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Summary

The infectivity and persistence of Mycobacterium
tuberculosis requires the utilization of host cell
cholesterol. We have examined the specific role of
cytochrome P450 CYP125A1 in the cholesterol degra-
dation pathway using genetic, biochemical and high-
resolution mass spectrometric approaches. The
analysis of lipid profiles from cells grown on choles-
terol revealed that CYP125A1 is required to incor-
porate the cholesterol side-chain carbon atoms
into cellular lipids, as evidenced by an increase in
the mass of the methyl-branched phthiocerol dim-
ycocerosates. We observed that cholesterol-exposed
cells lacking CYP125A1 accumulate cholest-4-en-3-
one, suggesting that this is a physiological substrate
for this enzyme. Reconstitution of enzymatic activity
with spinach ferredoxin and ferredoxin reductase
revealed that recombinant CYP125A1 indeed binds
both cholest-4-en-3-one and cholesterol, efficiently
hydroxylates both of them at C-27, and then further
oxidizes 27-hydroxycholest-4-en-3-one to cholest-4-
en-3-one-27-oic acid. We determined the X-ray struc-
ture of cholest-4-en-3-one-bound CYP125A1 at a
resolution of 1.58 A. CYP125A1 is essential for growth
of CDC1551 in media containing cholesterol or
cholest-4-en-3-one. In its absence, the latter com-
pound is toxic for both CDC1551 and H37Rv when
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added with glycerol as a second carbon source.
CYP125A1 is a key enzyme in cholesterol metabolism
and plays a crucial role in circumventing the delete-
rious effect of cholest-4-en-3-one.

Introduction

Mycobacterium tuberculosis is a successful pathogen that
latently infects nearly one-third of the world’s population
and causes about 2 million deaths annually. M. tubercu-
losis has again become a global threat due in part to the
appearance of extremely drug-resistant strains that are
virtually untreatable (World Health Organization, 2009).
This makes the development of new therapeutics highly
desirable, which requires the discovery and characteriza-
tion of new mycobacterial targets.

The persistence mechanisms that allow M. tuberculosis
to adapt and replicate in the hostile and nutrient-limited
environment of the phagosome-like compartment of
macrophages remain largely unknown. One persistence
mechanism of M. tuberculosis is its ability to respond to
oxygen deprivation by activating the devS/devR regulon
(Sherman et al.,, 2001; Voskuil et al., 2004). lts ability to
persist also depends on the ability of mycobacteria to use
nutrients from the host. M. tuberculosis is known to switch
its metabolic pathways to lipids rather than carbohydrates
during infection (Schnappinger et al., 2003; Boshoff and
Barry, 2005a,b). Sequencing of the M. tuberculosis
genome revealed at least 250 genes predicted to be
involved in lipid metabolism (Cole et al., 1998), some of
which have been shown to be required for infection
(Munoz-Elias and McKinney, 2005; Brzostek et al., 2007;
2009; Chang et al.,, 2007; 2009; Yam et al., 2009; Hu
etal., 2010).

Numerous M. tuberculosis genes required for survival in
macrophages were identified by the screening of transpo-
son mutants that failed to grow within primary macroph-
ages (Rengarajan et al., 2005). Among these genes an
operon, named igr for intracellular growth, was shown to
be required for growth in macrophages and mice (Chang
et al,, 2007). The six genes of the igr operon (Fig. 1A),
consisting of a cytochrome P450 (cyp125AT1), two
acyl-CoA dehydrogenases (fadE28 and fadE29), two
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Fig. 1. Inactivation of cyp125A1 and growth characteristics.

A. Schematic representation of the igr operon consisting of
cyp125A1 and five other genes before and after insertion of the
hyg resistance gene in cyp125A1.

B. Southern blot of EcoRlI-digested genomic DNA showing the
hybridizing fragment of WT (1.5 kb) and of two cyp125A1 deletion
mutants, HO1 and HO2 (5.5 kb).

C. Representative growth curves are shown of WT (circle),
Acyp125A1 (HO1, square) and Acyp125A1/cyp125A1 (HO11,
diamond) strains on minimal media containing glycerol (open
symbols) or cholesterol (filled symbols). The growth was monitored
by measuring the absorbance at 600 nm as a function of time.

conserved hypothetical proteins (Rv3541-2c) and a puta-
tive lipid carrier protein (/tp2), are predicted to play roles in
lipid metabolism. The orthologues of these genes were
also identified as part of a large genomic cluster required
for the growth of Rhodococcus jostii RHA1 on cholesterol
(Van der Geize et al., 2007). The participation of the igr
operon in cholesterol metabolism in M. tuberculosis was
reported (Chang etal, 2009) and a C27-steroid
monooxygenase activity for CYP125A1 in vitro was very
recently demonstrated (Capyk et al., 2009; McLean et al.,
2009).

In this work, we addressed the role of CYP125A1 in the
metabolism of cholesterol in M. tuberculosis CDC1551
cells. We used a mycobacteriophage-based transduction
method to produce a deletion strain that was characterized
with respect to both growth and cholesterol transformation
and incorporation using high-resolution mass spectrom-
etry. The enzymatic activities were reconstituted in vitro
using heterologously expressed and purified CYP125A1,
and the reaction products were identified. The novelty of
this work includes: (i) identification of aldehyde and car-
boxylic acid derivatives among the products of the catalytic
reaction, (ii) characterization of the cellular role of
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CYP125A1 in alleviation of the cholest-4-en-3-one toxicity
in M. tuberculosis CDC1551 cells, and (iii) determination of
the first X-ray structure of the CYP125A1-substrate
complex using cholest-4-en-3-one as the substrate.

Results

CYP125A1 is essential for growth of M. tuberculosis
CDC1551 on cholesterol

In order to determine whether CYP125A1 is required for
growth on cholesterol, we produced a gene knockout in
the clinically relevant M. tuberculosis CDC1551 strain.
The H37Rv strain has been passaged for many decades
outside of the human host. Thus, the relevance of this
strain to clinical isolates has been questioned (Fleis-
chmann et al., 2002), and there are concerns that this
may have attenuated its virulence in humans (Jacobs
etal, 1996). In contrast, CDC1551 is a recent clinical
isolate that was responsible for an outbreak of tuberculo-
sis in the USA in 1995 (Valway et al., 1998). Although
CDC1551 was shown to induce a more vigorous host
response in vivo and in vitro, it is not more virulent than
other clinical isolates (Manca et al., 1999).

The disruption of cyp125A1 by deletionin CDC1551 was
confirmed by Southern blot analysis. As expected for allelic
exchange mutants clones were found to present a single
hybridizing EcoRI fragment of 5.5 kb, whereas wild type
(WT) gave a 1.5 kb fragment (Fig. 1B). The longer hybrid-
izing EcoRI fragment resulted from the addition of the hyg
gene and the loss of an internal EcoRl site. The cyp125A1
knockout strain used in this study was named HO1.

The growth of the WT and knockout strains was tested
in minimal media containing glycerol or cholesterol as a
sole source of carbon. As shown in Fig. 1C, all strains
exhibited identical growth curves with glycerol. However,
HO1 cells failed to grow in the presence of cholesterol,
whereas the growth of the WT strain was slightly better
than with glycerol. Finally, the growth phenotype on cho-
lesterol for the HO1 cells could almost be completely
reversed when a single copy of the cyp125A1 gene was
integrated into the chromosome. The complemented
strain was named HO11.

Incorporation of cholesterol into methyl-branched lipids

Using a mass spectrometric approach to simultaneously
monitor hundreds of lipids, it was recently discovered that
the size and abundance of two methyl-branched contain-
ing lipid virulence factors, phthiocerol dimycocerosate
(PDIM) and sulpholipid-1, are controlled by the availability
of a common precursor, methylmalonyl CoA (Jain et al.,
2007; Yang et al., 2009). M. tuberculosis was shown to
use odd-chain fatty acids and to degrade cholesterol to

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 77, 730-742
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Fig. 2. Mass spectrometric analysis of PDIM extracted from the
WT, HO1 and HO11 strains. Cells were incubated with glycerol,
cholesterol or heptadeuterated-cholesterol for 24 h in 7H9 medium
supplemented with 0.5% bovine serum albumin, 0.085% NaCl and
0.05% Tween-80. Apolar lipids were prepared and monitored by
LTQ-FT/MS as described in Experimental procedures. Addition of
cholesterol leads to an increase in the mass of the PDIM.

generate a high metabolic flux of methylmalonyl CoA via
the formation of propionyl-CoA. We therefore used the
mass of PDIM as a measure of the incorporation of cho-
lesterol into HO1 cells. The WT, HO1 and HO11 strains
were incubated for 24 h in liquid 7H9 medium supple-
mented with glycerol or cholesterol. The apolar lipids were
extracted and analysed by LTQFT/MS. As shown in Fig. 2,
an increase in the average mass of the PDIM was
observed in the WT and the complemented strains,
whereas no shift was observed in HO1 cells. When WT
cells were incubated with heptadeuterated cholesterol, in
which the hydrogen atoms of side-chain positions C-25 to
C-27 are replaced with deuterium, the labelled portion of
the side-chain was incorporated into PDIM, as evidenced
by a further increase in their average mass. As expected
from the study by Jain et al. (2007), incubation with pro-
pionic acid also resulted in an increased mass of PDIM in
both WT and HO1 (data not shown), ruling out the possi-
bility that the lack of incorporation of the cholesterol side-
chain was due to a problem in PDIM biosynthesis in
HO1 cells. Altogether these results demonstrate that
CYP125A1 is essential for degradation of the cholesterol
side-chain, generating most likely a higher metabolic flux
of methylmalonyl CoA.

A cholesterol-derived metabolite accumulates in
HO1 cells

Lipidomic experiments revealed that a metabolite with an
m/z value of 385.35 accumulated to a greater extent in

HO1 cells than in the WT strain. In order to identify this
metabolite and to determine its relative concentration in the
two strains, we separately incubated WT cells with choles-
terol and HO1 cells with heptadeuterated cholesterol, and
vice versa. The apolar lipids extracted from the different
incubations were co-infused as 1:1 mixtures into the
LTQFT/MS instrument. Approximately 40 times more
cholesterol-derived metabolite with an m/zvalue of 392.39,
corresponding to the heptadeuterated form of the
385.35-mz metabolite, accumulated in the HO1 cells
(Fig. 3A, top panel). Conversely, the metabolite (385.35-
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Fig. 3. Accumulation of a cholesterol-derived metabolite in M.
tuberculosis cells.

A. Co-injection (1:1) of apolar lipid extracts prepared from WT and
HO1 cells incubated with cholesterol and heptadeuterated-
cholesterol, respectively (top panel), and vice versa (bottom panel).
The m/z value for the non-deuterated metabolite is 385.35, while
that of the corresponding heptadeuterated metabolite is 392.39.

B. HPLC traces showing absorbance at 240 nm versus time for
separation of crude apolar lipids extracted from HO1 cells grown on
cholesterol and of authentic cholest-4-en-3-one as a reference. The
retention time for the major peak was ~24.2 min. The traces for
separation of crude apolar lipids extracted from WT and HO1 cells
grown on heptadeuterated cholesterol are offset for clarity.

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 77, 730-742
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Fig. 4. Binding of cholest-4-en-3-one and cholesterol to recombinant CYP125A1.
A. Absolute Soret region absorption spectrum of CYP125A1 protein (12.95 uM haem) in its resting (thin line), cholest-4-en-3-one (dashed line)

cholesterol-bound (thick line) forms.

B and C. The concentration dependence of ligand binding was deduced from the difference absorption changes obtained from the titration of
protein (10 uM P450) with increasing concentrations of cholest-4-en-3-one (B) and cholesterol (C). Representative sets of the difference
spectra that were recorded are shown in the insets. Spectrophotometric titrations were carried out as described in Experimental procedures.

m/z) accumulated to a greater extent in cholesterol-grown
HO1 cells, but the 392.39-m/z heptadeuterated metabolite
was easily detected in the WT cells (Fig. 3A, middle panel),
suggesting that the side-chain degradation activity is
subject to an isotope effect.

The m/z value of the 385.35 metabolite suggested that
the 3-OH group was converted into a keto group because,
in contrast to the hydroxyl group of cholesterol, it was not
readily eliminated as a molecule of water during ionization.
Thus, the metabolite was most likely cholest-5-en-3-one
and/or cholest-4-en-3-one. In order to differentiate these
possibilities, we isolated the cholesterol-derived metabo-
lite by resolving the apolar lipid fraction extracted from M.
tuberculosis cells exposed to cholesterol by reverse-phase
HPLC. The conjugated ketone present in cholest-4-en-3-
one has significant absorbance at 240 nm, facilitating
detection of this candidate, while the presence of cholest-
5-en-3-one was monitored at 210 nm. A single metabolite
absorbing at 240 nm and co-eluting with authentic cholest-
4-en-3-one was obtained in all tested extracts (Fig. 3B).
Notably, the amount of the metabolite measured in each
extract matched very well with what we observed by mass
spectrometry. The corresponding chromatographic frac-
tions were collected, extracted, and the identity of the
metabolite was confirmed by LTQFT/MS and UV-vis spec-
troscopic comparisons with authentic cholest-4-en-3-one
(Fig. S1). Thus, the substantial cellular accumulation of
cholest-4-en-3-one in HO1 cells suggests that this com-
pound is a physiological substrate for CYP125A1.

CYP125A1 binds and catalyses the monooxygenation
of cholest-4-en-3-one at C-27

Recombinant CYP125A1 was expressed in Escherichia
coliand the spectral properties of the purified protein were

as reported previously (Capyk et al., 2009; McLean et al.,
2009; Ouellet etal., 2009). CYP125A1 displayed the
spectral properties of a ferric P450 with most of the haem
iron (~70%) in a high spin state with a Soret band at
390 nm (Fig. 4A). The binding of a substrate-like molecule
to P450 enzymes typically results in a type-I shift (transi-
tion from low spin to high spin) of the Soret band, as a
result of the displacement of the water molecule
co-ordinated to the haem iron. Cholest-4-en-3-one pre-
pared in ethanol caused significant type-l spectral
changes upon addition to CYP125A1. To solubilize the
more hydrophobic cholesterol, 10% (w/v) B-methyl cyclo-
dextrin (MBCD) was used. When both cholest-4-en-3-one
and cholesterol stock solutions at 5 mM were prepared in
10% (w/v) MBCD, the addition of cholest-4-en-3-one to
CYP125A1 resulted in the virtually complete conversion
to the high-spin form, while a partial conversion was
recorded with cholesterol (Fig. 4A). The Kp values for both
steroids were obtained from the spectral titration curves
(Fig. 4B and C). The titration plots were best fitted to a
quadratic equation for tight binding (Eqg. 1, see Experi-
mental procedures) with Kp values of 1.18 = 0.11 and
0.107 = 0.064 uM for cholest-4-en-3-one and cholesterol
respectively.

The enzymatic activity was reconstituted in vitro using
the heterologous electron donor partners, spinach fer-
redoxin and ferredoxin reductase, and an NADPH-
regenerating system. We observed the oxidation of both
cholest-4-en-3-one and cholesterol after 20 min of incu-
bation with CYP125A1, as judged by the appearance of a
new peak in the GC chromatogram (Fig. 5). The relative
retention times and mass spectra were consistent with
production of the C-27 hydroxylated forms of cholest-4-
en-3-one and cholesterol. The assignment of the products
was based on comparison with authentic samples, which

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 77, 730-742
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exhibit characteristic mass spectra with diagnostic peaks
(Figs S3 and S4). At a substrate concentration of 50 uM,
the rates of catalytic conversion of cholest-4-en-3-one
and cholesterol were 9.2 and 1.95 nmol min~' nmol
CYP125A1 respectively. Addition of the non-ionic deter-
gent Tween-20 was previously shown to increase the
enzymatic activity of the human P450 isoform CYP7A1

Fig. 5. Oxidation of cholest-4-en-3-one and cholesterol by
CYP125A1. Offset GC traces for incubation of cholest-4-en-3-one
(top and bottom panels) or cholesterol (middle panel) with
CYP125A1 in reconstituted enzymatic activity assays. For the top
and middle panels, the reactions were performed in the presence
of 0.45% (w/v) MBCD, while that of the bottom panel was
performed in the presence of 0.05% (v/v) Tween-20. The peak
labelled S corresponds to the substrate cholest-4-en-3-one or
cholesterol. The peaks labelled -CH,OH, -CHO and -COOH
correspond to the products 27-hydroxy cholest-4-en-3-one, 27-al
cholest-4-en-3-one TMS ethers and 27-carboxylic acid
cholest-4-en-3-one TMS ester (after derivatization for GC-MS)
respectively. The inset of the bottom panel is a ~5x enlargement of
product peaks region.

towards cholesterol (Mast et al., 2005). When Tween-20
was substituted for MBCD, we observed comparable
CYP125A1 activity for cholest-4-en-3-one, but no activity
with cholesterol. Moreover, the presence of Tween-20
resulted in the appearance of three new peaks in the GC
chromatogram (Fig. 5, bottom panel). The relative reten-
tion times and mass spectra were consistent with produc-
tion of the 27-hydroxycholest-4-en-3-one and subsequent
oxidation to the cholest-4-en-3-one-27-oic acid via the
aldehyde cholest-4-en-3-one-27-al. The assignment of
the two other oxidation products was based on analysis
of their mass spectra, which exhibit diagnostic peaks
(Figs S5-57).

Overall structure of cholest-4-en-3-one-bound
CYP125A1

The X-ray structure of the CYP125A1-cholest-4-en-3-
one complex was determined to a resolution of 1.58 A.
Electron density for the substrate is unambiguously
defined revealing a tightly shaped binding tunnel (Fig. 6)
with 15 residues surrounding cholest-4-en-3-one within
4 A: F100, 1104, D108, Q112, V115, L117, M200, P213,
K214, S217, V263, V267, A268, T272 and W414
(Fig. 7). An additional eleven residues, 157, 1109, V111,
N118, T201, N203, D212, F260, M264, V313 and F316
are within 6 A. Cholest-4-en-3-one aligns in the tunnel
with the aliphatic side-chain facing the distal surface of
the haem prosthetic group and the 3-keto group pointing
towards the protein surface (Fig. 6). The tunnel narrows
down towards the catalytic site to tightly enclose the ali-
phatic side-chain of cholest-4-en-3-one. Overall, the
tunnel is extremely narrow in one dimension (Fig. 6A)
but allows more space in the plane of the tetracycle
(Fig. 6B). Binding of cholest-4-en-3-one caused confor-
mational changes which are largely due to repositioning
of the N-terminal portion of the I-helix and the H-helix to
enclose the substrate in the active site. Upon substrate
binding, the N-terminal portion of the I-helix bends to
make hydrophobic contacts with the cholest-4-en-3-one
molecule. The conformational adjustments resulted in an

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 77, 730-742
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rm.s.d. of 0.78 A between the ligand-free and ligand-
bound structures.

Cholest-4-en-3-one binding in the active site

Two terminal methyl groups of the aliphatic chain bind at
4.30 A and 4.83 A from the Fe centre with the methyl-
branched fork pointing towards L117 and F316. The ter-
tiary C-H bond at C-25 points towards A268 and is
virtually parallel to the haem macrocycle, with a distance
of 3.8A between C-25 and the Co of A268. The
unfavourable orientation of this bond disfavours hydroxy-
lation despite the fact that the electron-rich nature of the
tertiary C—H bond would normally make it a more reac-
tive target for selective oxidation. Sliding of cholest-4-en-
3-one along the tunnel to possibly alleviate this steric
constraint is prevented by M200 and V267, which pro-
trude between the van der Waals space of the axially
oriented C-18 and C-19 methyl groups (Fig. 6A). On the
other side of the tunnel, W414 fits into the corner
between the sterol D-ring and the aliphatic chain, virtu-
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Fig. 6. Substrate binding tunnel. View of the
cholest-4-en-3-one-bound CYP125A1 clipped
by a plane through the substrate binding
tunnel orthogonal (A) or parallel (B) to the
plane of the tetracyclic sterol nucleus.
Hydrophobic areas are orange, hydrophilic
areas are blue. The residues preventing
cholest-4-en-3-one from sliding towards the
haem are labelled. The cholest-4-en-3-one
colour scheme is carbon grey, oxygen red.
The image was generated using CHIMERA
(Pettersen et al., 2004).

D108-K214
salt-bridge

ally locking cholest-4-en-3-one into the observed posi-
tion (Fig. 6B).

Upon positioning of the aliphatic chain for hydroxylation,
the keto group of cholest-4-en-3-one resides at the more
hydrophilic end of the substrate binding tunnel sur-
rounded by the residues D108, K214, N203 and D212.
The keto group does not form direct H-bonding contacts
with the protein side-chains but participates, via water
molecules, in an H-bonding network involving D108,
K114, N203, D212 and S217. Given similar position of the
hydroxyl group of cholesterol, we assume that it would
interact with the same set of the residues. Two residues
on the protein surface, K214 and D108, form a salt-bridge
to isolate the substrate binding tunnel from the bulk
solvent (Fig. 6).

Cholest-4-en-3-one is toxic for M. tuberculosis strains

A toxicity associated with cholesterol metabolism was
observed when Aigr cells were incubated in the presence
of two sources of carbon, glycerol and cholesterol (Chang

Fig. 7. Cholest-4-en-3-one binding.
Stereoscopic view of cholest-4-en-3-one
(highlighted in yellow) surrounded by the
CYP125A1 side-chains (cyan) within 4 A.
Main chain atoms are shown for a couple of
consecutive residues P213-K214 constituting
a crevice where the sterol A-ring resides.
2F.—F. electron density map (grey mesh) was
generated with the cholest-4-en-3-one
co-ordinates omitted. For clarity, haem, Q112
and V115 are excluded from map calculation.
Oxygen is coloured red, nitrogen blue, haem
orange. The image was generated using
PYMOL (DeLano, 2002).
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Fig. 8. Growth inhibition by cholest-4-en-3-one. Representative growth curves on minimal media with 0.1% (v/v) glycerol in combination with
0.01 mM cholest-4-en-3-one (top panels) or 0.1 mM cholest-4-en-3-one (bottom panels). The growth was monitored by measuring the

absorbance at 600 nm in function of time.

et al., 2009). In order to specifically address the potential
toxicity of cholest-4-en-3-one, cells were grown in minimal
media containing cholest-4-en-3-one at two concentra-
tions and glycerol as a second source of carbon. The
growth was monitored by measuring the ODspo and a
representative set of data is presented in Fig. 8. When
tested at a concentration of 0.01 mM (3.84 ug ml),
cholest-4-en-3-one completely blocked the growth of the
HO1 cells, whereas the WT CDC1551 and H37Rv strains
grew normally, and a lag in the growth was observed for
HO11 (Fig. 5A). In order to test the possibility that the
partial complementation in HO11 is due to the additive
contributions from the five other genes of the igrlocus, we
transformed HO1 with a construct bearing the whole igr
operon (HO12 strain). To confirm the specific role of
CYP125A1 we also introduced in the chromosome a copy
of the igr operon containing a mutation in cyp125A1 that
replaces the essential haem axial cysteine ligand by an
alanine (HO13). As shown in Fig. 8, HO12 showed partial

complementation, whereas HO13, just like HO1, did not
grow. This observation rules out a polarity effect on the
transcription of the five other genes, and thus emphasizes
the importance of CYP125A1 in the detoxification process
regardless of the possible involvement of the other genes.
It is still unclear why the complementation is partial, but
we can hypothesize a non-optimal gene expression from
the integrated constructs. In contrast, at a concentration
of 0.1 mM (38.4 ug ml-"), none of the CDC1551 strains
grew, demonstrating that cholest-4-en-3-one can be toxic
for M. tuberculosis. However, it appears that the degree of
sensitivity varies among the WT isolates, as the lab strain
H37Rv is more resistant, suggesting that it possesses
compensatory steroid-degrading activities.

Discussion

In this work, we used genetic, lipidomic, biochemical and
structural techniques to characterize the molecular func-
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tion and physiological role of CYP125A1. The binding
studies and the reconstitution of the enzymatic activity
with recombinant CYP125A1 demonstrated that both
cholest-4-en-3-one and cholesterol are substrates in vitro.
We determined the first crystal structure of a CYP125A1
enzyme in complex with a physiological substrate. The
study also led to the identification of an endogenously
produced metabolite, cholest-4-en-3-one, that has toxic
properties in M. tuberculosis.

Here, we not only extend the growing body of evidence
that M. tuberculosis can utilize cholesterol as a source of
carbon and energy (Pandey and Sassetti, 2008; Brzostek
et al., 2009; Capyk et al., 2009; Nesbitt et al., 2009; Yam
et al,, 2009; Hu et al., 2010), but also provide new bio-
chemical and structural evidence that confirm the key
role of CYP125A1 in this process. First, the Acyp125A1
mutant failed to grow in minimal media containing
cholesterol. Second, the deletion mutant lost its ability to
convert the side-chain of cholesterol into the propionyl-
CoA that is required for de novo synthesis of methyl-
branched-containing PDIMs. Third, in vitro reconstitution
of the enzymatic activity revealed that CYP125A1 effi-
ciently catalyses the C-27 hydroxylation of cholest-4-en-
3-one and cholesterol and subsequently oxidizes the
alcohol of the former to the carboxylic acid via the alde-
hyde intermediate. Based on other studies on R. jostii
RHA1 (Rosloniec et al., 2009) and Mycobacterium bovis
BCG (Capyk et al., 2009), these CYP125A1 activities are
required to initiate the degradation of the alkyl side-chain,
an obligatory step that precedes the degradation of the
ring nucleus in M. tuberculosis.

Chang et al. reported that the H37Rv Aigr mutant strain
is not capable of growth in a medium containing both
glycerol and cholesterol, but still possesses detectable
cholesterol side-chain-degrading activity, as revealed by
the incorporation of *C atoms derived from the side-chain
into cellular lipids (Chang et al., 2009). A very recent study
also suggested the existence of redundant cholesterol
side-chain degrading activities in M. tuberculosis (Capyk
etal., 2009), as evidenced by the lack of effect of
cyp125A1 inactivation in laboratory strain H37Rv for
growth on cholesterol. As the same deletion performed in
M. bovis BCG resulted in the absence of growth on cho-
lesterol, the authors proposed that the M. tuberculosis
H37Rv genome encodes three additional enzymes poten-
tially capable of initiating cholesterol side-chain degrada-
tion. Two of these genes encode the cytochrome P450
enzymes CYP130A1 and CYP141A1. We addressed this
possibility by attempting multiple times, without success, to
detect the formation of any oxidation products from cho-
lesterol or cholest-4-en-3-one catalysed by these two P450
enzymes (data not shown). We conclude that at least these
two enzymes are not involved in an alternative pathway
of cholesterol metabolism. Although the reported data
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suggest that compensatory activities may contribute to the
overall catabolism of cholesterol in mycobacteria, the
major catalyst in the oxidation of the steroid side-chain in
the physiologically relevant clinical isolate CDC1551 is
undoubtedly CYP125A1.

Two instances of toxicity associated with cholesterol
metabolism in M. tuberculosis cells were recently reported
(Chang et al., 2009; Yam et al., 2009). HsaC, an iron-
dependent extradiol dioxygenase that cleaves catechols,
causes a loss of viability in the AhsaC mutant, consistent
with catechol toxicity (Yam et al., 2009). In the second
case, deletion of the igroperon resulted in a cell poisoning
during in vitro growth in liquid culture in the presence of
cholesterol and a significant lag in M. tuberculosis dissemi-
nation during the initial phase of mouse infection (Chang
et al., 2009). The toxic effect was attributed by the authors
to the accumulation of an unidentified, cholesterol-derived
metabolite even when the cells were grown in the presence
of an additional carbon source (e.g. glycerol). Indeed, the
inactivation of the mce4 locus, encoding for a steroid
transporter (Mohn et al., 2008), in the Aigr strain abolished
the toxicity associated with cholesterol and resulted in
attenuation of virulence during the persistent phase of
mouse infection. Here, we show that specific deletion of the
cyp125A1 component of the igroperon results in an inhibi-
tory effect due to the accumulation of cholest-4-en-3-one.
Interestingly, deletion of the fadA5 gene that encodes
ketoacyl-coenzyme A thiolase does not give rise to any
toxicity effect even though it is essential for cholesterol
side-chain degradation during the persistent phase of
infection (Nesbitt et al., 2009). This observation buttresses
our proposal that cholest-4-en-3-one, and possibly its side-
chain oxidized products, are responsible for the inhibitory
effect. Altogether, these observations strongly suggest that
the biological function of CYP125A1, and potentially other
proteins encoded by the igr operon (Chang et al., 2009),
might not be restricted to the utilization of cholesterol
during the chronic phase of infection, but might be also
crucial during the initial phase to alleviate the toxicity
associated with cholesterol catabolism.

The interaction mode of CYP125A1 with a substrate was
crystallographically defined in this work by the structure of
the CYP125A1—cholest-4-en-3-one complex. This X-ray
structure validates the accuracy of the cholesterol binding
mode previously modelled by McLean et al. (2009). The
hydrophobic substrate binding tunnel narrows down
towards the catalytic site to tightly enclose the aliphatic
side-chain of cholest-4-en-3-one. The tetracyclic steroid
nucleus of the co-crystallized cholest-4-en-3-one and that
of the modelled cholesterol reside differently within the
active site than that of androstenedione in its crystal struc-
ture with CYP125 (McLean et al., 2009), suggesting that
the aliphatic side-chain plays a dominant role in establish-
ing the catalytically productive substrate orientation.
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Despite the electronic factor favouring hydroxylation of
the tertiary C—H bond, disposition of the methyl carbons of
the methyl-branched aliphatic chain of cholest-4-en-3-one
in the CYP125A1 active site favours oxidation of a primary
C-H bond of the C-26/C-27 methyl groups with a slight
preference for C-27 and thus for formation of the
S-stereoisomer from the prochiral centre. This conclusion
is similar to that drawn from the CYP124—phytanic acid
complex (Johnston et al., 2009). For both enzymes, steric
constraints rather than the differential electronic proper-
ties of the C—H bonds dictate the regioselectivity of the
reaction.

The differences between cholest-4-en-3-one and its
precursor cholesterol are the planarity of the sterol A-ring
and the electronic properties of the keto- versus hydroxyl-
substituents at C-3. Both substituents are capable of par-
ticipating in the H-bonding network, which makes it likely
that the hydroxyl group of cholesterol interacts with the
same set of residues as does the keto group of cholest-
4-en-3-one. Conjugation between the carbonyl group and
the adjacent double bond in cholest-4-en-3-one flattens
the A-ring compared with the chair conformation of its
saturated counterpart in cholesterol and creates a curva-
ture in the cholest-4-en-3-one molecule. In the crystal
structure, the A-ring of cholest-4-en-3-one resides in the
protein surface crevice formed by the side-chains of the
FG-loop residues P213 and K214 (Fig.7). The well-
established mobility of this region in cytochromes P450
apparently allows the protein to adjust its conformation to
accommodate cholesterol.

Both the physiological importance of the cholesterol
degrading pathway and the toxic effect of the cholest-4-
en-3-one intermediate raise the possibility of targeting
CYP125A1 for therapeutic purposes. The crystal structure
of the CYP125A1—cholest-4-en-3-one complex deter-
mined in this work defines in high resolution the active site
of the enzyme and provides a platform for designing
inhibitors with potential to target tuberculosis. Further-
more, the identification of cholest-4-en-3-one as a toxic
agent in M. tuberculosis opens up the possibility that
identification of the site of action of this molecule may
reveal new targets for antimycobacterial drug design.

Experimental procedures
Materials

Cholest-4-en-3-one, cholesterol, spinach ferredoxin, spinach
ferredoxin-NADP*-reductase, bovine liver catalase, glucose-
6-phosphate dehydrogenase, glucose-6-phosphate and
B-methyl cyclodextrin were purchased from Sigma-Aldrich
(St. Louis, MO). Heptadeuterated cholesterol ([25, 26, 26, 26,
27, 27, 27-D7]-cholesterol) was obtained from Avanti Polar
Lipids (Alabaster, AL). 4-Cholesten-3-one-(25S)-carboxylic
acid was obtained from Steraloids (Newport, RI).

Strains, media and culture conditions

Mycobacterium tuberculosis CDC1551 cells were cultured
either in 7H9 medium supplemented with 10% of oleic acid-
albumin-dextrose complex (OADC), 0.2% glycerol and 0.05%
Tween-80 or on 7H 10 solid agar medium with the same
supplements excluding Tween-80, plus cycloheximide
(50 mg I'"). Hygromycin and zeocin (50 mg ') were used
where necessary. For growth on cholesterol log-phase cells
grown in 7H9 medium cells were subcultured in a defined
minimal medium (1 g I KH,PO,, 2.5 g I'" Na,HPO,, 0.5 g I’
asparagine, 50 mg I ferric ammonium citrate, 10 mg ™
MgSQ,-7H,0, 0.5 mg I' CaCl, 0.1 mg I"' ZnSO,). For growth
in the presence of cholest-4-en-3-one, glycerol was also
included at a concentration of 0.1% (v/v). Cholesterol and
cholest-4-en-3-one were dissolved at a concentration of
200 mM in tyloxapol/ethanol (1:1) and warmed at 65°C for
30 min before addition. Equal volumes of diluted cell suspen-
sion and 0.2 mM steroid-containing medium were mixed to
obtain a final concentration of 0.1 mM steroids at an ODgq, Of
0.05.

Construction of the cyp125A1 disrupted mutant by
specialized transduction in M. tuberculosis CDC1551

The Acyp125A1 mutant strain was created by homologous
recombination using specialized transducing phages, as
described (Bardarov et al., 2002). Briefly, a substrate for allelic
exchange at cyp125A1 was constructed by amplifying the
flanking regions of cyp125A1 by PCR from M. tuberculosis
genomic DNA using the primers listed in Table S1. Flanking
regions of cyp125A1 802 bp 5’ flank beginning at nucleotide
33 of cyp125A1and 817 bp beginning at nucleotide 1002 were
amplified, cloned with the TA cloning kit (Invitrogen), and
sequenced. The two DNA fragments were cloned successively
into pJSC407 (Grundner et al., 2008) on each side of a hygro-
mycin cassette flanked by resolvase sites. The specialized
transduction phage was incubated with concentrated WT
CDC1551 M. tuberculosis cells for 4 h at 37°C. Cells were then
plated on 7H10 plates containing hygromycin. After 3 weeks,
colonies were picked and screened for the deletion by South-
ern blotting using the 5” flanking region of cyp125A71 as a
probe. The resulting deletion replaced 969 bp of cyp125A1
(amino acids 11-334), leaving the 5’ flanking region of the
gene fadE28 gene (Fig. 1) intact.

Complementation of the cyp125A1 disrupted mutant

The coding sequences of cyp125A1 were amplified from M.
tuberculosis genomic DNA by using Pfu Turbo polymerase
(Stratagene) and the primers listed in Table S1. To confirm
the DNA sequence, the PCR fragment was first cloned into a
pCR-Bluntll-TOPO vector (Invitrogen) and then the Ndel-
Xbal-digested fragment was subcloned downstream of the
constitutive hsp60 promoter into a derivative of the integrative
vector pMV361 (Hickey et al., 1996) that confers resistance
to zeocin to give pHO11. The complete igr operon was also
amplified by PCR using the robust and high-fidelity poly-
merase Phusion (New England BiolLabs) and the primers
listed in Table S1, according to the protocol recommended by
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the manufacturer for a long template. The amplified fragment
was first cloned in pCR-Bluntll-TOPO vector for sequencing.
The Kpnl digest fragment was then subcloned into a deriva-
tive of the integrative vector pMV306 (Lee et al., 1991) that
confers resistance to zeocin to give pHO12. The cysteine
found at the position 377 in CYP125A1 was changed to an
alanine by site-directed mutagenesis (QuikChange site-
directed mutagenesis kit, Stratagene) using the igr operon as
a template to give pHO13. The three constructs were elec-
troporated into Acyp125A1 cells, and transformants were iso-
lated at 37°C on 7H10 plates containing 50 ug ml~' zeocin.

Extraction of lipids

For lipidomic experiments, cells were pre-cultured in 7H9
medium, washed in the same medium lacking glycerol, syn-
chronized to an ODgg, 0f 0.2, and grown for an additional 24 h
in the presence of 0.1% (v/v) glycerol or 0.1 mM cholesterol.
Cells (25 ml) were harvested by centrifugation, washed twice
with 25 ml of 15% isopropanol in saline and resuspended in
saline at a similar ODgq, for all strains. Samples (1 ml) were
extracted with 5 ml of chloroform/methanol (17:1) for 2 h. The
lower organic phase containing apolar lipids was collected.
The remaining aqueous sample material was re-extracted
with 5 ml of chloroform/methanol (2:1) for 2 h to extract the
polar lipid fraction. The lipid extracts were evaporated under
a stream of argon and resuspended in 1.5 ml of methanol.
Tween-80 was removed from the lipid solutions by precipita-
tion using a cobalt/thiocyanate solution and back-extraction
with hexane, according to a published procedure (Shen et al.,
2004). Finally, the lipid extracts were dissolved in 1 ml of
chloroform/methanol (2:1).

Mass spectrometry

All data were acquired on an LTQFT/MS instrument (Ther-
moFisher Scientific, Bremen, Germany). Lipid samples were
diluted 10-fold in chloroform:methanol:isopropanol (1:2:4)
containing 7.5 mM ammonium acetate before being intro-
duced into the mass spectrometer though a static (medium)
nanospray tip (Proxeon, Odense, Denmark). Electrospray
voltages were 1000 volts for positive and —700 volts for
negative ionization. For molecular weight measurement,
10-100 scans were collected and averaged to produce the
final spectra, with mass resolution of 100 000 and 25 000 for
lipid and cholesterol samples respectively. The final spectra
for multi-stage MSMS (up to four stages) were acquired in the
FT mode.

Isolation and identification of the cholesterol-derived
metabolites from crude lipid extracts

Analytical HPLC was used to isolate cholesterol-derived
metabolites accumulating in Acyp125A1 cells. The HPLC
system was an Agilent Technologies 1200 Series equipped
with a photodiode array detector connected to Polaris C8
column (250 x 4.6 mm i.d. stainless steel, 5 um particles,
Varian). The constituents of lipid extracts were separated
using an isocratic mobile phase consisting of water:aceto-
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nitrile:methanol (25:25:50) with 0.1% (v/v) formic acid at a
flow rate of 1 ml min~". The UV detector wavelength was set
at 210 and 240 nm for detection of cholest-5-en-3-one and
cholest-4-ene-3-one derivatives respectively.

Cloning, overexpression and purification of CYP125A1

The cyp125A1 gene was cloned from M. tuberculosis
H37Rv genomic DNA as described previously (Ouellet
et al., 2009). Protein was expressed in E. coli DH50. cells
co-transformed with pCWori/cyp125 and pGro7 plasmids,
encoding for CYP125A1 and GroEL/ES chaperones respec-
tively. Cells were grown at 37°C in Terrific broth (TB)
medium containing 100 ug mI™"  ampicillin, 40 ug ml™
chloramphenicol and 0.2% (w/v) L-arabinose. When
ODsg = 0.8 expression of CYP125A1 was induced with
500 uM Isopropyl! B-D-1-thiogalactopyranoside (IPTG) in the
presence of 0.25 mM d-aminolevulinic acid (8-ALA). The
temperature was decreased from 37°C to 25°C and the
culture continued for 36 h. The protein was purified as
described previously (Ouellet etal.,, 2008). The protein
preparation used in this study exhibited a typical P450
CO-deoxy difference spectrum (Fig. S2) and contained a
significant amount of P420. The actual concentration of
P450 was determined from difference spectra using the
extinction coefficient 450490 = 91000 M~' cm™" (Omura and
Sato, 1964). The total haem b content was quantified by the
pyridine haemochrome method (Appleby, 1978).

Spectroscopic binding assays

All ligand binding assays were performed by spectrophoto-
metric titration in 50 mM potassium phosphate buffer (pH 7.4)
containing 0.1 mM EDTA using a Cary UV-visible scanning
spectrophotometer (Varian). Stock solutions of steroids at
5mM were prepared in 10% (w/v) B-methyl cyclodextrin
(BMCD) in buffer. To account for the absorbance of the tested
compounds, 1 ml of protein (10 uM) in buffer was placed in
the first chamber of two split cuvettes and 1 ml of buffer was
placed in the second chamber. After background scanning,
equal volumes (0.25-1.0 pl) of ligand solution were titrated
into both the second chamber of the reference cuvette con-
taining only buffer and the first chamber containing the
protein. The same volume of BMCD was added into the
alternate chambers to correct for solvent effects. Difference
spectra were recorded from 300 to 500 nm. To determine the
Ko values, titration data points were fitted to the quadratic
equation using the Kaleidagraph software (Synergy). In this
equation, Aqs is the absorption shift determined at any ligand
concentration; Ama is the maximal absorption shift obtained
at saturation; Ky is the apparent dissociation constant for the
inhibitor—enzyme complex; [Ej] is the total enzyme concen-
tration used; [S] is the ligand concentration.

Agss = Anax| [S1+[E ]+ Kp) — ([S]+[E ]+ Kp)* -
(4[SIED)™*]/2(E:] Q)
CYP125A1 in vitro activity assay

CYP125A1 reactions (0.5 ml) were carried out in glass tubes
at 25°C using 50 mM potassium phosphate, pH 7.5 contain-
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ing 0.05% (v/v) Tween-20 or 0.45% (w/v) BCMD. CYP125A1
(1.0 uM) was pre-incubated for 2 h at 25°C with substrate.
Reactions were initiated by adding spinach ferredoxin,
spinach ferredoxin-NADP* reductase, catalase, magnesium
chloride and an NADPH-regenerating system consisting of
glucose-6-phosphate  dehydrogenase and glucose-6-
phosphate as described elsewhere (Johnston et al., 2009).
The CYP125A1-specific activity values were determined at
saturating substrate concentrations. The enzymatic reactions
or negative controls were quenched by adding an equal
volume of 1 N HCI. Substrates and reaction products were
extracted, derivatized and analysed by GC/MS, as described
previously (Johnston et al., 2009).

Crystallization, data collection and crystal structure
determination

The initial screening of crystallization conditions was per-
formed by using commercial high-throughput screening kits
(Hampton Research), a nanolitre drop-setting Mosquito robot
(TTP; Labtech) operating with 96-well plates, and a hanging-
drop crystallization protocol. The protein was from a 1 mM
frozen stock in 20 mM Tris (pH 7.5), 0.5 mM EDTA and
0.25 M NaCl. Prior to crystallization the protein was diluted to
0.2mM by mixing with 10 mM Tris-HCI (pH 7.5) supple-
mented with 1 mM cholest-4-en-3-one. Crystals of the
CYP125—cholest-4-en-3-one complex grew at 4°C from
0.2 M ammonium sulphate, 0.1 M bis-Tris, pH 5.5, and 25%
PEG 3350. Crystals from the 200-nanolitre Mosquito drops
were used for diffraction data collection. To harvest, the crys-
tals were cryo-protected by plunging them into a drop of
reservoir solution supplemented with 20% (v/v) glycerol and
flash frozen in liquid nitrogen. Diffraction data were collected
at 100-110 K at beamline 8.3.1, Advanced Light Source,
Lawrence Berkeley National Laboratory, Berkeley, CA. Data
indexing, integration and scaling were conducted by using
ELVES automated software suite (Holton and Alber, 2004).
Crystal structures were determined by molecular replace-
ment using the atomic co-ordinates of CYP125A1 (PDB ID
CODE: 3IVY) as a search model. Automated model building
using ARP/WARP (Langer et al., 2008) placed the majority of
the polypeptide chain in the asymmetric unit. The remaining
residues were built manually with COOT (Emsley and
Cowtan, 2004), alternated with positional refinement using
REFMACS5 (Murshudov et al., 1997; Winn et al., 2001). Data
collection and refinement statistics are provided in Table 1.
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Table 1. Data collection and refinement statistics.

Protein CYP125A1
Ligand Cholest-4-en-3-one
PDB ID 2X5W

Data collection

Space group P2:2:2,
Cell dimensions
a, b, ¢ (A) 737, 76.0, 79.6
Molecules in AU 1
Wavelength 1.1159
Resolution (A) 1.58
Rsym OF Rimerge (%) 6.7 (58.3)2
ol 10.7 (1.6)
Completeness (%) 99.3 (95.6)
Redundancy 4.4 (2.8)
Refinement
No. reflections 58287
Ruvord Riree (%) 15.3/20.0
No. atoms
Protein 3311
Haem 43
Ligand 28
Water 438
Mean B value 20.3
B-factors
Protein 19.2
Haem 10.5
Ligand 141
Water 30.8
r.m.s. deviations
Bond lengths (A) 0.025
Bond angles (°) 2.0

a. Values in parentheses are for highest-resolution shell.
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