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Background: Cholesterol metabolism is critical in the chronic phase of Mycobacterium tuberculosis infection.

Results: A cholesterol metabolite structure and an enzyme activity responsible for its degradation were determined.
Conclusion: The igr operon encodes the enzymes that catalyze the final three steps in cholesterol side-chain degradation.
Significance: Insight into the function of enzymes encoded in the igr operon is important for understanding the role of

cholesterol metabolism in pathogenesis.

Mycobacterium tuberculosis, the bacterium that causes tuber-
culosis, imports and metabolizes host cholesterol during infec-
tion. This ability is important in the chronic phase of infection.
Here we investigate the role of the intracellular growth operon
(igr), which has previously been identified as having a cholester-
ol-sensitive phenotype in vitro and which is important for intra-
cellular growth of the mycobacteria. We have employed isotopi-
cally labeled low density lipoproteins containing either
[1,7,15,22,26-1*C]cholesterol or [1,7,15,22,26-'3C]cholesterol
and high resolution LC/MS as tools to profile the cholesterol-
derived metabolome of an igr operon-disrupted mutant (Aigr)
of M. tuberculosis. A partially metabolized cholesterol species
accumulated in the Aigr knock-out strain that was absent in the
complemented and parental wild-type strains. Structural eluci-
dation by multidimensional 'H and '*C NMR spectroscopy
revealed the accumulated metabolite to be methyl 13-(2'-prop-
anoate)-3aa-H-4a-(3'-propanoic acid)-7af3-methylhexahydro-
5-indanone. Heterologously expressed and purified FadE28-
FadE29, an acyl-CoA dehydrogenase encoded by the igr operon,
catalyzes the dehydrogenation of 2'-propanoyl-CoA ester side
chains in substrates with structures analogous to the character-
ized metabolite. Based on the structure of the isolated metabo-
lite, enzyme activity, and bioinformatic annotations, we assign
the primary function of the igr operon to be degradation of the
2'-propanoate side chain. Therefore, the igr operon is necessary
to completely metabolize the side chain of cholesterol
metabolites.
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Mycobacterium tuberculosis is the causative agent of tuber-
culosis, which accounts for ~1.4 million deaths annually (1).
M. tuberculosis establishes an infection in macrophages (M)*
by preventing phagosome-lysosome fusion and by manipulat-
ing the host immune response. Additionally, infected Mds
orchestrate the formation of a granuloma, the hallmark patho-
logic lesion associated with a tuberculosis infection (2). Isolated
within a granuloma, M. tuberculosis can persist for decades.
The success of M. tuberculosis as a pathogen is attributable at
least in part to the ability of the bacterium to utilize the available
host-derived nutrients encountered during all stages of infec-
tion. Several lines of evidence indicate that M. tuberculosis
shifts its metabolism to utilize preferentially host-derived lipid
nutrients during an infection. Fatty acids, but not carbohy-
drates, are able to stimulate respiration in M. tuberculosis
freshly harvested from mouse lungs (3). Additionally, mutants
defective in the glyoxylate/methyl citrate pathways (ic/) or glu-
coneogenesis (pckA) are attenuated in M¢ and/or murine
infection models (4—6).

A large cholesterol degradation locus (~83 genes) has been
recently described in the M. tuberculosis genome, and this locus
encodes many but not all of the enzymes necessary to degrade
cholesterol (7-9). It is well established that M. tuberculosis can
degrade cholesterol in vitro, and the bacillus requires several
cholesterol degradation genes for full virulence in infection
models (8, 10—-12). The genes and encoded enzymes necessary
for the metabolism of the A and B rings of cholesterol have been
identified and characterized to varying extents (10, 13—19) (Fig.
1A). However, the fate of the C and D rings is unknown. More-
over, the side chain is predicted to be metabolized by B-oxida-
tion (9, 20, 21) (Fig. 1B), but the genes encoding these enzymes
have yet to be precisely mapped.

The intracellular growth (igr) operon is located in the
83-gene cholesterol degradation locus and is required for in
vitro growth on cholesterol as a sole carbon source but is not

“The abbreviations used are: M¢, macrophage; igr, intracellular growth;
OADC, oleate-albumin-dextrose-NaCl catalase; AD, androst-4-ene-3,17-di-
one; ADD, androsta-1,4-diene-3,17-dione; HSQC, heteronuclear single
quantum correlation; HMBC, heteronuclear multiple bond coherence.
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FIGURE 1. M. tuberculosis cholesterol catabolic pathway. The enzymatic steps required for cholesterol metabolism are separated into steroid ring degra-
dation (A) and side chain B-oxidation (B). Enzymes known to catalyze the depicted transformation are indicated in boldface. Catalytic steps for which the

enzyme has not been identified are labeled with the predicted gene type.

required for growth on fatty acids (8, 12). Growth of a Aigr
knock-out strain of M. tuberculosis is attenuated in resting Ms
and early in the infection process in immunocompetent mice.
However, this phenotype is minimized in INF-vy activated M ¢,
which correlates with the onset of the adaptive immune re-
sponse in mouse infections (22). Interestingly, the Aigr knock-
out strain displays a cholesterol-sensitive phenotype in vitro
when the bacteria enter a static growth phase in glycerol and
glucose-containing media supplemented with low concentra-
tions of cholesterol (0.1 mmMm) (12). This cholesterol-sensitive
phenotype is characterized by the bacterium maintaining an
intact respiratory electron transport chain in the absence of cell
division (12). Moreover, the in vitro and in vivo cholesterol-
sensitive phenotype of the Aigr knock-out can be suppressed by
genetically disrupting yrbE4a/Rv3501c, which is the first gene
in the operon that encodes the multisubunit cholesterol
importer, Mce4 of M. tuberculosis (11, 12). These data suggest
that disruption of the igr operon results in accumulation of a
toxic cholesterol-derived metabolite and that this toxicity can
be relieved by blocking cholesterol uptake.

Gene annotation and transcriptional regulation are consis-
tent with the igr genes comprising an operon that encodes an
incomplete B-oxidation sequence in sterol metabolism (22).
The computationally annotated functions are a lipid transfer
protein (/tp2/Rv3540c), two MaoC-like hydratases (Rv354Ic
and Rv3542c), two acyl-CoA dehydrogenases (fadE29/Rv3543c
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and fadE28/Rv3544c), and a cytochrome P450 (cypl25/
Rv3545c). Only Cyp125 has been metabolically and enzymati-
cally characterized. The annotated 3-oxidation functions of the
remainder of the igr operon have yet to be verified or specific
substrates identified.

Heavy isotopes, either radioactive or stable, are essential
tools for tracing the metabolic fate of carbon in living cells.
Cholesterols labeled at either C4 or C26 with '*C or '*C are
commercially available, and both have been used to analyze the
final fate of these atoms in M. tuberculosis metabolism. The
cholesterol C4 carbon is metabolized to CO,, and the C26 car-
bon is assimilated as lipid via propionyl-CoA. The use of these
commercial reagents is limited to investigating A-ring and early
side-chain metabolism by M. tuberculosis. The fates of the
remaining carbons have not been elucidated, and late-stage
intermediates of the pathway have not been identified or
isolated.

Previous work indicated that cholest-4-ene-3-one is an in
vitro substrate of Cyp125 (23). Recombinant Cyp125 catalyzes
the oxygenation of cholesterol and cholest-4-ene-3-one to
3B-hydroxy-5-cholesten-26-oic acid or cholest-4-en-3-one-
26-oic acid, respectively (18, 23). In the M. tuberculosis
CDC1551 strain, the cyp125/Mt3649 gene is required for the
bacterium to grow on cholesterol as a sole carbon source in
vitro, whereas in strain M. tuberculosis H37Rv, the Acyp125/
Rv3545¢ mutant can grow on cholesterol as a sole carbon
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source due to the compensatory enzymatic activity of Cyp142/
Rv3518¢ (24). The M. tuberculosis H37Rv Aigr mutant strain
metabolizes C4 and C26 of cholesterol, indicating that the
Cyp142/Rv3518¢c monooxygenase is functional in this mutant
and that disruption of cholesterol degradation occurs after the
C26 hydroxylation step (12).

To pursue a full analysis of cholesterol metabolism in the
Aigr mutant strain of M. tuberculosis H37Rv, we required
tools that trace the fate of the B-D rings and additional car-
bons of the sterol side chain. Here we describe the biosyn-
thetic preparation of isotopically labeled [1,7,15,22,26-"*C]-
cholesterol or [1,7,15,22,26-"3C]cholesterol. The distribution
of labels throughout the sterol ring system and side chain makes
these reagents useful metabolic tracers to study cholesterol
metabolism in M. tuberculosis.

In this study we employed lipoprotein (LDL) [1,7,15,22,26-
C]cholesterol and LDL [1,7,15,22,26-3C]cholesterol as tools
to further investigate the cholesterol-derived metabolite profile
of the M. tuberculosis H37Rv Aigr mutant strain and to aid in
the isolation and structure elucidation of a key metabolite. Cul-
ture supernatants from the Aigr mutant accumulate a choles-
terol-derived metabolite not observed in H37Rv wild-type or
complemented strains. Multidimensional NMR and mass spec-
tral analysis revealed the structure of this cholesterol-derived
catabolite to be a late stage metabolic product: methyl 18-(2'-
propanoate)-3aa-H-4a(3'-propanoic acid)-7ap-methylhexa-
hydro-5-indanone, 1. Using synthetic substrates analogous to
this metabolite, we verified the catalytic activity of the purified,
recombinant FadE28-FadE29 protein complex, encoded in the
igr operon, to be dehydrogenation of the 2'-propanoate-CoA
side chain. We conclude the igr operon is required for degrada-
tion of the 2’-propanoate side chain fragment during metabo-
lism of cholesterol by M. tuberculosis.

EXPERIMENTAL PROCEDURES

General Materials and Methods—M. tuberculosis (H37Rv)
WT, Aigr, and complemented Aigr strains described in Chang
et al. (22) were grown at 37 °C in Middlebrook 7H9 liquid media
(BD Biosciences) supplemented with 10% oleate-albumin-dex-
trose-NaCl-catalase (OADC). High resolution mass spectrom-
etry was performed on an LTQ-Orbitrap (Thermo Scientific)
equipped with an electrospray source operating in positive ion
mode with an ionization voltage of 1.8 kV, capillary voltage of
43V, and tube lens of 150 V. Matrix-assisted laser desorption
ionization (MALDI)-TOF spectra were acquired on a Bruker
AutoFlex II spectrometer. NMR spectra were acquired on
Bruker 800- or 900-MHz microcryoprobe or cryoprobe NMR
spectrometers (New York Structural Biology Center). Coen-
zyme A, propionyl-CoA, and (RS)-[2-'*C]-mevalonolactone
were purchased from Sigma. (RS)-[2-'*C]mevalonolactone was
purchased from PerkinElmer Life Sciences. Vitamin D2 and
4,22-stigmastadien-3-one were purchased from Acros Organ-
ics and MP Biomedicals, respectively.

Isotopic Labeling of LDL Cholesterol—HepG2 human liver
cells were grown to 80% confluence in HepG2 growth media
(DMEM, 10% fetal calf serum, 20 mm L-glutamine, 100 IU/ml
penicillin, 10 ug/ml streptomycin, and 10 mm HEPES). Media
were then replaced with HepG2 growth media supplemented
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with 5 um mevastatin and 0.8 ug/ml (RS)-mevalonolactone
(natural abundance) or 0.8 ug/ml (RS)-[2-'*C]mevalonolac-
tone or 6.25 uCi of (RS)-[2-'*C]-mevalonolactone. Cells were
then grown for 4 -5 days. Culture supernatants were then har-
vested and sterilized by filtration. Culture supernatant-derived
LDL particles were concentrated, and unincorporated meval-
onolactone was removed by ultrafiltration through a 100-kDa
molecular weight cutoff filter. Removal of unincorporated
mevalonolactone was performed by concentrating the superna-
tants 10-fold followed by two 100-ml washes with sterile PBS.
The filter flow-through was monitored by scintillation count-
ing, and the LDL was deemed free of ["*C]mevalonolactone
contamination when radioactive counts in the filter flow-
through were no higher than background. LDL [**C]choles-
terol was isolated in the same manner as the LDL [**C]choles-
terol preparation, and the LDL [**C]cholesterol sample
underwent the ultrafiltration procedure to remove unincorpo-
rated [**C]mevalonolactone.

Biochemical Analysis of LDL-derived '*C-labeled Lipids—
Total lipids were extracted by the Bligh-Dyer method from the
aqueous-soluble LDL particles (25). Briefly, the aqueous lipid
solution was phase partitioned with 2:1 CHCl;:MeOH (v/v),
and the organic solvent extractable material was dried by evap-
oration under a N, stream. The dried lipids were resuspended
in 25:24:4 CHCl;:MeOH:H,O (v/v/v), the phases were parti-
tioned, the resulting organic solvent layer was saved to a new
tube and dried by evaporation under a N, stream. To analyze
the apolar LDL lipids by TLC, the LDL lipid extracts were resus-
pended in CHCl,, and radioactivity was determined by scintil-
lation counting. 2500 cpm of the apolar LDL-derived lipids was
resolved by TLC on precoated F,;, aluminum-backed silica
plates (Sigma) in toluene:acetone (99:1, v/v). The TLC plates
were visualized via molybdophosphoric acid staining and
charring as described in Dobson et al. (26). Radiolabeled lipids
were visualized by autoradiography of the TLC plates using
phosphorimaging.

Characterization of LDL [1,7,15,22,26-">C]Cholesterol—Iso-
lated LDL [**C]cholesterol was analyzed by MALDI-TOF MS
inreflectron, positive ion mode with 2,5-dihydroxybenzoic acid
matrix prepared in 0.1% TFA, 50% CH,CN. A ['*C]DEPT135
NMR spectrum was acquired on a 800 MHz microcryoprobe in
CDCl, to confirm the positions of **C labeling.

Metabolic Labeling of M. tuberculosis with LDL [**C]Cho-
lesterol—The M. tuberculosis W'T, Aigr, and complemented
Aigr mutant cultures were grown in 7H9 OADC for 6 days, and
the bacteria were resuspended in 7H9 OADC medium supple-
mented with LDL [**C]cholesterol (5000 cpm/ml). After 2
weeks of growth in the presence of LDL [**C]cholesterol, the
bacterial cultures were centrifuged at 3000 rpm for 20 min to
yield a cell pellet and culture supernatant. The supernatants
were harvested by filtration through a 0.22 M filter unit, and
the resulting cell pellets and culture supernatants were used for
lipid metabolite isolation.

Metabolic Labeling of M. tuberculosis with LDL [**C]Cho-
lesterol—The M. tuberculosis W'T, Aigr, and complemented
Aigr mutant cultures were grown in 7H9 OADC for 6 days, and
the cell pellet was resuspended in 7H9 OADC medium supple-
mented containing LDL [**C]cholesterol (50 — 60 pg/ml) of cul-
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ture. Total cholesterol in the LDL [**C]cholesterol preparations
was determined using the Amplex® Red cholesterol determina-
tion assay (Invitrogen). After 2 weeks of growth in the presence
of LDL [**C]cholesterol, the bacterial cultures were centrifuged
at 3000 rpm for 20 min to yield a cell pellet and culture super-
natant. The supernatants were harvested by filtration through a
0.22-pm filter unit, and the resulting cell pellets and culture
supernatants were used for lipid metabolite isolation.

Growth of M. tuberculosis in the Presence of Free Cholesterol—
The M. tuberculosis W'T, Aigr, and complemented Aigr mutant
cultures were grown in 7H9 OADC for 6 days, and the cell pellet
was resuspended in 7H9 OADC medium supplemented with
0.1 mM cholesterol added in a 1:1 tyloxapol:EtOH (v/v) solution
as described (11). After 2 weeks of growth in the presence of free
cholesterol, the bacterial cultures were centrifuged at 3000 rpm
for 20 min to yield a cell pellet and culture supernatant. The
supernatants were harvested by filtration through a 0.22-um
filter unit, and the resulting cell pellets and culture superna-
tants were used for lipid metabolite isolation.

Biochemical Extraction of Cholesterol-derived Bacterial
Lipid Metabolites—The bacterial cell pellets were washed once
in distilled H,O, and the pellet was extracted twice with 75 ml of
EtOAc for 24 h. The organic layers were pooled and dried by
evaporation under a N, stream. The cell-free culture superna-
tants were extracted twice with 75 ml of EtOAc for 24 h. The
organic layers were pooled and dried by evaporation under a N,
stream. In the case of LDL [**C]cholesterol labeling, the radio-
activity in the bacterial metabolite samples was determined by
scintillation counting.

LC/MS Analysis of Extracts—Extracts dissolved in MeOH
were analyzed by microcapillary liquid chromatography-tan-
dem mass spectrometry with a Dionex 3000 HPLC and a
Thermo LTQ Orbitrap mass spectrometer equipped with a
custom nanoLC electrospray ionization source. Analytes were
separated on a column packed with 10 cm of 5 um Magic C18
material (Agilent, Santa Clara, CA). A flow rate of 300 nl/min
was used with a gradient from 0.1% formic acid, H,O (buffer A)
to 0.1% formic acid, 98% CH,CN (buffer B). After analyte load-
ing, the gradient was held constant at 100% buffer A for 5 min
followed by a 30-min gradient to 40% buffer B. Then the gradi-
ent was switched from 40 to 80% buffer B over 5 min and held
constant for 3 min. Finally, the gradient was changed from 80%
buffer B to 100% buffer A over 1 min and then held constant at
100% buffer A for 15 more min. Application of a 1.8-kV distal
voltage electrosprayed the eluted analytes directly into the ion
trap mass spectrometer. Masses were recorded over a 50 —1000
m/z range in positive mode.

Data were analyzed with the XCMS software package (27)
and by manual inspection. An aligned peak list was generated
by XCMS for each sample, including the integrated ion counts.
Those ions with integrated intensity less than 1 X 10° were
filtered from the sample. The integrated peak areas were then
used to calculate -fold changes for pairwise comparisons of
H37Rv:Aigr and complement:Aigr. Ions unique to H37Rv, com-
plement, or Aigr were identified by generating a subset of those
ions with -fold changes greater than 2.5. The subset was then
reduced to only those ions derived from cholesterol by compar-
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ing the isotope distributions for the ion in natural abundance
and LDL [*®*C]cholesterol samples (supplemental Table S1).

Purification and Characterization of Metabolite 1—Metabo-
lite 1 was purified by reverse phase HPLC on a Phenomenex
Luna C18 column (5 wm, 250 X 10 mm) from extracts of a
500-ml Aigr M. tuberculosis culture grown with unlabeled cho-
lesterol. A flow rate of 3 ml/min was used with a gradient from
H,O (buffer A) to MeOH (buffer B). The gradient was held at
100% A for 5 min, then changed to 50% A over 15 min. Next
there was a linear change from 50% A to 20% A over 25 min,
then to 0% A over 5 min. Finally, the gradient was held at 0% A
for 10 min. Fractions containing the desired metabolite were
combined and dried for NMR analysis in CD;OD on a 900-mHz
cryoprobe spectrometer.

Recombinant Protein Purification and Analysis—The igr
operon (Rv3545c-Rv3540c) was cloned from genomic DNA
into pET28b (Novagen, Madison, WI) at Ndel and HindIII
restriction sites to give construct igr-6. Constructs igr-5 and
igr-3 were prepared by deletion of Rv3545¢ or deletion of
Rv3545¢/Rv3544c/Rv3543c, respectively, by PCR. Construct
igr-1 was prepared by cloning Rv3540c from genomic DNA into
pET28b at Ndel and Xhol restriction sites. Each construct
introduced an N-terminal hexahistidine tag. Constructs were
introduced into BL21(DE3) Escherichia coli, and single colonies
were selected on LB plates supplemented with 30 ng/ml kana-
mycin and cultured in 2 X YT media at 37 °C. Expression was
induced at A4, = 0.6—0.8 by the addition of 1 mm isopropyl
1-thio-B-Dp-galactopyranoside, and cells were grown overnight
at 25 °C. Harvested cells were suspended in 50 mm Tris-HCl,
300 mMm NaCl, and 10 mMm imidazole buffer at pH 8.0. Cells were
lysed by French press, and cellular debris was removed by cen-
trifugation at 125,000 X g for 1 h. Proteins were purified by
immobilized metal affinity chromatography using Hisbind
resin  (Novagen) following the manufacturer’s protocol.
Eluted protein was analyzed by SDS-PAGE, and observed pro-
tein band identities were confirmed by in-gel tryptic digestion
and MALDI mass fingerprinting. Briefly, excised bands were
washed with CH;CN/H,O followed by reduction with 45 mm
DTT in 100 mM ammonium bicarbonate at 56 °C for 45 min.
Gel pieces were then covered in 55 mm iodoacetamide in 100
mM ammonium bicarbonate and incubated in the dark for 30
min. The samples were then dried and digested with trypsin in
50 mM ammonium bicarbonate overnight at 37 °C. Peptides
were then extracted with 60% CH,CN, 0.1% TFA and dried.
The MALDI sample was prepared using a C18-Zip-tip (Milli-
pore). A saturated solution of matrix 3,5-dimethoxy-4-hy-
droxy-cinnamic acid was prepared in 29.9% EtOH, 70% H,O,
0.1% TFA. MALDI mass spectra were acquired on a Bruker
Autoflex IT TOF/TOF instrument in positive ion mode. Data
were analyzed using Flex-Analysis software and MS-Bridge.

Substrate Synthesis—Carboxylic acids 1B-(2'-propanoic
acid)-3aa-H-7ap-methylhexahydro-4-indanone (28-30) and
3-oxo-4-pregnene-20-carboxylic acid (31) were prepared by
ozonolysis of vitamin D2 and 4,22-stigmastadien-3-one,
respectively. Briefly, the ozonolysis was performed in CH,Cl, at
—78 °C. The reaction was purged with ozone until the solution
turned blue in color, then purged with O, until the blue dissi-
pated. 1% pyridine was added to the ozonolysis of 4,22-stigmas-
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tadiene-3-one to selectively ozonolyze the 22-ene, and the reac-
tion was monitored by TLC (32). Dimethyl sulfide (10 eq) was
added, and the reaction was allowed to warm to room temper-
ature overnight. Solvent was removed under reduced pressure,
and the product was redissolved in 10% H,O/CH;CN and
chilled on ice. Sodium chlorite (10 eq) was added, and the reac-
tion was stirred overnight at room temperature. The reaction
was dried under reduced pressure, and the product was
extracted from acidified brine with CH,Cl,. The products were
purified by silica gel chromatography in 1:4 or 2:3 EtOAc:
hexanes. 3-oxo0-4-pregnene-20-carboxylic acid: 'H NMR (500
MHz, CDCl,) 8 9.5 (br, 1H, COOH), 5.8 (s, 1H, C4-H), 1.22 (d,
3H,/ = 6.5 Hz, C21-H), 1.18(s, 3H, C19-H), 0.73 (s, 3H, C18-H);
13C NMR 8 203 (C3), 126 (C4), 175 (C5), 180 (C22); 18-(2'-
propanoic acid)-3aa-H-7aB-methylhexahydro-4-indanone: 'H
NMR (500 MHz, CDCl,) 61.30(d, 3H, J = 6.5 Hz, C3'-H), 6 0.69
(s, 3H, C8-H) *C NMR & 213 (C4), 184 (C1’). LC/electrospray
ionization-MS indicated a purity of greater than 95%.

The carboxylic acids prepared above as well as butanoic acid,
3-methylbutanoic acid, and 2-methylpropanoic acid were con-
verted to their corresponding acyl-CoA thioesters via the
mixed anhydride method. Briefly, Et;N (2 eq) was added to the
acid in CH,Cl, and stirred for 10 min. Then ethyl chlorofor-
mate (2 eq) was added dropwise to the reaction on ice. The
reaction was allowed to warm to room temperature and stirred
for 2 h, then dried by a stream of N,,. The mixed anhydride was
dissolved in THF and filtered through glass wool into coenzyme
A in H,O:THF (1:4), pH 8.0. Ellman’s reagent was used to mon-
itor the disappearance of free thiol, the reaction was then acid-
ified to pH 4, and THF was removed. Remaining free acid was
extracted into Et,O, and the product in the aqueous layer was
purified by C18-reverse phase HPLC. The identities of CoA
thioesters were confirmed by LC/MS.

Dehydrogenase Assay—FadE28-FadE29 (3.2 ug/ml) was
assayed for dehydrogenase activity with ferrocenium hexafluo-
rophosphate (250 um) as the artificial electron acceptor and 100
M substrate in 100 mm HEPES pH 7.4 (33, 34). The formation
of product was followed spectrophotometrically at 300 nm and
25 °C. Specific activities were calculated from the initial velocity
over the first 100 s of reaction and the extinction coefficient of
ferrocenium hexafluorophosphate, 3.4 mm ' cm ™' Assays
were conducted in triplicate, and substrates tested include 13-
(2'-propanoyl-CoA)-3aa-H-7aB-methylhexahydro-4-inda-
none 2, 3-oxo-4-pregnene-20-carboxyl-CoA 3, propanoyl-
CoA, butyryl-CoA, isovaleryl-CoA, and isobutryrl-CoA.
Product formation was confirmed by MALDI-TOF MS. Nega-
tive controls without substrate or without enzyme were con-
ducted to check for background reduction of ferrocenium
hexafluorophosphate.

RESULTS

Biosynthetic Preparation of Isotopically Labeled LDL Choles-
terol—Mevalonate is the first dedicated precursor required for
cholesterol biosynthesis (35—-37). To metabolically label choles-
terol in low density LDL particles, HepG2 (human liver) cells
were cultured with either 2-[*3C]- or [**C]mevalonolactone to
produce LDL particles containing [1,7,15,22,26-'3C]choles-
terol or [1,7,15,22,26-"*C]cholesterol (Fig. 2) (38). Mevalono-
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lactone is the soluble and membrane-permeable form of meval-
onate that is assimilated by cellular metabolism. Mevastatin,
the HMG-CoA reductase inhibitor, was added to suppress the
cellular conversion of unlabeled acetyl-CoA pools to meval-
onate, which otherwise would be incorporated into cholesterol
and reduce the heavy isotope incorporation. The '*C- or '*C-
labeled cholesterol was isolated as soluble LDL particles from
the HepG2 culture supernatant, and unincorporated meval-
onolactone was removed by ultrafiltration. TLC analysis of the
LDL lipids demonstrated that cholesterol and cholesterol esters
contained '*C-labeled carbons (Fig. 34). The LDL-derived
phospholipid and triacylglycerol components contained no '*C
label, suggesting that the label observed in cholesterol ester is
likely not located in the esterified fatty acid. MALDI-TOF mass
spectra of LDL-derived [**C]cholesterol contained the
[M-H,O+H]™" dehydration product ion (m/z = 369) as well as
an [M-H,O+H+5]" ion (m/z = 374) that corresponds to the
expected cholesterol labeled with five **C atoms (Fig. 3B). The
m/z = 369 ion had a natural isotope envelope for the +1 to +4
ions indicating that partially labeled cholesterol was not
formed. The isotopic incorporation ranged from 10 to 30%
depending on the preparation. DEPT135 NMR analysis was
used to confirm the positions of the five '*C-labeled atoms (Fig.
3C). '3C resonances were compared with known cholesterol
resonances, confirming labeling at the C1, C7, C15, C22, and
C26 positions (39).

A '*C-labeled Cholesterol-derived Metabolite Accumulates
in the Aigr Mutant When Supplied LDL [1,7,1522,26-'*CJ-
Cholesterol—M. tuberculosis W'T, Aigr, and complement
strains were grown in 7H9 OADC media supplemented with
LDL [**C]cholesterol or nonradioactive LDL cholesterol. After
2 weeks, extracts were isolated from the pellet and culture
media of each culture, separately. LC/MS analysis of the bacte-
rial lipid extracts from nonradioactive LDL cholesterol cultures
confirmed that no free cholesterol remained in WT, Aigr, or
complemented Aigr extracts. After 2 weeks of culture with LDL
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FIGURE 3. Analysis of metabolically labeled LDL ['3C]- or -[**C]choles-
terol. A, shownisaTLC analysis of LDL['*C]cholesterol developed by charring
(a) and autoradiography (b). B, shown is a MALDI-TOF MS spectrum of LDL
["3Clcholesterol. Peaks labeled with asterisks are matrix ions. C, shown is a
DEPT135 spectrum of isolated LDL ['3C]cholesterol, confirming the position
of isotopically labeled *C carbons.

[**C]cholesterol, **C counts were 2-fold higher for Aigr mutant
extracts compared with WT or complemented Aigr strains,
consistent with complete metabolism to CO,, or low molecular
weight carbon in wild type. In the Aigr strain, the metabolism of
cholesterol is incomplete. The majority of the remaining '*C
counts (85%) in the lipid extracts from the Aigr strain was
secreted into the culture supernatant. TLC analysis revealed
that a new polar species was formed in the Aigr strain that was
absent in extracts from the WT and complemented Aigr strains
(supplemental Fig. S1).

Application of LDL [1,7,15,22,26-">C]Cholesterol as an Iso-
topic Tracer of Cholesterol Metabolism Intermediates by
LC/MS—To characterize further the partially degraded choles-
terol metabolites in Aigr M. tuberculosis, the bacteria were cul-
tured with LDL [1,7,15,22,26-'3C]cholesterol, and the extracts
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were analyzed by liquid chromatography and high resolution
mass spectrometry using XCMS software for feature matching
and detection. '*C-labeled, cholesterol-derived metabolites
were identified by their unnatural '*C isotopomers. The pres-
ence of isotopomers was further confirmed by comparison to
natural abundance LDL cholesterol metabolic profiles.

Wild-type M. tuberculosis Accumulates Androst-4-ene-3,17-
dione (AD) and Androsta-1,4-diene-3,17-dione (ADD),
Whereas the Aigr Mutant Does Not—Four species with '*C
labels were observed in the WT and igr complemented strain
that were not detected in Aigr extracts (Fig. 44, supplemental
Table S1A and Fig. S2). The two most prominent species, based
on the peak area from the extracted ion chromatogram (A and
B, Fig. 4A), were ADD and AD. AD and ADD are known inter-
mediates of the cholesterol metabolism pathway and had been
previously identified in culture supernatants of M. tuberculosis
H37Rv cultured with cholesterol (8). The molecular formula,
obtained from high resolution mass data and number of *C
labels match their structures (supplemental Table S1A). The
remaining two metabolites observed in WT and igr comple-
ment extracts are keto and hydroxy oxidation products of AD
and ADD (supplemental Table S1A). Interestingly, AD and
ADD were not observed in the extracts isolated from the Aigr
mutant, indicating that cholesterol metabolism is most likely
blocked before AD and ADD formation in the Aigr mutant
strain.

Identification of Cholesterol-derived Metabolites Present in
Aigr Extracts and Absent in WT and igr-complemented Strains—
Several cholesterol-derived metabolites unique to Aigr extracts
were identified by the unnatural isotopomer distribution of
their parent ions in high resolution mass spectra (supplemental
Table S1B and Fig. S2). Peak C was the major component based
on peak area of the extracted ion chromatogram (Fig. 34, sup-
plemental Table S1B), and the majorion had an m/z = 311.1846
(75%) and a minor ion with m/z = 309.1692 (25%). The remain-
ing cholesterol-derived metabolites were present in 10-100-
fold lower abundance.

Analysis of Aigr extracts cultured with unlabeled, free cho-
lesterol dissolved in tyloxapol micelles indicated that the met-
abolic profile is unchanged and is not dependent on culturing
with LDL. Free cholesterol was then used as the carbon source
to grow sufficient quantities of Aigr cultures to isolate the main
metabolite for spectroscopic and structural characterization.

Isolation and Structural Characterization of the Major Cho-
lesterol Metabolite, 1, Formed by the Aigr Strain—Ethyl acetate
extraction of M. tuberculosis H37Rv Aigr cultures grown with
free cholesterol followed by fractionation by C18 reverse phase
HPLC yielded the major metabolite 1 in ~85% purity. The
metabolite structure was established by tandem mass spec-
trometry and *C,"H COSY, ">C,'"H HSQC, and HMBC NMR
spectroscopy (Figs. 5 and 6).

The NMR spectra of 1 clearly mapped an indane carbon skel-
eton, presumably derived from the C and D rings of cholesterol.
In the five-membered ring, the methine proton (861.70) corre-
lated to C1 (851.8) in the **C,*H HSQC. The C1 methine cor-
related to the C2 methylene (81.83; 61.52) by COSY. These
methylene protons correlated to C2 (827.7) in the C,'H
HSQC spectrum. The C2 methylene coupled to the C3 (624.6)
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methylene protons (81.42; 61.74). The quaternary carbon, C7a
(842.6), in the **C spectrum showed an HMBC correlation to
C3a (855.1). C3a had an attached methine proton at 61.68.

The six-membered ring was established from C7a (542.58)
that correlated to the C8 (610.5) methyl protons (61.06) and C7
(637.9) methylene protons (61.65; 2.15) in the HMBC spec-
trum. The C7 methylene protons (61.65;2.15) coupled to the C6
(637.3) methylene protons (62.24;2.60). A carbonyl was
observed in the *3C spectrum at 6213, consistent with a ketone
at C5.

This C5 ketone correlated to protons at 62.60, 62.24, §2.15,
81.68, and 61.76 in the HMBC. By *C,"H HSQC, 81.68 and
81.76 were attached to C3'’ (622.6). Although no correlation to
a proton at C4 was observed, this carbon was assigned to a
signal of 649.5 with an attached methine proton at 62.51 by
13C,'H HSQC correlation. By HMBC, C4 correlated to C3'’
methylene protons (81.68; §1.76). In the *C,'H HSQC, C2"’
(633.4) showed a correlation to methylene protons (82.36;
62.33). In the HMBC, C3'’ correlated to the C2'" methylene
protons. Reciprocally, correlations were observed for C2'’" and
the C3'' methylene protons. The C2'' methylene protons cor-
related to C1'’ (6174.7). Based on the molecular formula of 1,
C1"' is predicted to be a carboxylic acid. However, by HMBC,
C1'’ also has long range correlations with a singlet at 83.70,
indicating that the carboxylic acid may be partially esterified.
The C1''-C3"' propanoic acid group was assigned using long
range correlations, making their assignment likely but not def-
inite. COSY correlations were difficult to interpret due to co-
purified metabolites of similar structure, primarily the dehy-
drated 3'-propenoate side chain (m/z = 309.1692), which we
identified by mass spectral analysis. The NMR assignments
made are consistent with published 'H and **C data for 3aa-H-
4a-(3'-propanoic  acid)-7ap-methylhexahydro-1,5-indadione
(also known as DOHNAA) (20, 40).
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FIGURE 6. MS/MS/MS fragmentation analysis of Aigr metabolite 1. MS
fragmentation data for the [MH-18]" ion of metabolite 1 are shown. The loss
of 18 Da is assumed to result from elimination of water from the enol tau-
tomer. This fragmentation is not shown in the figure. A, [MH-18]" = m/z 293
(natural abundance) is shown. B, [MH-18]" = m/z 296 (three 'C labels) is
shown. Sites of 'C labeling are indicated by asterisks.

The presence of a three-carbon 2’-propanoate side chain on
the five-membered ring at C1 was readily established. The car-
boxylate side chain was isolated as the methyl ester. The 'H
spectra showed two methyls at 61.21 (s; 3H) and 63.67 (d; 3H,),
which correlated to C3' (616.1) and C9 (850.64), respectively, in
the *C,'"H HSQC. The C1’ carbonyl of the methyl ester was
observed at 8177 in the '*C NMR spectrum and correlated to
the methyl at 63.67 and C2’ (842.2) methine at 62.52 (dd, 1H) in
the HMBC. The C2' methine is coupled to the C3’ methyl
(81.21) and C1 (851.8) methine (81.70) in the COSY spectrum.
This assignment revealed that the side chain of cholesterol had
been partially degraded, with a 2'-propanoate group remaining
on what was formerly the D-ring.

In addition, the structure of the 2’-propanoate side chain was
confirmed by tandem MS. Dehydrated parent ions (MH™ - 18)
of C- and '3C-labeled metabolite 1 (m/z = 293 and 296,
respectively) were further fragmented (Fig. 6). A loss of 32 and
50 Da was observed and attributed to the loss of MeOH and
MeOH/CO, respectively. A loss of 51 Da was observed for '>C-
labeled 1 upon loss of MeOH/CO. This 1-Da increase indicates
a loss of ">C label and is consistent with the initial **C-labeling
of cholesterol at C22 of cholesterol. A loss of 88 and 89 Da from
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m/z 293 and m/z 296 indicates a loss of C,H;O,, which was
assigned to the loss of the methyl 2'-propanoate side chain from
C1 of 1. The minor metabolite (/z = 309.1692) corresponds
to the same structure with an additional unsaturation. This
metabolite has an identical fragmentation and labeling pattern
to metabolite 1. The NMR and mass spectral data are consistent
with an additional unsaturation in the moiety substituted at C4,
which is most likely a 3’-propenoic acid.

We observed ions corresponding to the diacid (m/z =
297.1691) and the dimethyl ester (m2/z = 325.2004) forms of 1 in
the mass spectral profiles (supplemental Table S1B). In addi-
tion, we observed the 3-oxo-4-pregnene-20-carboxylic acid
precursor to 1, which has all four steroid rings intact (m/z =
345.2420). Last, we observed the B-oxidation precursor to
3-oxo-4-pregnene-20-carboxylic acid (m/z = 371.2574) that
has a five-carbon side chain.

Proteins Encoded in the igr Operon Form Heteromeric
Complexes—The native igr operon structure was used to heter-
ologously express all six genes in E. coli using a single construct.
The entire operon was cloned into expression vector pET28b,
and the first open reading frame of the operon was expressed as
an N-terminal His-tagged protein for purification (Fig. 74, igr-
6). Expression of construct igr-6 resulted in isolation of soluble
Cypl25 by immobilized metal ion affinity chromatography
purification. Next, cyp125 was deleted to generate construct
igr-5. Expression and purification by immobilized metal ion
affinity chromatography resulted in co-isolation of FadE28 and
FadE29 even though FadE29 did not contain a His, tag. There-
fore, these proteins are isolated as a complex. Then fadE28 and
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fadE29 were deleted to generate construct igr-3. Upon expres-
sion of igr-3 and purification by IMAC, N-His,-tagged Rv3542c
and tagless Rv3541c were isolated, again indicating a protein
complex was formed. Heterologous expression of His,-tagged
Itp2 (igr-1) resulted in insoluble protein. Expression of fadE28,
Rv3542c, or Rv3541c individually resulted in insoluble or unsta-
ble protein. Expression of fadE29 resulted in soluble, apopro-
tein (data not shown). Therefore, the protein expression data
suggest that FadE28 forms a heteromeric complex with FadE29
and that likewise, Rv3542c forms a heteromeric complex with
Rv3541c.

FadE28-FadE29 Catalyzes the Dehydrogenation of 2'-Pro-
panoate-CoA Esters of Hexahydraoindanone and Pregenenone—
Purified FadE28-FadE29 complex was assayed for acyl-CoA
dehydrogenase activity. Several CoA thioester substrates,
including hexahydroindanone 2 and pregnenone 3, propionyl-
CoA, butyryl-CoA, isobutyrl-CoA, and isovaleryl-CoA, were
assayed. Each of these substrates was assayed at 100 um with up
to 80 ug/ml FadE28-FadE29. Oxidation was detected spectro-
scopically, and the formation of product was confirmed by
MALDI-TOF mass spectrometry. FadE28-FadE29 catalyzed
the dehydrogenation of 2 and 3 but not of propionyl-CoA,
butyryl-CoA, isobutyryl-CoA, or isovaleryl-CoA. Negative con-
trols without enzyme or without substrate were conducted, and
no activity was detected. Thus, a short, straight, or branched
fatty acid is insufficient as a substrate. The specific activities of
FadE28-FadE29 using 2 and 3 were 0.53 = 0.07 and 2.38 = 0.11
pmol min~ ' mg ™", respectively. FadE28-FadE29 shows a 5-fold
preference for the pregnenone carbon skeleton over the hexa-
hydroindanone skeleton under these assay conditions.

DISCUSSION

For intracellular pathogens to survive in the host they
must be able to adapt to the environment and available nutri-
ents. M. tuberculosis resides in host granulomas where cho-
lesterol is abundant, and it has been demonstrated that
M. tuberculosis is able to metabolize cholesterol. Its impor-
tance in pathogenesis is becoming increasingly clear (9). Sev-
eral M. tuberculosis mutants show cholesterol sensitive phe-
notypes, including Aigr, which shows growth attenuation of
the bacteria in M® and the mouse model. Herein, we inves-
tigated the functional role of the igr operon through '*C-
metabolite profiling and biochemical assay of FadE28-
FadE29, enzymes encoded in the operon.

13C-metabolite profiling is a powerful technique for studying
carbon metabolism in a living system. The technique requires a
13C-labeled carbon source from which metabolites can be iden-
tified by MS or NMR isotopomer profiles. Here we report the
biosynthetic preparation of LDL [1,7,15,22,26-'*C]cholesterol
and demonstrate its use as a tool to profile the degradation of
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cholesterol by Aigr H37Rv M. tuberculosis. The broad distribu-
tion of isotope labels allowed us to ascertain the metabolite
profile of Aigr H37Rv M. tuberculosis compared with WT
H37RV and igr complement strains. Methyl 18-(2'-propano-
ate)-3aa-H-4a-(3'-propanoic acid)-7ap-methylhexahydro-5-
indanone, 1, accumulated in the Aigr mutant (Fig. 4). The
hexahydroindanone skeleton has been isolated from several
steroid-metabolizing bacterial species including species of Rho-
dococcus, Nocardia, Arthrobacter, and Streptomyces (20,
41-44). To our knowledge, this is the first report of the forma-
tion of hexahydroindanone species in M. tuberculosis.

Interestingly, metabolite 1 contains a 2'-propanoate side
chain at C1, indicating the igr operon is not essential for the first
two cycles of B-oxidation required to produce this shortened
side chain from cholesterol. The igr operon encodes an incom-
plete cadre of B-oxidation enzymes, as it lacks genes for two key
enzymes: 3-hydroxyacyl-CoA-dehydrogenase and 3-ketoacyl-
CoA-thiolase. Recombinant expression of the igr operon using
the native structure of the operon in a single expression vector
resulted in expression of two separate heterooligomeric com-
plexes composed of FadE28-FadE29 and Rv3541c-Rv3542c.
The latter has high similarity to MaoC like hydratases. We pro-
posed that these protein complexes catalyze the acyl-CoA
dehydrogenation and enoyl-CoA hydration, respectively, of the
2'-propanoate side chain to provide a quaternary alcohol. This
alcohol would then readily undergo a retroaldol C1-C2’ cleav-
age reaction catalyzed by Ltp2 to form the ketone at C1 and
propionyl-CoA (Fig. 8). This cleavage is favorable because the
thermodynamically stable ketone is formed. In contrast, con-
ventional B-oxidation of a fatty acid requires oxidation of the
3-hydroxyacyl-CoA and thiolase cleavage because direct for-
mation of the less stable aldehyde through retroaldol cleavage is
thermodynamically uphill.

The 3'-propanoate substituent at C4 is also hypothesized
to be degraded by B-oxidation to yield acetyl-CoA and the
formate substituent. The absence of the above-mentioned
3-hydroxyacyl-CoA-dehydrogenase and 3-ketoacyl-CoA-
thiolase in the igr operon suggests that the igr enzymes do not
catalyze the oxidation of this substituent. Consistent with this
proposal, we observe minor metabolites corresponding to the
C4-substituent -oxidation intermediates in our NMR spectra.
Moreover, van der Geize (45) recently reported that FadE30 of
Rhodococcus equi is responsible for B-oxidation of the 3'-pro-
panoate substituent at C4 of the 7af-methyl-hexahydro-5-in-
danone skeleton. R. equi FadE30 shares 68% amino acid
identity with FadE30 (Rv3560c) from M. tuberculosis. Gene
knock-out of R. equi fad30 blocks growth of the bacterium on
5-hydroxy-methylhexahydro-1-indanone propionate (50H-
HIP), whereas AfadE30 growth on AD accumulates 50OH-HIP.
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TABLE 1
Specific activity data for FadE28-FadE29

Enzyme assays were conducted with ferrocenium hexafluorophosphate as the elec-
tron acceptor with 3.2 ug of enzyme and 100 uMm substrate at 25 °C, pH 7.4.

Substrate Specific Activity
(umole min" mg™)
(6]
SCoA 0.53+0.07
2
O
O
3 SCoA 238+ 0.11
(6]

Propionyl-CoA na'
Butyryl-CoA na
Isobutyryl-CoA na
Isovaleryl-CoA na

! na: no activity observed at FadE28-FadE29 concentrations up to 80 ug/mL.

These results strongly suggest that fadE30 encodes the acyl-
CoA dehydrogenase responsible for oxidation of the hexahy-
droindanone C4 substituent. R. equi FadE30 shares only 14-and
33% amino acid identity with FadE28 and FadE29, respectively.
These low identities further support that the fadEs in the igr
operon are not required for metabolism of C4 propanoate
moiety.

To test our hypothesis that the igr operon enzymes cata-
lyze the metabolism of the 2'-propanoate substituent
derived from the side chain of cholesterol, two potential
polycyclic hydrocarbon substrates bearing a 2’-propanoate-
CoA side chain were synthesized in addition to four short
straight or branched fatty acyl-CoA esters (Table 1). The
CoA thioesters were prepared, and dehydrogenase activity
was demonstrated for FadE28-FadE29 with both 2 and 3. No
activity was observed for short chain substrates including
propionyl-CoA, butyryl-CoA, isobutyrl-CoA, and isovaleryl-
CoA, indicating that this enzyme is specific for steroid
metabolites. Under the assay conditions tested thus far, the
FadE28-FadE29 complex shows a 5-fold preference for the
4-ring steroid skeleton over the 2-ring indanone skeleton.
This preference suggests that in vivo the side chain can be
metabolized to AD before further ring degradation occurs.
This order of metabolism is further supported by the isola-
tion of AD and ADD from wild-type extracts (8) and the
reported substrate specificity of the 3-keto-5a-steroid-Al-
dehydrogenase, KstD (16). However, a recent report suggests
that the KshA/KshB hydroxylase is more specific for partial
side-chain degradation intermediates (46). Most likely, the
ring system and side chains are degraded in tandem. In con-
clusion, we assign the primary function of the igr operon to
be oxidation, hydration, and retro-aldo cleavage of the
2'-propanoate side chain to provide androst-4-ene-3,17-di-
one and its ring-degraded analogs during cholesterol metab-
olism. Future studies will address understanding the mech-
anistic details of these enzymes.
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