NO gas into a degassed
CYP142 solution in the case of NO (28).
Optical titrations with potential substrates (including cho-

lesterol and cholest-4-en-3-one) and triazole/imidazole drugs
were done as described previously (26, 28) at 25 °C. Solutions
of azole ligands (clotrimazole, econazole, fluconazole, itracon-
azole, ketoconazole, miconazole, and voriconazole) were
made up in DMSO. 4-Phenylimidazole was made up in 50%
ethanol. Steroid stocks (testosterone and androstenedione)
were made up in ethanol. Fatty acids and other lipids (lauric
acid, palmitic acid, 15-methylpalmitic acid, 13-methylmyristic
acid, phytanic acid, geranylgeraniol, and 2-methylheptane)
were made up in a 50% ethanol/methanol mixture. Volumes
of ligand solutions added did not exceed 0.1% of the total as-
say volume. Titrations with cholesterol and cholest-4-en-3-
one were performed similarly. However, 50 mM KPi buffer
with 50 mM KCl, 5% glycerol, pH 7.0 (buffer C), was used, and
these titrations were performed at 30 °C. Sterol solutions were
made up in 45% 2-hydroxypropyl-�-cyclodextrin (in water).
In all cases, Kd values were determined by plotting the in-
duced optical change against ligand concentration and fitting
using the Morrison equation (Equation 1), using Origin soft-
ware (OriginLab, Northampton, MA). Equation 1 provides
robust fitting of binding data for tight binding ligands, ac-
counting for concentration of protein in cases where the Kd
value is not substantially greater than the protein concentra-
tion, as described previously (26, 28, 29).

Aobs � � Amax/2Et� � ��Et � S � Kd� 	 ��Et � S � Kd�
2

	 �4EtS��0.5� (Eq. 1)

In Equation 1, Aobs is the observed absorbance change at
ligand concentration S; Amax is the absorbance change at li-
gand saturation; Et is the CYP142 concentration, and Kd is the
dissociation constant for the CYP142-ligand complex.
Hemoprotein Concentration Estimation—CYP142 hemo-

protein concentration was estimated using the method of
Omura and Sato (30) (�
450–490 	 91 mM�1 cm�1 for the
reduced/CO-bound minus reduced difference spectrum). The
spectrum of the ferrous-CO [Fe(II)CO] complex of CYP142
was also analyzed in 50 mM KPi between pH 6 and 9 in both
the ligand-free state and for the cholest-4-en-3-one-bound
form. In view of variability of the P420 content in different
buffer systems, the pyridine hemochromogen method was

used to quantify CYP142 heme and to determine an extinc-
tion coefficient at the CYP142 Soret maximum. Analysis was
done according to the method of Berry and Trumpower (31),
as described in the supplemental material.
Redox Potentiometry—Redox potentiometry was performed

anaerobically under a nitrogen environment in a Belle Tech-
nology glove box (Portesham, UK), as described previously
(32, 33), using the method developed by Dutton (34). Full de-
tails are given in the supplemental material.
EPR Analysis of CYP142—Continuous wave EPR spectra for

CYP142 were recorded at X-band (�9.4 GHz) using a Bruker
ELEXSYS E500/E580 EPR spectrometer (Bruker GmbH,
Rheinstetten, Germany). Temperature was maintained at
10 
 0.1 K using an Oxford Instruments ESR900 helium flow
cryostat coupled to an ITC 503 controller from the same
manufacturer. The microwave power was 0.5 milliwatt, the
modulation frequency 100 KHz, and the modulation ampli-
tude 5 G. EPR sample tubes were 4 mm Suprasil quartz sup-
plied by Wilmad (Vineland, NJ). Sample volume was typically
200 �l, and CYP142 solutions were frozen in EPR tubes in
liquid nitrogen prior to EPR analysis. CYP142 concentration
was maintained at 200 �M for all samples, with econazole and
cholest-4-en-3-one introduced at 500 �M for ligand-bound
spectra.
Steady-state Kinetic Studies and Product Analysis—Steady-

state kinetic studies were performed on a Cary UV-50 spec-
trophotometer. A heterologous electron transport system was
set up using CYP142, spinach ferredoxin (spFDX), and ferre-
doxin reductase (spFDR), in the ratio 1:10:2 (200 nM CYP142,
2 �M FDX, and 400 nM FDR). At each concentration of sub-
strate (0–50 �M cholest-4-en-3-one), 200 �M NADPH was
added to initiate the reaction and the rate of change in ab-
sorbance at 340 nm monitored over 6 min to follow substrate-
dependent NADPH oxidation. Reactions were performed in
triplicate to produce a mean rate calculated as moles of
NADPH oxidized/mol CYP142/min. These data were plotted
versus the relevant cholest-4-en-3-one concentration and fit-
ted using a standard (Michaelis-Menten) hyperbolic function
with Origin software.
Product Analysis from CYP142 Incubations with Cholesterol

and Cholest-4-en-3-one—To analyze the products by HPLC,
enzyme activity assays were carried out with 0.5 �M CYP142,
10 �M spFDX or E. coli flavodoxin (FLD), 2.5 �M spFDR or
E. coli flavodoxin reductase (FLDR), and 2 nM [3H]cholesterol
to detect the product formation using a flow-through radioac-
tive monitor attached to the HPLC system after the UV detec-
tor, or 1 �M cholest-4-en-3-one to detect the products by the
UV absorbance. Reactions were initiated by the addition of 1
mM NADPH with a regenerating system (glucose 6-phosphate
and glucose-6-phosphate dehydrogenase) in a reaction vol-
ume of 1 ml in 50 mM KPi, pH 7.5, and allowed to proceed at
37 °C. After a 30-min incubation time, reactions were termi-
nated by the addition of 5 ml of dichloromethane. The or-
ganic phase was isolated following centrifugation, evaporated,
and dissolved in acetonitrile and transferred to a vial for
HPLC studies, as described previously (18, 35).
To characterize the products by gas chromatography-mass

spectrometry (GC-MS), CYP142 assays were set up as de-
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scribed above, except [3H]cholesterol was omitted, and a
higher concentration of substrate (10 �M cholesterol or cho-
lest-4-en-3-one) was used. Following termination of duplicate
incubations, the substrate and product(s) were extracted and
converted into trimethylsilyl (TMS) ethers (either with or
without prior methylation using diazomethane). Sterols were
injected into a VF-35MS capillary column (60 m � 0.32
mm � 0.25 �m) in a splitless mode at an injection tempera-
ture of 270 °C with a helium flow rate of 1.1 ml/min. The ini-
tial oven temperature was kept at 200 °C for 1 min, then in-
creased to 280 °C (20 °C/min), ramped up to 310 °C (3 °C/
min), and was held for 14 min isothermally. The mass
spectrometer (Agilent 5973N-MSD combined with an Agilent
6890 GC system) was operated in electron impact ionization
mode (70 eV) at 230 °C. The retention time and mass spec-
trum for the TMS product of CYP142 oxidation of cholesterol
with the E. coli FLDR/FLD system and for the methylated and
TMS product of the cholesterol incubations with the spFDX/
spFDR system were compared with the TMS ether derivative
of authentic 27-hydroxycholesterol and the methyl ester-TMS
ether derivative of authentic 5-cholestenoic acid (Steraloids,
Newport RI).
CYP142 Crystallization and Structural Analysis—CYP142

was crystallized using highly purified protein concentrated to
15 mg ml�1 in 10 mM Tris, pH 7.5. Diffraction quality crystals
of bipyramidal morphology (�0.05 � 0.1 mm) were obtained
using 0.1 M sodium acetate at a pH range of 5.0–6.0 with 100
mM potassium thiocyanate, 10% PEG 200 (v/v), and 10% PEG
550MME (v/v). Sitting drops were made by mixing equal vol-
umes of protein solution and mother liquor and incubating at
4 °C. Crystals appeared within 2–3 days and reached final size
within 2 weeks. Single crystals were flash-cooled by plunge
freezing into liquid nitrogen with the PEG 200 acting as a
cryoprotectant. Diffraction data were collected from a sin-
gle cryofrozen crystal at the Diamond Light Source, beam-
line (IO2). The data were scaled and integrated using the
XDS package (36) and subsequently handled using the
CCP4 suite (37). The CYP142 structure was solved follow-
ing molecular replacement (38) with the CYP124 structure
as a search model (PDB code 2WM5) (17). The CYP142
model was built using COOT (39) in conjunction with
MOLPROBITY (40) and refined using Phenix (41) to a res-
olution of 1.60 Å. Data and final refinement statistics are
presented in Table 1.
Modeling of a Cholesterol-CYP142 Complex—Molecular

modeling of the interaction of cholesterol with CYP142 was
based on a soft-restrained molecular dynamics approach pre-
viously described for P450s (42) and successfully applied in
our previous studies withM. tuberculosis CYP125 (18). All
molecular dynamics simulations, energy minimization experi-
ments, and stabilization energy calculations were performed
as described previously (18).
Materials—Bacterial growth media (tryptone and yeast ex-

tract) were fromMelford Laboratories (Ipswich, Suffolk, UK).
Azole drugs were fromMP Biomedicals. All other reagents
were from Sigma and were of the highest grade available.

RESULTS

Isolation and Spectral Features of CYP142—CYP142 was
isolated from an E. coli Rosetta (DE3) expression system using
affinity for the N-terminal His6 tag, followed by ion exchange
chromatography and size exclusion chromatography to pro-
duce a pure protein (by SDS-PAGE, Fig. 1) with a Rhein-
heitzahl (Rz) value (A418/A280 ratio) of �2.0. Previous studies
on CYP125, the other P450 in the cholesterol regulon ofM.
tuberculosis, showed that this enzyme bound heme in an ex-

FIGURE 1. Purification and spectral features of CYP142. Spectra in the
main figure show the UV-visible absorption features of pure, substrate-free
ferric M. tuberculosis CYP142 (3.7 �M) (thick solid line) and for CYP142 bound
to econazole (13 �M, thin solid line), nitric oxide (dotted line), and in the
Fe2�-CO form bound to cholest-4-en-3-one (10 �M, dashed line). The major
(Soret) absorption band is centered at 418, 423, 433.5, and 448 nm, respec-
tively. The inset shows an SDS-polyacrylamide gel with molecular weight
markers of indicated mass in the 1st lane and purified CYP142 (0.5 and 2.5
�g) as a single band in the remaining lanes.

TABLE 1
X-ray data collection and refinement statistics for M. tuberculosis
CYP142

CYP142 PDB code 2XKR

Space group P212121
Resolution 40.0 to 1.6 Å (1.66 to 1.60 Å)
Unit cell a, b, c 55.3, 65.5, 129.5 Å
Redundancy 6.9 (6.3)
Reflections total 430,506
Unique 62,547
Completeness 99.7% (99.0%)
Rsym 5.6% (46.0%)
�I/�I 22.7 (4.1)
Rwork 16.8%
Rfree 19.5%
Overall B-factor 19.9 Å2

Protein 18.1 Å2

Main chain 16.6 Å2

Side chain 19.7 Å2

Solvent 31.3 Å2

Heme 11.9 Å2

PEG 29.2 Å2

Ramachandran plot
Favorable 98%
Allowed 100%
Outliers 0%

No. of atoms
Protein 3020
Solvent 510
Heme 43
PEG 7

Root mean square deviation from
ideal geometry

Bond lengths 0.006 Å
Bond angles 1.032°
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tensively high spin (HS) ferric form, regardless of whether
substrate was associated, and with its major heme absorbance
band (Soret, �) at 393 nm (18). In contrast, purified CYP142
has an electronic spectrum indicative of an extensively low
spin (LS) ferric P450 enzyme, with the Soret band at 418 nm,
and the smaller � and � bands at 566 and 535 nm, respec-
tively (Fig. 1). CYP142 undergoes heme optical shifts typical
of the P450s on binding the heme-coordinating inhibitor
econazole (Soret shift to 423 nm) and NO (shift to 433.5 nm
with development of features in the Q-band region at 542.5
nm and 573.5 nm).
CYP142 Binds Cholesterol and Cholest-4-en-3-one—In view

of the genetic location of CYP142 and the possibility of its
involvement in metabolism of host-generated cholesterol, we
examined spectral changes on binding of cholesterol and cho-
lest-4-en-3-one. For both these molecules, substantial shifts in
the ferric heme iron spin-state equilibrium were induced,
with CYP142 becoming extensively HS in both cases. Fig. 2A
shows an optical titration of CYP142 with cholest-4-en-3-one,
displaying a Soret shift from 418 to 393 nm as cholest-4-en-3-
one binds, and a clear LS/HS isosbestic point at 406 nm. Spec-
tral perturbations are also evident in the Q-band region, with
the development of a charge-transfer band at �650 nm also
consistent with substrate binding and the P450 HS shift. Fig.
2B shows an overlaid set of difference spectra derived from
the cholest-4-en-3-one titration of CYP142 and a plot of the
induced spectral change versus the steroid concentration, fit-
ted to generate a Kd value of 0.36 
 0.04 �M. Cholesterol in-
duced similar absorption shifts and bound with an apparent
Kd of 0.34 
 0.20 �M (supplemental Fig. S9). In contrast, no
spectral perturbations were observed on titration of CYP142
with the steroids testosterone and androstenedione, with a
range of long straight and branched chain molecules, or with
the terpene geranylgeraniol. The latter molecule and various
branched chain fatty acids were shown previously to be good
substrates for theM. tuberculosis CYP124 enzyme (17). In
addition, no spectral binding to CYP142 was detected for
2-methyl heptane, which mimics the side chain of cholesterol.
Thus, cholesterol binding affinity likely originates mainly
from the sterol ring structure.
CYP142 Heme Coordination by Carbon Monoxide and Az-

ole Drugs—Consistent with a number of theM. tuberculosis
P450 enzymes investigated to date, CYP142 binds to a range

of imidazole and triazole antifungals, inducing a type II (Soret
red shift) spectral shift to �423 nm (see Fig. 1 for example of
econazole). Among the panel tested, highest affinity was ob-
served for clotrimazole, econazole, and miconazole (Kd values
of 3.8 
 0.9, 4.6 
 0.2, and 4.0 
 0.5 �M, respectively). Negli-
gible binding was observed for the more polar voriconazole
and the bulky itraconazole (Table 2).
The binding of CO to P450 enzymes is a diagnostic test

whereby these enzymes are characterized based on a Soret
shift to �450 nm in the ferrous-CO (Fe2�-CO) complex (30).
This shift is indicative of the retention of the thiolate proxi-
mal ligand to the heme iron (Cys-339 in CYP142), and a dis-
tinctive Soret shift to �420 nm instead usually indicates a
Fe2�-CO “P420” form in which thiolate protonation has oc-
curred and the cysteine thiol becomes the proximal ligand
(28, 43, 44). Fig. 3A shows the spectra collected for substrate-
free CYP142 at the pH values 7–9. At pH 6, the enzyme was
unstable and aggregated. Of the remaining conditions tested,
the P450 form of CYP142 is most stable at pH 7, and larger
proportions of the P420 species are formed at the higher pH
values, with near-complete P420 formation at pH 9. At pH 8,
the spectrum for the Fe2�-CO form is notably unstable, and
the P450 species progressively “collapses” over time with P420

FIGURE 2. Spectral binding of cholest-4-en-3-one to CYP142. A shows absolute spectra recorded during titration of CYP142 (4.8 �M) with cholest-4-en-3-
one. The Soret band shifts from 418 to 393 nm as the HS ferric heme iron form accumulates. The development of a charge-transfer species at 649 nm is fur-
ther confirmatory of the substrate-like nature of the binding event. B shows overlaid difference spectra from the titration shown in A, and cholest-4-en-3-
one-induced absorption change plotted versus cholest-4-en-3-one concentration, with data fitted using Equation 1 to produce a Kd value of 0.36 
 0.04 �M.

TABLE 2
Dissociation constants for the binding of selected azole drugs and
substrates to M. tuberculosis CYP142
Kd values were determined as described under “Experimental Procedures.”
Comparative data for the binding of azoles to theM. tuberculosis CYP144 enzyme
are from Driscoll et al. (60). Azole binding data for theM. tuberculosis CYP125
cholesterol 27-hydroxylase are from McLean et al. (18), and CYP125 data for
cholesterol/cholest-4-en-3-one binding are from Ouellet et al. (25). ND indicates
that a Kd value could not be determined due to lack of any significant heme
spectral perturbation induced on binding of the relevant azole or steroid to the
particularM. tuberculosis P450.

Inhibitor/substrate
Kd value

CYP144 CYP125 CYP142

�M �M �M

Econazole 0.78 
 0.29 11.7 
 0.7 4.6 
 0.2
Clotrimazole 0.37 
 0.08 5.3 
 0.6 3.8 
 0.9
Miconazole 0.98 
 0.22 4.6 
 0.4 4.0 
 0.5
Ketoconazole 134 
 5 27.1 
 0.9 21 
 4
Fluconazole ND 43.1 
 3.8 860 
 108
Voriconazole 174 
 14 ND ND
Itraconazole ND 30.2 
 4.3 ND
4-Phenylimidazole 280 
 18 216 
 5 12.0 
 1.5
4-Cholesten-3-one ND 1.2 
 0.1 0.36 
 0.04
Cholesterol ND 0.11 
 0.06 0.34 
 0.20
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accumulation, a phenomenon that was also observed for the
M. tuberculosis CYP51B1 enzyme in its substrate-free form
(45, 46).Fig. 3A, inset, shows the time-dependent collapse of
the P450 form to P420 at pH 8, leading to the near-complete
accumulation of the cysteine thiol-coordinated form once
equilibrium is reached. Fig. 3B shows the stabilizing effect of
substrate binding on the thiolate-coordinated CYP142, to the
extent that the P420 form of CYP142 can be converted almost
completely to the P450 state on binding of cholest-4-en-3-one
at pH 8.0. The stabilization of the P450 species is also evident
from the spectrum for the CYP142 Fe2�-CO complex shown
in Fig. 1, where CYP142 pre-bound to cholest-4-en-3-one was
reduced and complexed with CO, leading to an almost com-
plete spectral conversion to the thiolate-coordinated P450
form.
In previous studies of the P450 EpoK from the bacterium

Sorangium cellulosum, Ogura et al. (47) demonstrated “sub-
strate-mediated rescue” of the enzyme, whereby addition of
the substrate epothilone D effected a gradual conversion of
the EpoK Fe2�-CO complex at 422 nm (P420) to 446 nm
(P450), indicating a substrate binding-dependent structural
rearrangement leading to deprotonation of the proximal cys-
teine thiol ligand. In our studies of theM. tuberculosis
CYP51B1 enzyme, binding of the substrate analog estriol de-
creased the rate of the P450-to-P420 “collapse” in this en-
zyme, but it could not prevent altogether a time-dependent
Cys-394 thiolate protonation in this enzyme (46). However,
our data here indicate that substrate-mediated rescue of the
M. tuberculosis CYP142 P420 form can be achieved by bind-
ing of the substrate cholest-4-en-3-one.
In view of the variability of the P450 complex with pH, we

determined the extinction coefficient of the LS, ligand-free
CYP142 using the pyridine hemochromogen method of Berry
and Trumpower (31). This was established as 
418 	 140
mM�1 cm�1 (supplemental Fig. S1).
EPR Spectroscopy of CYP142—To further characterize the

heme coordination in CYP142 and to examine the effects of
binding of substrate- and inhibitor-like molecules, we col-

lected EPR spectra for native CYP142 and for the enzyme
bound to cholest-4-en-3-one and the inhibitor econazole. Fig.
4 shows overlaid X-band EPR spectra for these species. A
characteristic P450 rhombic spectrum was observed in each
case. For the native and econazole-bound forms of CYP142,
spectra were indicative of almost completely LS heme iron.
The ligand-free CYP142 has g values at gz 	 2.40, gy 	 2.23,
and gx 	 1.92, consistent with a LS thiolate-coordinated P450
enzyme and similar to spectra previously reported for the
heme domain of the well studied flavocytochrome P450 BM3
fatty acid hydroxylase enzyme from Bacillus megaterium
(2.42, 2.26, and 1.92) and theM. tuberculosis cholesterol 27-
hydroxylase CYP125 (2.40, 2.25, and 1.94) (18, 48), for exam-
ple. In the CYP142 complex with econazole, the P450 is

FIGURE 3. Carbon monoxide binding to CYP142. A, influence of pH on the CYP142 P450/P420 equilibrium. Figure shows spectra for ligand-free CYP142
(5.1 �M) at pH 7 (dotted line), pH 8 (dashed line), and pH 9 (solid line). The spectral maxima for the P450 and P420 Fe2�-CO species of CYP142 are at �449 and
�421 nm, respectively. Spectra were recorded immediately after introduction of CO to the ferrous enzyme and mixing. Inset shows the progressive spectral
conversion of the CYP142 P450 species to the P420 form at pH 8. The black solid line with maximal absorbance at �450 nm was recorded immediately fol-
lowing formation of the CYP142 Fe2�-CO species. Subsequent gray lines are examples of spectra recorded at 30-min intervals and represent the gradual
collapse of the spectrum to a near-complete P420 form (black solid line with maximal absorbance at �420 nm collected 3.5 h after formation of the Fe2�-CO
species). Arrows show direction of absorbance change with time. B, regeneration of the P450 spectrum on binding cholest-4-en-3-one. Figure shows spec-
trum for the CYP142 Fe2�-CO species (5 �M at pH 8) in the absence of steroid (black solid line with maximal absorbance at �420 nm) and selected subse-
quent spectra (gray solid lines) from a set collected following addition of cholest-4-en-3-one (50 �M) and recorded at �15-min intervals over a period of 510
min. The final spectrum (black solid line with maximal absorbance at �450 nm) was collected at 510 min and has converted to a mainly P450 form with
heme thiolate coordination. The inset shows the time course of A448 increase and A422 decrease following cholest-4-en-3-one addition to CYP142.

FIGURE 4. EPR analysis of CYP142. Upper spectrum, econazole-bound
CYP142 showing formation of two novel ligand-bound species with sets of
g values at 2.53, 2.24, and 1.86 (major) and 2.45, 2.24, and 1.89 (minor), dif-
ferent from those for the ligand-free enzyme (2.40, 2.23, and 1.92) as seen in
the middle panel. The lower panel shows the cholest-4-en-3-one-bound
CYP142. Optical spectra at room temperature show predominantly HS char-
acter, and HS features are retained at 10 K with g values at 7.78, 3.65, and
1.71, although the P450 is mainly LS at this temperature. The derivative at
g 	 3.65 is not shown in the lower panel for cholest-4-en-3-one-bound
CYP142 to enable scaling for direct comparisons of other features between
the three spectra. The full spectrum for cholest-4-en-3-one bound CYP142 is
shown as supplemental Fig. S2.
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mainly converted to two novel species with g values consistent
with changes to the 6th ligand environment of the heme iron.
These species have sets of g values at 2.53, 2.24, and 1.86 (mi-
nor) and at 2.45, 2.24, and 1.89 (major). The former (gz 	
2.53) is consistent with direct coordination by the imidazole
nitrogen from the drug. The other species (gz 	 2.45) could
reflect direct ligation with the imidazole ring in a different
orientation or possibly retention of the 6th aqua ligand with g
values influenced by interactions between the bound water
and the imidazole drug.
In the cholest-4-en-3-one-bound CYP142 sample (Fig. 4

and supplemental Fig. S2), the EPR spectrum is dominated by
LS species with g values identical to that for the substrate-free
CYP142. However, there is also clearly a set of g values associ-
ated with a smaller proportion of HS CYP142 at gz 	 7.87,
gy 	 3.65, and gx 	 1.71, confirming the ability of cholest-4-
en-3-one to induce formation of CYP142 HS heme iron and
demonstrating that some of the HS form is retained even at a
temperature as low as 10 K.
Redox Potentiometry of CYP142—Spectroelectrochemistry

was used to determine the midpoint reduction potential for
the Fe3�/Fe2� transition of the CYP142 heme iron. In the
substrate-free enzyme, the CYP142 Soret signal is blue-shifted
from 418 to �413 nm at maximal reduction with dithionite,
and spectral fitting using the Nernst function indicates the
potential to be �416 
 6 mV versus normal hydrogen elec-
trode. For the cholest-4-en-3-one-bound CYP142, the Soret
shifts from 393 (HS) to 410 nm, suggesting a more complete
conversion to the ferrous form in the substrate-bound en-
zyme. Consistent with this conclusion, the potential is sub-
stantially increased to �192 
 7 mV (supplemental Fig. S3).
The shift in potential of �200 mV is rather greater than ob-
served in previous studies of e.g. P450 BM3 and theM. tuber-
culosis CYP51B1 sterol demethylase, where binding of a sub-
strate or a substrate analog (arachidonic acid and estriol,
respectively) induced positive shifts in heme iron potential of
�130 and �150 mV, respectively, which are considered typi-
cal for a substrate-mediated conversion of a P450 heme iron
from a predominantly LS to a mainly HS form (32, 46). The
origin of the unexpectedly large difference in potential for
substrate-free and cholest-4-en-3-one-bound CYP142 re-
mains uncertain, but it is also of note that hysteretical behav-
ior was observed during redox titration experiments in which
cholest-4-en-3-one-bound CYP142 was successively reduced
(using dithionite) and oxidized (using ferricyanide) in the
presence of mediators (supplemental Fig. S4). Although the
reductive phase exhibited a midpoint potential at approxi-
mately �190 mV, the oxidative phase consistently occurred at
a more negative potential (approximately �295 mV). We hy-
pothesize that CYP142 may occupy different conformational
states in the substrate-bound form (and possibly also in the
substrate-free state) and that such states could influence the
heme environment differently, and thus the redox potential
for its Fe3�/Fe2� couple.

The Soret features for the reduced forms of the substrate-
free and cholest-4-en-3-one-bound CYP142 are at 413 and
410 nm, respectively (reduction by dithionite is not complete
for the substrate-free form, and thus a complete Soret shift to

�410 nm is not observed), and thus retain cysteine thiolate
coordination in both cases. This is rather different from the
behavior of the CO-bound, substrate-free enzyme at neutral
pH, which has an equilibrium mixture of the P450 and P420
forms. This likely indicates that heme thiolate protonation in
the substrate-free CYP142 Fe2�-CO complex is a conse-
quence of CO ligation to the heme iron and not the iron re-
duction per se. This contrasts with the properties of
CYP51B1, where cysteine thiolate protonation is independent
of CO binding as the 6th ligand to the heme iron and where
there is a red shift in the Soret band (from 419 to 423 nm) and
development of strong features in the Q-band region indica-
tive of thiol coordination of the CYP51B1 ferrous heme iron
(46).
Steady-state Kinetics and Product Analysis from CYP142

Assays with Cholesterol and Cholest-4-en-3-one—In light of
the substrate-like binding properties of cholesterol and cho-
lest-4-en-3-one to CYP142, we attempted first to analyze the
rate of turnover by reconstituting the P450 with spFDR and
spFDX and monitoring substrate-dependent NADPH oxida-
tion on addition of the sterols. This redox system was shown
recently to support branched chain fatty acid hydroxylation
byM. tuberculosis CYP124 and cholesterol/cholest-4-en-3-
one oxidation byM. tuberculosis CYP125 (17, 18). Fig. 5
shows a hyperbolic dependence of NADPH oxidation rate on
cholest-4-en-3-one concentration for a 1:10:2 P450/spFDX/
spFDR reaction mixture, with an apparent Km of 3.2 
 0.8 �M

for cholest-4-en-3-one and a kcat of 0.0062 
 0.0004 min�1

following accounting for the background rate of NADPH oxi-
dation in the absence of substrate. In the case of cholesterol,
where some stimulation of NADPH oxidation was also ob-
served for this compound, its lack of solubility in aqueous
buffer prevented accurate determination of catalytic
parameters.
To establish whether the sterol-stimulated NADPH oxida-

tion was coupled to substrate oxidation, organic products de-
rived from extended reactions were analyzed first by HPLC
separation and then by GC-MS. The HPLC profile (Fig. 6A)
shows that under the experimental conditions used, a single

FIGURE 5. Steady-state analysis of cholest-4-en-3-one turnover by
CYP142. A CYP142 cholest-4-en-3-one-oxidizing system was reconstituted
using the spinach ferredoxin reductase/ferredoxin proteins and NADPH, as
described under “Experimental Procedures.” The system was effective in
driving 27-hydroxylation of both cholest-4-en-3-one and cholesterol, and
data for substrate-dependent NADPH oxidation versus cholest-4-en-3-one
concentration were fitted using the Michaelis-Menten equation to provide
parameters of kcat 	 0.0062 
 0.0004 min�1 and Km 	 3.2 
 0.8 �M.
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product was generated from cholesterol when the E. coli
FLDR/FLD redox partner system was used. Therefore, the
enzyme assay was repeated and analyzed by GC-MS. A com-
parison of the fragmentation pattern of the TMS product with
the TMS ether of authentic 27-hydroxycholesterol indicates
that the product is 27-hydroxycholesterol (Fig. 6C and sup-
plemental Figs. S5B and S6B). This is the same product as
observed in our previous studies of the enzymatic transforma-
tion of cholesterol byM. tuberculosis CYP125 (18). In con-
trast, use of the spFDX/spFDR redox partner system under
identical conditions produced a major cholesterol metabolite
distinct from 27-hydroxycholesterol that was assigned as

5-cholestenoic acid (3�-hydroxy-5-cholesten-27-oic acid, the
C27 carboxylic acid derivative of cholesterol), based on HPLC
and GC-MS analyses and comparison with the methyl ester-
TMS ether of the authentic 5-cholestenoic acid (Fig. 6B and
supplemental Fig. S5A and Fig. S6A). A similar result was ob-
tained with cholest-4-en-3-one as the substrate, with the ma-
jority of the substrate converted to a different single product
dependent on whether the E. coli FLDR/FLD or spinach
spFDX/spFDR redox partner systems were used. These were
assigned to 27-hydroxycholest-4-en-3-one and cholest-4-en-
3-one-27-oic acid (3-keto-4-cholestene-27-oic acid), respec-
tively, with reference to the similarities in product profiles

FIGURE 6. CYP142 oxidation of cholesterol. A, HPLC separations of the extracts from the CYP142 incubations with 2 nM [3H]cholesterol (room temperature
for 17.21 min) and spinach (spFDX/spFDR, solid line) or E. coli (FLDR/FLD, dashed line) redox partner systems. The products were almost exclusively 5-chole-
stenoic acid (room temperature for 8.34 min, solid line) and 27-hydroxycholesterol (room temperature for 9.59 min, dashed line), respectively. B, mass spec-
trum of the major product from the incubation with the spinach redox system following GC separation, showing key peaks at m/z values 	 373, 412, and
502 that are diagnostic of the methyl ester-TMS ether of the 5-cholestenoic acid (27-COOH) product. C, mass spectrum of the major product from the incu-
bation with the E. coli redox system following GC separation, showing key peaks at m/z values 	 417, 456, and 546 that are diagnostic of the TMS ether of
the 27-hydroxycholesterol product.
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and the relevant retention times in comparison with the
HPLC analysis of cholesterol oxidation products (Fig. 6 and
supplemental Fig. S7). There was no evidence for formation of
an aldehyde intermediate formed in our studies of cholesterol
or cholest-4-en-3-one conversion by CYP142 using spFDX/
spFD redox partners. We thus favor a concerted three-step
oxidation of these substrates to the 27-acids, consistent with
data for CYP125 supported by these partners (25).
Crystal Structure of Substrate-free CYP142—The crystal

structure of substrate-free CYP142 was obtained to a resolu-
tion of 1.6 Å using molecular replacement withM. tuberculo-
sis CYP124 as a search model (PDB code 2XKR, Table 1) (17).
The final CYP142 model reveals a fold typical of the P450 en-
zyme, but it displays its own unique conformation of the vari-
ous structural elements involved in active site formation. The
overall fold of CYP142 is similar to that ofM. tuberculosis
CYP124 as well as to the cholesterol-metabolizing CYP125
(18), and the CYP142 structure can be superimposed with a
root mean square deviation of 1.74 Å over 308 C� atoms on
CYP124 (PDB code 2WM5) and a root mean square deviation
of 1.85 Å over 296 C� atoms on CYP125 (PDB code 3IVY)
(Fig. 7A) (17, 25). Extensive differences occur in the confor-
mation of the FG-loop, the orientation of the F- and G-heli-
ces, as well as the extended loop region that connects the B-
and C-helices. CYP142 furthermore lacks the extended loop
region connecting the �1 and �2 strands in CYP124/125 and
that interacts with other active site loops from the latter
enzymes.
Despite the differences in active site loop conformations,

CYP142 and CYP125 share a similar active site topology, with
a similar letterbox-shaped entry-exit channel formed by the
FG-loop, the BC-loop and the I-helix N-terminal region (Fig.
7B). This channel, which is lined by predominantly hydropho-
bic residues, curves upwards away from the heme. In contrast,
the CYP124 entry-exit channel is located virtually perpendic-
ular to the heme plane and is formed by FG- and BC-loops in
addition to the �1-�2-loop region. However, the CYP142 dis-
tal heme pocket is highly similar to that of CYP124, with most
residues involved in formation of this part of the active site
being conserved in identity and position. A similar overlay
with CYP125 clearly reveals a much lower degree of similarity
between these P450s in the distal pocket region, despite their
apparently identical catalytic activities (Fig. 7C). Of particular
note in the structural overlay of CYP142 with CYP124 is the
close positioning of the conserved residues Leu-226
(CYP142)/Leu-263 (CYP124), Ile-76/Ile-111, Ile-65/Ile-94,
Met-280/Met-318, Val-277/Val-315, and Phe-380/Phe-416.
With the exception of the Val-277 (CYP142)/Val-313
(CYP125) residue pair, those CYP142 amino acids closely
overlaid with their counterparts in CYP124 are either re-
placed by different amino acids in CYP125 or display altered
conformations of side chains where the amino acid is con-
served (Fig. 7C). However, in both overlays, the retention of a
conserved threonine (Thr-234 in CYP142) is clear. This I-he-
lix residue is likely important in active site water organization
and/or protonation of, or hydrogen bonding to, an iron-hy-
droperoxy intermediate in the P450 cycle (compound 0) to
enable dioxygen scission and catalysis (44–46).

The CYP142 active site contains a narrow and continuous
stretch of electron density that cannot be accounted for by
protein or solvent atoms and could be observed in all crystals.
The density appears to correspond to a long and narrow mol-
ecule, whose terminus approaches close to the heme iron and
occupies space overlapping that for the water distal ligand.
We have therefore modeled this molecule as a partially or-
dered PEG derived from the mother liquor, with the oxygen
of its terminal alcohol group close to the 6th ligand position
on the heme iron (supplemental Fig. S8).
Cholesterol was docked using soft restrained dynamics

docking (42) into the CYP142 active site, using the funnel
formed by the FG- and BC-loops as the access channel. The
substrate was docked with the cholesterol alkyl chain pointing
to the heme, in accordance with the observed enzyme activity,
and similar to data for CYP125 (18). During molecular dy-
namics, it was necessary to allow a reorientation of the back-
bone CYP142 coordinates from the conformation observed in
the crystal structure to allow the docking to converge. This
resulted in a minor reorientation of the FG-loop to avoid a
clash of the Leu-163 side chain with the cholesterol steroid
moiety. Unlike with CYP125, two (rather than one) conforma-
tions of the docked cholesterol were obtained, both equal in
stabilization energy (�56.3 and �57.6 kcal/mol, respectively).
In both cases, the cholesterol is deeply buried in the
CYP142 active site, surrounded by several hydrophobic
residues, identified in Fig. 8. The main difference between
these conformations is the relative position that the tetra-
cyclic portion of the cholesterol lies between the FG- and
BC-loop regions. In contrast to the large difference in cho-
lesterol conformation, the CYP142 structures are very sim-
ilar for both the cholesterol-CYP142 complexes. Regardless
of the exact position of the tetracyclic ring, both structures
reveal the close proximity of C27 to the heme iron (as ob-
served with CYP125).

DISCUSSION

Studies by van der Geize et al. (20) highlighted a large gene
cluster in Rhodococcus sp. strain RHA1 involved in choles-
terol uptake/metabolism and reported that 51 of these genes
that are specifically expressed during RHA1 growth on cho-
lesterol are also conserved in an 82 gene cluster found in both
M. tuberculosis H37Rv andM. bovis BCG.M. tuberculosis
H37Rv and CDC1551 strains were then both shown to grow
using cholesterol as a carbon source, as wasM. bovis BCG (19,
25). The CYP125 gene lies in this cluster and also within the
M. tuberculosis H37Rv igr locus required for bacterial viru-
lence and growth in the macrophage. Our group and others
characterized the CYP125 P450, showing it to be a 27-hydrox-
ylase of both cholesterol and cholest-4-en-3-one (18, 19, 25)
and likely enabling an early and obligate step in cholesterol
metabolism in mycobacteria and Rhodococcus strains that
precedes cholesterol ring oxidation (49). Capyk et al. (19)
showed that althoughM. bovis BCG grew on cholesterol, the
BCG CYP125 deletion strain did not, unless complemented by
another CYP125 copy. However, theM. tuberculosis H37Rv
�CYP125 strain still grew on cholesterol, suggesting a com-
pensatory cholesterol 27-hydroxylase activity in this strain.
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The BCG �CYP125 strain also failed to grow on cholest-4-en-
3-one, and this molecule inhibited the growth of the strain,
suggesting this molecule is also a potential substrate in vivo

and likely accumulates in this strain due to action of the 3�-
hydroxysteroid dehydrogenase and/or cholesterol oxidase
enzymes on cholesterol (19).

FIGURE 7. Structural features of CYP142. A, overlay of CYP142 with CYP124 (left panel) and with CYP125 (right panel). The �1-�2-loop, BC-loop, and the FG-helices
are colored blue (CYP142), red (CYP124), and green (CYP125), respectively. B, solvent-accessible surface of CYP124 (left), CYP142 (middle), and CYP125 (right), with
color coding as in A. The arrow indicates the access site entry for CYP124, which is not directly visible in this orientation. In case of CYP142 and CYP125, the access
channel can be readily identified by the direct view onto the heme cofactor. C, overlay of the CYP142 distal heme pocket (residues in blue) with CYP124 (left panel;
in red) and CYP125 (right panel; in green). CYP124 and CYP125 substrates (phytanic acid and cholest-4-en-3-one) are also shown in the respective overlays.
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Recently, Ouellet et al. (25) examined the genetics of theM.
tuberculosis CDC1551 strain, reporting that the �CYP125
strain accumulated cholest-4-en-3-one that was toxic to the
cells. They concluded that theM. tuberculosis CDC1551
CYP125 was involved in detoxification of cholest-4-en-3-one
by 27-hydroxylation, leading to its breakdown. An increase in
mass of the virulence factor phthiocerol dimycocerosate in
WTM. tuberculosis CDC1551 cells (but not in the �CYP125
strain) grown on cholesterol was consistent with the role of
CYP125 in breakdown of the cholesterol side chain and its
incorporation into phthiocerol dimycocerosate by an in-
creased metabolic flux of methylmalonyl-CoA via propionyl-
CoA (25, 50).
In searching for an alternative cholesterol oxidase to ex-

plain the inability of theM. bovis BCG �CYP125 strain to
grow on cholesterol (although �CYP125 M. tuberculosis
strains can grow), we noted thatM. tuberculosis H37Rv has a
further CYP gene outside the igr region. We considered that
CYP142 (the Rv3518c gene product) might also oxidize cho-
lesterol, cholest-4-en-3-one, or breakdown products from
these molecules. This led us to clone and express the enzyme
for biochemical and structural analysis. Further data support-
ing the hypothesis also came from comparative analysis of the
genome sequences ofM. tuberculosis H37Rv/CDC1551 and
M. bovis/M. bovis BCG. InM. tuberculosis strains, the CYP142
gene is intact, encoding a 397-amino acid protein of
44,267-Da predicted mass. InM. bovis strains, a single nucleo-
tide deletion (C591) results in a premature stop codon prior
to the heme-binding region, resulting in an inactive 205-
amino acid CYP142 apoprotein.
Data presented in this paper are consistent with our hy-

pothesis, identifying CYP142 as a second cholesterol 27-hy-
droxylase and a likely compensatory enzyme in absence of
CYP125 function. CYP142 is distinct from CYP125 in being a
LS heme iron P450, rather than being extensively HS (due to
the conformation of the Val-267 side chain in CYP125 and its
influence on the occupancy of the distal water ligand) (18).

Binding of cholesterol and cholest-4-en-3-one to CYP142 is
thus straightforward to observe by UV-visible spectroscopy
(see Fig. 2) based on a substantial Soret LS to HS shift from
418 to 393 nm, concomitant with a large increase in heme
iron Fe3�/Fe2� potential that favors electron transfer from
redox partners.
CYP142 is driven by heterologous redox partners from

spinach (spFDX/spFDR) to produce 5-cholestenoic acid from
cholesterol, whereas E. coli FLDR/FLD partners generate 27-
hydroxycholesterol (Fig. 6 and supplemental Fig. S5). The
same outcome occurs with cholest-4-en-3-one as the sub-
strate (supplemental Fig. S7). In previous studies of CYP125,
the 27-alcohol was formed exclusively using either FLDR/FLD
orM. tuberculosis KshB (a ketosteroid 9�-hydroxylase reduc-
tase) as redox partners in cholesterol and cholest-4-en-3-one
transformations (18, 51), but spFDR/spFDX partners enabled
cholest-4-en-3-one-27-oic acid formation from cholest-4-en-
3-one (25). The differences in CYP142 product formation
may be explained (at least in part) by the greater driving force
for electron transfer to the CYP142 heme from the spFDX,
the standard potential of which has been measured at �428
mV, pH 7.0, and at �420 mV, pH 8.4 (52, 53). Although elec-
tron transfer from the E. coli FLD hydroquinone may also be
strongly favored (E� 	 �433 mV), under in vitro assay condi-
tions the electron transfer may be mainly from the FLD
semiquinone, a weaker reductant (E� 	 �254 mV) (54). Al-
though 5-cholestenoic acid is a likely product of successive
oxidations of cholesterol by CYP142/CYP125 to facilitate
cholesterol breakdown, it is important to consider that the
27-hydroxycholesterol product has functions such as regulat-
ing macrophage differentiation and cholesterol homeostasis,
modulating estrogen receptor structure (with positive control
over gene transcription and cellular proliferation in breast
cancer cell models), and regulating cholesterol uptake and
metabolism (19, 55–58). In the latter case, liver X receptors
are activated by oxysterol ligands to regulate expression of
genes involved in fatty acid and cholesterol metabolism (57).

FIGURE 8. Models of the CYP142:cholesterol complex. An overlay of the active site of the CYP142 crystal structure (in gray) with both the modeled cho-
lesterol-CYP142 complexes (green). The images in the left and right panels show the two different docked conformations of cholesterol defined in the mod-
eling studies. Key residues contacting the cholesterol tetracyclic ring are shown in atom colored sticks, with the docked cholesterol molecule depicted in
cyan. The largest differences in protein structure occur in the FG-loop region. Both models indicate that the terminal part of the cholesterol side chain ap-
proaches the heme iron, consistent with the observed cholesterol 27-oxidation reactions observed for CYP142.
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Thus, there are clearly possibilities for modulation of host
metabolism and immune response ofM. tuberculosis through
generation of 27-hydroxycholesterol by CYP142/CYP125.
This is in addition to energy generation from cholesterol that
likely initiates by formation of the 5-cholestenoic acid prod-
uct. Potentially, formation of 5-cholestenoic acid or 27-hy-
droxycholesterol products might be favored by differentM.
tuberculosis redox partner systems, and we are currently in-
vestigating interactions of various putativeM. tuberculosis
redox partners with CYP142 and otherM. tuberculosis P450s.
CYP142 has little apparent affinity for various lipids and

fatty acids, including ones that bind to CYP124 (17). Lauric
acid does not induce a reverse type I optical change in HS
cholest-4-en-3-one-bound CYP142, suggesting low affinity of
the fatty acid for this P450 (data not shown). Despite this, the
CYP142 crystal structure reveals certain structural aspects
that are more akin to those of theM. tuberculosis branched
chain fatty-acid oxidase CYP124, although others are similar
to those observed in the CYP125 crystal structure (Fig. 7) (17,
18). Because the substrate specificity and reaction product of
CYP142 are similar to that for CYP125, it is interesting to
note that the active site topology of both enzymes bears sig-
nificant resemblance. Despite this, the CYP142 region directly
involved in controlling the P450 oxidation chemistry, i.e. in
the distal heme pocket, is remarkably similarly to that of
CYP124 (Fig. 7C). CYP124 oxidizes terminally methylated
fatty acids, and an overlay of the substrate-bound CYP124
structure with CYP142 reveals near-identical active site con-
formations. Cholesterol has a terminally methylated alkyl por-
tion similar to methylated fatty acid substrates of CYP124. It
thus seems likely that CYP142 catalyzes a similar oxidation to
CYP124, albeit on a different substrate. The difference in sub-
strate specificity between the CYP142/CYP124 P450s may be
a consequence of the altered shape of their respective active
sites. An overlay of CYP142 with the cholest-4-en-3-one-
CYP125 complex (PDB code 2X5W) (25) reveals that the
CYP142 active site can easily accommodate a cholesterol-type
substrate in a similar orientation. However, from available
CYP124 structures, it seems unlikely cholesterol can bind in
this particular confirmation, due to the noncomplementary
shape of the entry channel to the active site (contrary to ob-
servations made for cholesterol binding in the CYP142 model
and the CYP125 complex structure). However, this does not
rule out an induced-fit reorganization of CYP124 upon cho-
lesterol binding. Such a reorganization does not occur to any
significant extent in CYP125, where the active site is largely
preformed. In addition, our modeling (Fig. 8) suggests only a
minor structural rearrangement is required to accommodate
cholesterol in CYP142. However, on the basis of biphasic ki-
netics of binding of NO to CYP142, the presence of different
conformational states of CYP142 was predicted (24).
These comparisons point to evolutionary relationships be-

tween the threeM. tuberculosis P450s, and pairwise align-
ments of the protein sequences using the ClustalW program
indicate higher similarity between CYP124/CYP125 (40.7%
identity over 428 residues) than between CYP124/CYP142
(35.5% identity over 392 residues) or CYP125/CYP142 (28.0%
identity over 397 residues). The closer relationship between

CYP124/CYP125 is consistent with our previous work show-
ing phylogenetic relationships within theM. tuberculosis P450
enzyme group (59). Thus, structural analysis (at both the
amino acid sequence and tertiary structure levels) provides
further hints toward commonality in function and evolution-
ary origin among theseM. tuberculosis P450s.
In conclusion, we provide structural and biochemical char-

acterization ofM. tuberculosis CYP142, a 27-oxidase of cho-
lesterol and cholest-4-en-3-one with likely roles in cholesterol
catabolism and modulation of host responses and cholesterol
homeostasis, according to whether CYP142 catalyzes the
three-step oxidative transformation to the 27-acid (via 27-
alcohol and 27-alkanal) or 27-hydroxylation in a single P450
turnover. The product outcome is sensitive to the redox part-
ner, raising the possibility of another level of regulation of
CYP142 activity according to cellular requirements. CYP142
activities provide an explanation for the inability of �CYP125
strains ofM. bovis andM. bovis BCG strains to grow on cho-
lesterol, given that the CYP142 gene is mutated in these
strains. Structural data point to intriguing (and likely ancient)
evolutionary relationships between CYP142, CYP125, and
CYP124 and also provide further key data in unraveling the
roles of these P450s in the complex biology of the human
pathogenM. tuberculosis.
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