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The aim of this study was to test for expression of a 900-bp open reading frame (ORF), ORF3, located at the
5* end of the mycocerosic acid synthase gene in Mycobacterium bovis BCG and to determine the nature of the
ORF3 protein. ORF3 was expressed as a 61-kDa C-terminal fusion protein with glutathione S-transferase in
Escherichia coli. Polyclonal rabbit antiserum, prepared against this fusion protein, cross-reacted with a 65-kDa
protein in M. bovis BCG crude extracts. Since this protein was larger than that predicted from the nucleotide
sequence (32 kDa), ORF3 was resequenced, revealing an ORF of 1,749 bp that encodes a 64.8-kDa protein
containing 583 amino acids. Reverse transcription-PCR revealed that ORF3 is expressed inM. bovis BCG. The
ORF3 product has a high degree of similarity to the acyladenylate family of enzymes. Immunoaffinity absorp-
tion chromatography was used to isolate the 65-kDa cross-reacting protein from M. bovis BCG. This purified
protein catalyzed coenzyme A (CoA) ester synthesis of n-C10 to n-C18 fatty acids but not mycocerosic acids.
ORF3 antibodies severely inhibited acyl-CoA synthase activities of the purified protein and extracts ofM. bovis
BCG, Mycobacterium smegmatis, and E. coli. They also showed immunological cross-reactivity with proteins in
these extracts. Both the ORF3 protein and the acyl-CoA synthase activity were located in the cell cytosol or were
loosely associated with the cell membrane. These results indicate that ORF3 encodes an acyl-CoA synthase-like
protein.

Tuberculosis is the world’s foremost cause of death from a
single infectious agent. More than 30 million tuberculosis-
related deaths and 90 million new infections are expected to
occur in the last decade of this century (11). The major diffi-
culty in treating mycobacterial infections is that the cell walls of
these organisms have a high lipid content (50 to 60%) and
consequently are highly resistant to attack by both the host’s
own immune system and antimicrobial agents (7). With the
advent of multidrug-resistant mycobacterial strains, identifica-
tion of potential new drug targets has become a critical need.
Components unique to pathogenic mycobacterial cell wall
synthesis (such as the mycolic acids, mycocerosic acids, and
phthiocerols) (6) may be such selective targets, and inhibitors
of such processes may be used in conjunction with conven-
tional antimicrobial therapies to treat mycobacterial diseases
(9).
In spite of accumulating evidence which highlights the im-

portance of the nature and quantity of lipids in the cell wall,
much basic information remains to be elucidated about the
metabolism of such lipids. Mycocerosic acids are produced by
a multifunctional synthase, mycocerosic acid synthase (MAS),
which elongates n-C20 acids by successive reactions involving
the incorporation of four C3 units from methylmalonyl-coen-
zyme A (CoA) (34). When the mas gene was cloned and
sequenced, an adjacent open reading frame (ORF), ORF3,
was identified that showed homology to the acyladenylate fam-
ily of enzymes, suggesting a role for the product of this gene in
fatty acid metabolism. However, nothing was known about this

ORF, which was also found adjacent to the mas gene in My-
cobacterium tuberculosis (cosmid Y338) and Mycobacterium
leprae (cosmid B1170). In this paper, we report the newly
identified complete ORF3 and demonstrate that it is expressed
in Mycobacterium bovis BCG. We also present immunological
and enzymological evidence that the ORF3 translation product
can catalyze acyl-CoA synthesis and report isolation of this
enzyme produced by M. bovis BCG.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Strain descriptions and cultivation
conditions of all the mycobacterial and Escherichia coli strains used in this study
have been presented previously (1, 37, 41).
Nucleic acid isolation and analysis. High-molecular-weight chromosomal

DNA was isolated according to the method of Jacobs et al. (22). Total RNA was
isolated from mid-log-phase M. bovis BCG cells as previously described (27).
Plasmid DNA was extracted from E. coli DH5a cells by the alkaline lysis method
(2). Construction of recombinant plasmids and Southern hybridization experi-
ments were performed as outlined by Sambrook et al. (37). Restriction enzymes
and T4 DNA ligase were obtained from New England Biolabs, Life Technolo-
gies, and Amersham International and were used according to the manufactur-
ers’ recommendations.
Expression of ORF3 as a GST fusion protein. The DNA segment previously

designated ORF3 (33) was amplified under standard conditions by PCR (Perkin-
Elmer) to introduce a BamHI and an EcoRI site at the 59 and 39 ends, respec-
tively, by using the following primers: sense primer, 59-GGGGGATCCCCATG
GATTACGAAC-39; antisense primer, 59-GGGGAATTCTCACCCTCTCCTG
CA-39. The amplified DNA was cloned in-frame into BamHI-EcoRI-digested
pGEX-5X-3 to generate an ORF3-glutathione S-transferase (GST) fusion con-
struct, pGEXRF3. E. coli BL21 was transformed with pGEXRF3, and induction
of the recombinant protein with isopropyl-b-D-thiogalactopyranoside (IPTG)
(Sigma) was performed according to standard protocols. Cells were lysed by
sonication, and aliquots of the pellet and supernatant fractions were analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (28).
Production of antiserum against the ORF3 recombinant protein. Following

separation by SDS-PAGE, the ORF3-GST fusion protein was excised by stan-
dard protocols and injected subcutaneously into New Zealand White rabbits with
Freund’s adjuvant. Three booster injections were administered at intervals of 2
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weeks. The rabbits were bled by heart puncture 4 days after the final booster, and
the serum was decanted after clot formation.
Immunoblotting. Electrophoresed proteins were transblotted onto an Immo-

bilon polyvinylidene difluoride membrane (Millipore Corp., Bedford, Mass.) in
10 mM cyclohexylaminopropane sulfonic acid (CAPS) buffer (pH 11) and 10%
methanol. ORF3 antibodies were diluted 1:1,000, and 125I-labeled protein A was
used as the secondary detection reagent.
DNA sequencing and analysis. Genomic DNA in the ORF3 region was se-

quenced by successive primer walking using pUC-based ORF3-containing plas-
mids as the template. Both strands were completely sequenced. Sequencing was
performed by the chain termination method of Sanger et al. (38), using the
Sequenase version 2.0 kit (U.S. Biochemical, Cleveland, Ohio). DNA Strider 1.2
and the Genetics Computer Group packages were used to analyze and align
nucleotide and protein sequences.
Detection of ORF3 transcripts by reverse transcription-PCR (RT-PCR). M.

bovis BCG total RNA was reverse transcribed into cDNA, using Superscript 11
reverse transcriptase (Gibco BRL) and random hexamer primers. The first
strand of cDNA was subjected to PCR amplification using standard procedures
(Perkin-Elmer). The amplified product was identified on a 0.9% agarose gel, and
its identity was confirmed by hybridization with a 32P-labeled ORF3 probe.
Cell extract preparation. Extracts of M. bovis BCG cells were prepared essen-

tially as described by Kameda and Nunn (24).
Enzyme assays. Mycocerosic acids were synthesized in M. bovis BCG cells

labeled with [1-14C]propionic acid (specific activity, 59 Ci/mol). The mycoside
fraction was isolated by thin-layer chromatography and hydrolyzed with 5%
KOH in 2-methoxyethanol as previously described (35). Mycocerosic acids were
purified by thin-layer chromatography on Silica Gel G with hexane-ethyl ether-
formic acid (40:10:1 [vol/vol/vol]) as the solvent. The specific activity of each of
the mycocerosic acids was 30 Ci/mol. [1-14C]decanoic acid, [1-14C]lauric acid,
and [1-14C]stearic acid, each with a specific activity of 50 to 60 Ci/mol, were
obtained from American Radiolabeled Chemicals, St. Louis, Mo. Acyl-CoA
synthase activity was determined by quantifying the amount of fatty acyl-CoA in
the aqueous phase following extraction of the reaction mixtures with organic
solvents (24). Acyl-CoA synthase activity is expressed in units of fatty acyl-CoA
formed per milligram of protein. One unit is defined as the amount of enzyme
which forms 1 nmol of fatty acyl-CoA per min. Lactate dehydrogenase activity
was measured by standard protocols (39). Protein concentrations were deter-
mined by the Bradford method (5) with bovine serum albumin as standard.
Immunoaffinity purification of acyl-CoA synthase. Acyl-CoA synthase was

purified from M. bovis BCG cells with a commercially available Immunopure
protein A immunoglobulin G (IgG) orientation kit (Pierce, Rockford, Ill.). The
following reagents were tested for their ability to elute native antigen from the
immunosorbent column: (i) 100 mM triethylamine, pH 11.5, (ii) 100 mM glycine,
pH 2.5, (iii) 5 M LiCl–10 mM phosphate, pH 7.2, (iv) 3.5 M MgCl2–10 mM
phosphate, pH 7.2, (v) 1% SDS, (vii) 2 and 8 M urea, (viii) 2 M guanidine HCl,
(ix) 3 M thiocyanate, and (x to xviii) TE (50 mM Tris-HCl [pH 7.9], 0.1 mM
EDTA) containing 30 to 50% ethylene glycol and 0.5 to 1.0 M NH4SO4 at pH 7
and pH 8. All eluted material was dialyzed against storage buffer (50 mM
Tris-HCl [pH 7.9], 0.1 mM EDTA, 1 mM dithiothreitol, 150 mM ammonium
sulfate, and 50% glycerol). The effectiveness of each reagent at eluting native
protein from the immunoaffinity column was determined by assaying for acyl-
CoA synthase activity.
Antibody inhibition of acyl-CoA synthase activity. IgG was incubated with

both crude extract and purified acyl-CoA synthase for 1 h at 378C, followed by 2 h
at 48C and centrifugation. The effect of anti-ORF3 IgG on acyl-CoA synthase
activity was determined by the assays described above.
Nucleotide sequence accession number. The sequence reported in this publi-

cation is available in the GenBank database under accession number U75685.

RESULTS

Expression of ORF3 in E. coli. In a previous publication, we
reported the existence of an ORF of approximately 900 bp,
designated ORF3, at the 59 end of mas (33). ORF3 was ex-
pressed as a C-terminal translational fusion with GST, using
the construct pGEXRF3. The expressed protein was found as
a major band at 61 kDa (Fig. 1A). The size of this protein is
consistent with the predicted size of an ORF3-GST fusion
protein. The recombinant protein was localized almost exclu-
sively in the insoluble fraction. The ORF3 fusion protein, in an
SDS-PAGE gel, was used to prepare polyclonal antiserum in
rabbits. The 61-kDa band from the IPTG-induced cells showed
significant immunological cross-reactivity with this antiserum,
whereas no cross-reacting bands were visible in noninduced
cell lysates (Fig. 1B). Therefore, the antiserum generated is
specific for the ORF3 fusion protein.

Analysis of ORF3 expression in M. bovis BCG. Crude ex-
tracts of M. bovis BCG cells showed a major immunologically
cross-reacting band at 65 kDa in Western blots; this band was
detectable over the entire growth cycle of M. bovis BCG (Fig.
1C). The size of the primary translation product predicted
from the ORF3 sequence is approximately 32 kDa; however, a
band of this size was not detectable under any of the conditions
examined. The size of the immunologically cross-reacting pro-
tein suggested that the ORF3 inM. bovis BCG might be larger
than the one we originally identified.
Identification of the complete ORF3 and evidence for its

transcription. ORF3 was sequenced by using a mas-containing
cosmid (cosmid D) which had previously been isolated by
screening an M. tuberculosis library with probes containing the
ketoacyl synthase and acyl transferase domains of MAS (1a).
The complete ORF3 comprises an ORF of 1,749 bp which
encodes a 583-amino-acid polypeptide having a molecular
weight of 64,800 (GenBank accession no. U75685). That this
ORF is transcribed in M. bovis BCG was confirmed by the
observation that RT-PCR with primers specific for the termi-
nal regions of ORF3 yielded a single PCR product of 1.7 kb
(Fig. 2A), corresponding to the expected size of an ORF3
transcript. The identity of this product was confirmed by hy-
bridization with a 32P-labeled ORF3 probe (Fig. 2B). The size
of the immunologically cross-reacting protein found inM. bovis
BCG cells is consistent with both the ORF and transcript sizes.
Southern blot analysis ofM. bovis BCG genomic DNA using

the entire ORF3 as the probe indicated that there is probably
a single copy of ORF3 in the genome and that this gene has
been cloned without rearrangements. With ORF3 as the
probe, a single major hybridization band was detected in each
of the digests restricted with enzymes which have no cleavage
sites within ORF3 (NotI, KpnI, EcoRI, and HindIII). XcaI,
PvuI, and BspEI each have a single restriction site within
ORF3 and accordingly yielded two separate hybridization
bands of the expected size in each case (Fig. 3). Since the
hybridization was done under high-stringency conditions, ho-
mologous genes might not have been detected by this method.
Homology of the ORF3 product to acyladenylate enzymes.

By using the Blast program from the National Center for

FIG. 1. (A) SDS-PAGE analysis of ORF3 recombinant protein expression in
E. coli. Lane 1, uninduced pGEXRF3; lane 2, 10,000 3 g pellet from IPTG-
induced pGEXRF3; lane 3, 10,000 3 g supernatant from IPTG-induced
pGEXRF3; lane 4, molecular size marker. (B) Immunoblot analysis of ORF3
recombinant protein expression in E. coli. U, uninduced; I, induced. All induc-
tion experiments were performed with IPTG for 4 h at 378C. (C) Immunoblot
analysis of ORF3 expression inM. bovis BCG. Crude cell extracts prepared from
cells harvested at optical densities at 600 nm of 0.2, 0.4, 0.8, 1.4, and 2.0 were
used in lanes 1 to 5, respectively. Rabbit anti-ORF3 IgG was used as the primary
antibody, and 125I was used for detection.
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Biotechnology Information, the deduced amino acid sequence
of ORF3 was compared to other sequences in the databases for
homology. As expected, the highest degree of similarity ob-
served was to other mycobacterial sequences, including a num-
ber of M. tuberculosis cosmids (cosmids Y338, tbc2, and
SCY19G5) and an M. leprae cosmid (cosmid B1170). Overall,
ORF3 showed 49 to 67% identity to these sequences and 63 to
81% homology when conserved amino acids are considered
(Fig. 4).
The most interesting result from this analysis is the homol-

ogy of ORF3 to a number of enzymes which function via a
common biochemical mechanism in which they activate their
substrates as acyladenylates (Fig. 5). Acyladenylate-forming
enzymes include acyl-CoA synthases (3, 12, 16–19, 43, 45),
acyl-glycerol-3-phosphoethanolamine acyltransferase/acyl-acyl
carrier protein synthase (21), acetyl-CoA synthase (13), cou-
maroyl-CoA ligase (29), luciferase (32), amino acid-activating

enzymes, and complexes involved in peptide and antibiotic
biosynthesis (15, 31, 42, 44, 46). These enzymes display three
characteristic domains which are highly conserved among the
various members. Domain I, the most conserved of the three
domains, contains the consensus sequence SGXXGXPKG,
which is related to the stretch of glycine-rich sequences that
form the phosphate binding loop (P-loop) found in ATP and
GTP binding proteins. This region is believed to be involved in
binding the AMP moiety of the acyl-AMP intermediate (40).
ORF3 amino acid residues 168 to 187 display 40 to 60% se-
quence identity and 65 to 85% sequence similarity to domain
I of the acyladenylate enzymes. Residues 327 to 347 display 14
to 24% sequence identity and 48 to 62% sequence similarity to
domain II of the acyladenylate enzymes, whereas residues 441
to 464 display 25 to 50% sequence identity and 38 to 79%
sequence similarity to domain III of the acyladenylate en-
zymes. The functional significance of the latter two domains is
not known, but some reports have postulated their involve-
ment in the formation of a hydrophobic pocket which accom-
modates the fatty acid moiety of the acyl-AMP intermediate
(21).
Immunological evidence that ORF3 encodes an acyl-CoA

synthase-like enzyme. Given the homology of the ORF3 pro-
tein to the acyladenylate enzymes, it appeared possible that
ORF3 can encode an acyl-CoA synthase-like enzyme. Crude
extracts of M. bovis BCG grown to mid-log phase express
acyl-CoA synthase activities of approximately 0.85 U per mg of
protein, when [14C]palmitic acid is used as substrate. Addition
of increasing amounts of anti-ORF3 IgG to M. bovis BCG cell
extracts resulted in a progressively higher inhibition of acyl-
CoA synthase activity, leading to a maximum inhibition of
70%, whereas preimmune serum did not affect acyl-CoA syn-
thase activity (Fig. 6). This inhibition of acyl-CoA synthase
activity by the anti-ORF3 IgG indicates either that this ORF
directly encodes acyl-CoA synthase or that it encodes a protein
that is immunologically similar to acyl-CoA synthase.
Purification of the ORF3 protein from M. bovis BCG. Since

the antiserum prepared against the fusion protein cross-re-
acted with only a single protein in the M. bovis BCG extract,
this protein must be encoded by ORF3. An immunoaffinity
absorption procedure was used to purify the ORF3 protein
from extracts of M. bovis BCG; ORF3 antibody conjugated to
a protein A-immobilized matrix was used as an affinity ligand
to isolate the ORF3 protein from a crude extract of mid-log-
phase cells. In order to remove the bound protein from the
affinity matrix, a variety of traditional elution conditions were
attempted, including the use of low pH and the use of chao-
tropic salts, e.g., magnesium chloride. However, protein eluted
in this manner retained little or no activity. Additional exper-
iments involved the use of polyols and kosmotropic salts, at or
near neutral pH, conditions which have previously been re-
ported to be effective in breaking the antibody-antigen inter-
action while retaining high enzyme activity (30). A variety of
polyol-salt concentrations were examined; the most effective
one in obtaining enzymatically active ORF3 protein was 10
mM Tris (pH 7.5) containing 30% ethylene glycol and 0.5 M
NH4SO4.
SDS-PAGE analysis of the immunopurified protein prepa-

ration revealed the presence of a single band of approximately
65 kDa (Fig. 7), which corresponds to the size predicted from
the ORF3 sequence and the size of the cross-reacting band
revealed by Western analysis. The purified protein showed
high acyl-CoA synthase activity (55.25 U/mg of protein). The
overall purification was 65-fold, with a yield of approximately
25%. Antibody prepared against the ORF3 protein inhibited
the acyl-CoA synthase activity of the purified protein, even

FIG. 2. RT-PCR detection of ORF3 transcripts in M. bovis BCG. (A)
Ethidium bromide-stained RT-PCR product. (B) Southern blot of the RT-PCR
product with 32P-labeled ORF3 as probe. The expected size of the ORF3 RT-
PCR product was 1,749 bp.

FIG. 3. Southern hybridization ofM. bovis BCG genomic DNA digested with
NotI (lane 1), KpnI (lane 2), EcoRI (lane 3), HindIII (lane 4), XcaI (lane 5), PvuI
(lane 6), and BspEI (lane 7). The entire ORF3 was labeled with 32P and used as
the probe.
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FIG. 4. Homology of the predicted amino acid sequence of the ORF3 described in this study (M. bov. BCG ORF3) to those of other ORF3-like sequences found
in the mas-containing and polyketide synthase-containing M. tuberculosis cosmid Y338 (M. tub. Y338), the polyketide synthase-containing M. tuberculosis cosmid tbc2
(M. tub. tbc2), the mas-like gene-containing M. tuberculosis cosmid SCY19G5 (M. tub. SCY19G5), and the mas-containing M. leprae cosmid B1170 (M. lep. B1170).
Domains I, II, and III are represented by amino acids 168 to 187, 327 to 347, and 441 to 464 of the ORF3 sequence, respectively.
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more severely than that observed with the crude extract (Fig.
6). The rates of CoA ester formation observed for n-C10, n-C12,
n-C16, and n-C18 fatty acids were 39, 201, 55, and 35 U/mg of
protein, respectively. These relative activities are similar to
those observed with the fatty acyl-CoA synthase from E. coli.
The purified enzyme fromM. bovis BCG showed extremely low
activity (,0.02 U/mg of protein) with the multiple methyl-
branched mycocerosic acids.
Distribution of acyl-CoA synthase activity and the ORF3

cross-reacting protein in M. bovis BCG cell extracts.When M.
bovis BCG extracts were assayed for acyl-CoA synthase, 58%
of activity was located in the high-speed supernatant fraction
and 29% of activity was located in the membrane wash frac-
tion. The remaining 13% of activity was localized in the mem-
brane fraction. Lactate dehydrogenase, a membrane-bound
marker enzyme, was found exclusively in the cell pellet. Im-

munoblot analysis reveals that the distribution of the ORF3
cross-reacting protein paralleled that of acyl-CoA synthase ac-
tivity. About 53 and 32% of the 65-kDa protein that cross-
reacted with the anti-ORF3 antibodies were found in the su-
pernatant and membrane wash fractions, respectively, whereas
only 15% was found in the cell pellet. In addition, hydropathy
analysis did not identify any obvious helical hydrophobic do-
mains indicative of ORF3 as a transmembrane protein (data
not shown). These results show that both the acyl-CoA syn-
thase activity and the ORF3 cross-reacting protein are loosely
associated with the membrane, in a manner similar to that of
acyl-CoA synthase in E. coli (24).
Immunological cross-reactivity of ORF3 with proteins from

Mycobacterium smegmatis and E. coli. Anti-ORF3 protein an-
tibodies cross-reacted with a single band of approximately 70
kDa in crude extracts of E. coli and with two proteins of
approximately 65 and 85 kDa in M. smegmatis crude extracts
(Fig. 8). In both cases, the cross-reacting proteins were located
in the soluble fractions of the extracts.
Addition of anti-ORF3 antibodies to cell extracts inhibited

acyl-CoA synthase activities in both E. coli and M. smegmatis.
In E. coli, the pattern of antibody inhibition of acyl-CoA syn-
thase activity was similar to that observed with M. bovis BCG.
However, inM. smegmatis, inhibition of acyl-CoA synthase was
less severe than that observed with M. bovis BCG; only a 40%
inhibition of acyl-CoA synthase activity was observed with M.
smegmatis (Fig. 6). Inhibition of E. coli and M. smegmatis
acyl-CoA synthase activities by ORF3 antibody provides fur-
ther evidence in favor of our conclusion that ORF3 encodes an
acyl-CoA synthase enzyme.

DISCUSSION

An ORF called ORF3 has been found adjacent to mas in
several pathogenic mycobacteria (cosmids Y338 and B1170)
(33). The evidence in favor of ORF3 encoding an acyl-CoA
synthase-type enzyme includes the following results. (i) Anal-
ysis of the ORF3 amino acid sequence indicates that it has a
high degree of similarity to each of the three domains typical of
the acyladenylate enzymes. In particular, the presence of a
highly conserved ATP binding site is consistent with ORF3
encoding acyl-CoA synthase, since the initial reaction of this
enzyme would involve interaction of the ATP binding region
with the substrate to form an enzyme-bound adenylated inter-
mediate. (ii) ORF3-specific antibodies were used to isolate a
purified protein of 65 kDa fromM. bovis BCG. The size of this
cross-reacting protein is in good agreement with the size of the
acyl-CoA synthase proteins present in E. coli (3) and in
Pseudomonas oleovorans (45). The purified protein displayed
high acyl-CoA synthase activity, with straight-chain fatty acids
containing 10 to 18 carbon atoms. Although overall activities
are lower, this pattern of broad substrate specificity with me-
dium- and long-chain fatty acids is identical to that of the E.
coli acyl-CoA synthase enzyme (24). Addition of ORF3-spe-
cific antibodies severely inhibited enzyme activity. (iii) Both
the ORF3 cross-reacting protein and the acyl-CoA synthase
activity are located in the soluble fraction or are loosely asso-
ciated with the membrane in M. bovis BCG extracts. Previous
studies have reported that the E. coli (3) and the P. oleovorans
(45) acyl-CoA synthases are also located in the cell cytosol or
are loosely associated with the membrane. (iv) Analysis of the
59 region upstream of ORF3 indicates that it has promoter
elements identical to those present in the E. coli acyl-CoA
synthase gene (fadD [3]) (unpublished data).
The ORF3 gene isolated in this study is expressed inM. bovis

BCG; this has been demonstrated through the detection of

FIG. 5. Homology of the predicted amino acid sequence of ORF3 to other
synthases. Acyl-CoA synthases from E. coli (FadD [3]), Haemophilus influenzae
(Lcfa [16]), P. oleovorans (AlkK [45]), R. palustris (HbaA [18]), S. cerevisiae
(FAA1 [12]), rat liver (RatL [43]), rat brain (RatB [17]), Homo sapiens (HpCol
[19]), 2-acyl-glycerol-3-phosphoethanolamine acyltransferase/acyl-acyl carrier
protein synthetase from E. coli (Aas [21]), acetyl-CoA synthase from Methano-
thrix soehngenii (AcsM [13]), an iron uptake regulatory gene from Vibrio anguil-
larum (AngR [15]), 4-coumarate CoA ligase from P. crispum (ComL [29]),
luciferin monooxygenase from Luciola cruciata (LucF [32]), gramicidin S syn-
thase 2 from Bacillus brevis (GrsB [44]), and d-(L-a-aminoadipyl)-L-cysteinyl-D-
valine synthase from Aspergillus nidulans (AvcA [46]) are shown.
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ORF3 transcripts, the isolation of an ORF3 cross-reacting
protein which displays acyl-CoA synthase activity (this study),
and promoter expression studies which show that the acyl-CoA
synthase gene is strongly expressed in M. bovis BCG (unpub-
lished data). Expression of this acyl-CoA synthase gene would
permit fatty acyl-CoA formation in mycobacteria and is in
agreement with a number of studies which indicate that fatty
acyl-CoA plays a key role in intermediary fatty acid metabo-
lism and in the regulation of enzyme activity in mycobacteria.
Key enzymes of the acyl-CoA-dependent de novo fatty acid
synthesis and chain elongation systems and the b-oxidation
pathway have been detected in mycobacterial species (26, 48,
49). In addition, acyl groups are incorporated from acyl-CoA
into membrane lipids (34, 35). Long-chain fatty acyl-CoAs also
feedback inhibit de novo fatty acid synthesis (4). In E. coli,
long-chain fatty acyl-CoA compounds induce expression of the
b-oxidation genes (fad regulon), by directly interacting with the
negative transcriptional regulator FadR (10). Whether such
regulation is operational in mycobacteria is not known.
The biological significance of ORF3 expression in M. bovis

BCG has not been determined. E. coli FadD2 strains display
reduced acyl-CoA synthase activity and reduced fatty acid
transport rates and consequently are unable to incorporate

exogenous fatty acids into membrane phospholipids (36). Ad-
ditional mutants partially defective in acyl-CoA synthase activ-
ity also display altered acyltransferase activities and altered
relative rates of acylation of the glycerolphosphate acyltrans-
ferase pathway, the system governing the fatty acid composi-
tion of E. coli membrane phospholipids (20). In order to de-
termine if ORF3 plays a similar role in mycobacterial lipid
metabolism, targeted disruption of the ORF3 gene is currently
under way.
Acyl-CoA synthases from different species are immunolog-

ically cross-reactive. ORF3-specific antibodies cross-reacted
with a single protein in both M. bovis BCG and E. coli extracts
and with two proteins in M. smegmatis extracts. The presence
of a single cross-reacting band in E. coli is in agreement with
studies which indicate that this organism contains a single form
of acyl-CoA synthase, although the molecular weight of the
cross-reacting protein is slightly greater than that reported
previously (3). Anti-ORF3 protein antibodies inhibit acyl-CoA

FIG. 6. Inhibition ofM. bovis BCG acyl-CoA synthase activities with antibodies raised against ORF3. The synthase activity is expressed as a percentage of the value
for the control without antibody.

FIG. 7. Coomassie blue-stained SDS-polyacrylamide gel of the acyl-CoA syn-
thase protein purified from M. bovis BCG.

FIG. 8. Immunoblot analysis of ORF3 expression in E. coli (A) and M.
smegmatis (B). Rabbit antiserum prepared against the expressed ORF3 of M.
bovis BCG was used as the primary antibody and 125I-labeled protein A was used
for detection.
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synthase activities in a similar manner in both M. bovis BCG
and E. coli crude extracts. These observations suggest that the
acyl-CoA synthase against which the antibodies were prepared
is the major acyl-CoA synthase in both of these organisms. If
other enzymes contribute to the observed acyl-CoA synthase
activity, they are immunologically similar to the acyl-CoA syn-
thase present in the extract. The smaller of the two cross-
reacting proteins in M. smegmatis is identical in size to that
found in M. bovis BCG, and may represent an authentic acyl-
CoA synthase enzyme. The identity of the larger protein is not
known; it is possible that M. smegmatis may contain more than
one form of acyl-CoA synthase. Interestingly, antibodies
against the ORF3 protein inhibit acyl-CoA synthase activity to
a much lesser extent in M. smegmatis extracts than in extracts
ofM. bovis BCG and E. coli. This observation may indicate that
a second enzyme with fatty acyl-CoA-forming capabilities is
functional in M. smegmatis. In the hydrocarbon-utilizing yeast
Candida lipolytica, two acyl-CoA synthase genes are present,
acyl-CoA synthase I, which is responsible for the formation of
fatty acyl-CoA destined to be used exclusively in chain elon-
gation, and acyl-CoA synthase II, which provides acyl-CoA
solely to the b-oxidation pathway (25). Multiple acyl-CoA syn-
thase enzymes have also been detected in Rhodopseudomonas
palustris, Saccharomyces cerevisiae, and Petroselinum crispum
(14, 23, 29).
The genes encoding MAS and ORF3 in M. bovis BCG (33),

M. tuberculosis (cosmid Y338), and M. leprae (cosmid B1170)
are in close proximity. ORFs homologous to ORF3 are also
present 59 to the polyketide synthase gene and 39 to a mas-like
gene (cosmids Y338, tbc2, and SCY19G5) in M. tuberculosis.
Given the high degree of similarity between these ORF3-like
genes, it seems probable that their gene products would cata-
lyze biosynthetic processes involving acyl transfer. Further-
more, the multiplicity and relative location of these genes on
the mycobacterial genome lead to the speculation that their
gene products may selectively transfer the acyl-containing
products of the neighboring synthase genes either directly to
CoA or to alternative biological acceptors. Purified MAS fails
to release mycocerosic acids (35), and mycocerosic acids are
not found free in the cell cytosol but instead are esterified
selectively to the phthiocerols and phenolphthiocerols on the
cell wall (8, 47), suggesting the involvement of a separate
transfer enzyme. Immunogold labeling experiments indicate
that MAS is associated with the cell membrane (1b), and re-
sults from the present study also suggest that the ORF3 protein
may be loosely bound to the membrane. Because of the dem-
onstrated acyl transfer capabilities of ORF3 and its cellular
location in the vicinity of MAS, we tested for the involvement
of ORF3 in both mycocerosic acid activation and mycocerosic
acid release and transfer to the phthiocerols. However, direct
activation of mycocerosic acids to their corresponding thio-
esters occurred only at extremely low levels. In addition, the
ORF3 protein failed to stimulate MAS activity and did not
cause measurable release of mycocerosic acids either in the
free form or as phenolphthiocerol derivatives when phenol-
phthiocerol or glycosylated phenolphthiocerol was included in
the reaction mixture (data not shown). Therefore, at least
under the conditions employed in this study, the ORF3 protein
does not appear to play a direct role in mycocerosic acid
metabolism. Recent studies suggest that in E. coli the acyl-CoA
synthase and the acyltransferase exist in transient membrane
complexes which allow direct transfer of acyl groups from
enzyme-bound fatty acyl-CoA to the transferase (20). The pos-
sibility exists that factors as yet unidentified may also be re-
quired for the involvement of ORF3 in the release of mycoc-

erosic acids from MAS and their subsequent transfer to the
phthiocerols.

ACKNOWLEDGMENT

This work was supported in part by grant AI 35272 from the Na-
tional Institutes of Health.

REFERENCES

1. Azad, A. K., T. D. Sirakova, L. M. Rogers, and P. E. Kolattukudy. 1996.
Targeted replacement of the mycocerosic acid synthase gene in Mycobacte-
rium bovis BCG produces a mutant that lacks mycosides. Proc. Natl. Acad.
Sci. USA 93:4787–4792.

1a.Azad, A. K., T. Sirakova, and P. E. Kolattukudy. Unpublished data.
1b.Bakaletz, L., and P. E. Kolattukudy. Unpublished data.
2. Birnboim, H. C., and J. Doly. 1979. A rapid alkaline extraction procedure for
screening recombinant plasmid DNA. Nucleic Acids Res. 7:1513–1523.

3. Black, P. N., C. DiRusso, A. K. Metzger, and T. L. Heimert. 1992. Cloning,
sequencing, and expression of the fadD gene of Escherichia coli encoding
acyl coenzyme A synthetase. J. Biol. Chem. 267:25513–25520.

4. Bloch, K. 1975. Fatty acid synthetases from Mycobacterium phlei. Methods
Enzymol. 35:85–90.

5. Bradford, M. M. 1976. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye bind-
ing. Anal. Biochem. 72:248–254.

6. Brennan, P. J., and H. Nikaido. 1995. The envelope of mycobacteria. Annu.
Rev. Biochem. 64:29–63.

7. Collins, F. M. 1991. Antituberculosis immunity: new solutions to an old
problem. Rev. Infect. Dis. 13:940.

8. Daffe, M., and M. A. Laneelle. 1988. Distribution of phthiocerol diester,
phenolic mycosides, and related compounds in mycobacteria. J. Gen. Mi-
crobiol. 134:2049–2055.

9. Dessen, A., A. Quemard, J. S. Blanchard, W. R. Jacobs, and J. C. Sacchet-
tini. 1995. Crystal structure and function of the isoniazid target of M. tuber-
culosis. Science 267:1638–1641.

10. DiRussio, C. C., T. L. Heimert, and A. K. Metzger. 1992. Characterization of
Fad R, a global transcriptional regulator of fatty acid metabolism in Esche-
richia coli. J. Biol. Chem. 267:8685–8691.

11. Dolin, P. J., M. C. Raviglione, and A. Kochi. 1994. Global tuberculosis
incidence and mortality during 1990–2000. Bull. W. H. O. 72:213–220.

12. Duronio, R. J., L. J. Knoll, and J. I. Gordon. 1992. Isolation of a Saccharo-
myces cerevisiae long chain fatty acyl:CoA synthetase gene (FAA1) and
assessment of its role in protein N-myristoylation. J. Cell Biol. 117:515–529.

13. Eggen, R. I. L., A. C. M. Geerling, A. B. P. Boshoven, and W. M. de Vos. 1991.
Cloning, sequence analysis, and functional expression of the acetyl coenzyme
A synthetase gene from Methanothrix soehngenii in Escherichia coli. J. Bac-
teriol. 173:6383–6389.

14. Egland, P. G., J. Gibson, and C. S. Harwood. 1995. Benzoate-coenzyme A
ligase, encoded by badA, is one of three ligases able to catalyze benzoyl-
coenzyme A formation during anaerobic growth of Rhodopseudomonas
palustris on benzoate. J. Bacteriol. 177:6545–6551.

15. Farrell, D. H., P. Mikesell, L. A. Actis, and J. H. Crosa. 1989. A regulatory
gene, angR, of the iron uptake system of Vibrio anguillarum: similarity with
phage P22 cro and regulation by iron. Gene 86:45–51.

16. Fleischmann, R. D., M. D. Adams, O. White, R. A. Clayton, E. F. Kirkness,
A. R. Kerlavage, C. J. Bult, J. F. Tomb, B. A. Dougherty, J. M. Merrick, K.
McKenney, G. Sutton, W. FitzHugh, C. Fields, J. D. Gocayne, J. Scott, R.
Shirley, L. I. Liu, A. Glodek, J. M. Kelley, J. F. Weidman, C. A. Phillips, T.
Spriggs, E. Hedblom, M. D. Cotton, T. R. Utterback, M. C. Hanna, D. T.
Nguyen, D. M. Saudek, R. C. Brandon, L. D. Fine, J. L. Fritchman, J. L.
Fuhrmann, N. S. M. Geoghagen, C. L. Gnehm, L. A. McDonald, K. V. Small,
C. M. Fraser, H. O. Smith, and J. C. Venter. 1995. Whole-genome random
sequencing and assembly of Haemophilus influenzae Rd. Science 269:496–
512.

17. Fujino, T., and T. Yamamoto. 1992. Cloning and functional expression of a
novel long-chain acyl-CoA synthetase expressed in brain. J. Biochem. 111:
197–203.

18. Ghosh, B., E. Barbosa, and I. Singh. 1995. Molecular cloning and sequencing
of human palmitoyl-CoA ligase and its tissue specific expression. Mol. Cell.
Biochem. 151:77–81.

19. Gibson, J., M. Dispensa, G. C. Fogg, D. T. Evans, and C. S. Harwood. 1994.
4-Hydroxybenzoate-coenzyme A ligase from Rhodopseudomonas palustris:
purification, gene sequence, and role in anaerobic degradation. J. Bacteriol.
176:634–641.

20. Greenway, D. L. A., and D. F. Silbert. 1983. Altered acyltransferase activity
in Escherichia coli associated with mutations in acyl-coenzyme A synthetase.
J. Biol. Chem. 258:13034–13042.

21. Jackowski, S., P. D. Jackson, and C. O. Rock. 1994. Sequence and function
of the aas gene in Escherichia coli. J. Biol. Chem. 269:2921–2928.

22. Jacobs, W. R., Jr., G. V. Kalpana, J. D. Cirillo, L. Pascopella, S. B. Snapper,
R. A. Udani, W. Jones, R. G. Barletta, and B. R. Bloom. 1991. Genetic

2614 FITZMAURICE AND KOLATTUKUDY J. BACTERIOL.



systems for Mycobacteria. Methods Enzymol. 204:537–555.
23. Johnson, D. R., L. J. Knoll, N. Rowley, and J. I. Gordon. 1994. Genetic

analysis of the role of Saccharomyces cerevisiae acyl-CoA synthetase genes in
regulating protein N-myristoylation. J. Biol. Chem. 269:18037–18046.

24. Kameda, K., and W. D. Nunn. 1981. Purification and characterization of acyl
coenzyme A synthetase from Escherichia coli. J. Biol. Chem. 256:5702–5707.

25. Kamiryo, T., Y. Nishikawa, M. Mishina, M. Terao, and S. Numa. 1977.
Candida lipolytica mutants defective in an acyl-coenzyme A synthetase: iso-
lation and fatty acid metabolism. Proc. Natl. Acad. Sci. USA 74:4947–4950.

26. Kikuchi, S., D. L. Rainwater, and P. E. Kolattukudy. 1992. Purification and
characterization of an unusually large fatty acid synthase from Mycobacte-
rium tuberculosis var. bovis BCG. Arch. Biochem. Biophys. 295:318–326.

27. Kremer, L., A. Baulard, J. Estaquier, J. Content, A. Capron, and C. Locht.
1995. Analysis of the Mycobacterium tuberculosis 85A antigen promoter re-
gion. J. Bacteriol. 177:642–653.

28. Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature (London) 227:680–685.

29. Loyoza, E., H. Hoffman, C. Douglas, W. Schultz, D. Scheel, and K. Hahl-
brock. 1988. Primary structure and catalytic properties of isoenzymes en-
coded by the two 4-coumarate:CoA ligase genes in parsley. Eur. J. Biochem.
176:661–667.

30. Lynch, N. A., H. Jiang, and D. T. Gibson. 1996. Rapid purification of the
oxygenase component of toluene dioxygenase from a polyol-responsive
monoclonal antibody. Appl. Environ. Microbiol. 62:2133–2137.

31. MacCabe, A. P., H. van Liempt, H. Palissa, S. E. Unkels, M. B. R. Riach, E.
Pfeifer, H. von Dohren, and J. R. Kinghorn. 1991. d-L-Cysteinyl-D-valine
synthetase from Aspergillus nidulans—molecular characterization of the
acvA gene encoding the first enzyme of the penicillin biosynthetic pathway.
J. Biol. Chem. 266:12646–12654.

32. Masuda, T., H. Tatsumi, and E. Nakano. 1989. Cloning and sequence anal-
ysis of cDNA for luciferase of a Japanese firefly Luciola cruciata. Gene
77:265–270.

33. Mathur, M., and P. E. Kolattukudy. 1992. Molecular cloning and sequencing
of the gene for mycocerosic acid synthase, a novel fatty acid elongating
multifunctional enzyme, from Mycobacterium tuberculosis var. bovis Bacillus
Calmette-Guerin. J. Biol. Chem. 267:19388–19395.

34. Rainwater, D. L., and P. E. Kolattukudy. 1983. Synthesis of mycocerosic
acids from methylmalonyl coenzyme A by cell-free extracts ofMycobacterium
tuberculosis var. bovis BCG. J. Biol. Chem. 258:2979–2985.

35. Rainwater, D. L., and P. E. Kolattukudy. 1985. Fatty acid biosynthesis in
Mycobacterium tuberculosis var. bovis Bacillus Calmette-Guerin. J. Biol.
Chem. 260:616–623.

36. Ray, T. K., and J. E. Cronan. 1976. Mechanism of phospholipid biosynthesis

in Escherichia coli: acyl-CoA synthetase is not required for the incorporation
of extracellular free fatty acids into phospholipid. Biochem. Biophys. Res.
Commun. 69:506–513.

37. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

38. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing with
chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA 74:5463–5467.

39. Santos, E., and H. R. Kaback. 1986. Monoclonal affinity purification of
D-lactate dehydrogenase from Escherichia coli. Methods Enzymol. 126:370–
377.

40. Saraste, M., P. R. Sibbald, and A. Aittinghofer. 1990. The P-loop, a common
motif in ATP- and GTP-binding proteins. Trends Biochem. Sci. 15:430–434.

41. Snapper, S. B., R. E. Melton, S. Mustafa, T. Kieser, and W. R. Jacobs, Jr.
1990. Isolation and characterization of efficient plasmid transformation mu-
tants of Mycobacterium smegmatis. Mol. Microbiol. 4:1911–1919.

42. Steele, M. J., D. Lorenz, K. Hatter, A. Parks, and J. R. Sokatch. 1992.
Characterization of the mmsAB operon of Pseudomonas aeruginosa PAO
encoding methylmalonate-semialdehyde dehydrogenase and 3-hydroxy-
isobutyrate dehydrogenase. J. Biol. Chem. 267:13585–13592.

43. Suzuki, H., Y. Kawarabayasi, J. Kondo, T. Abe, K. Nishikawa, S. Kimura, T.
Hashimoto, and T. Yamamoto. 1990. Structure and regulation of rat long-
chain acyl-CoA synthetase. J. Biol. Chem. 265:8681–8685.

44. Turgay, K., M. Krause, and M. A. Marahiel. 1992. Four homologous do-
mains in the primary structure of GrsB are related to domains in a super-
family of adenylate-forming enzymes. Mol. Microbiol. 6:529–546.

45. van Bielen, J. B., G. Eggink, H. Enequist, R. Bos, and B. Wiltholt. 1992.
DNA sequence determination and functional characterization of the OCT-
plasmid-encoded alkJKL genes of Pseudomonas oleovorans. Mol. Microbiol.
6:3121–3136.

46. van Liempt, H., H. von Dohren, and H. Kleinkauf. 1989. d-(L-a-Aminoad-
ipyl)-L-cystinyl-D-valine synthetase from Aspergillus nidulans. J. Biol. Chem.
264:3680–3684.

47. Vercellone, A., and G. Puzo. 1989. New-found phenolic glycolipids in Myco-
bacterium bovis BCG. Presence of a diglycosylated glycolipid. J. Biol. Chem.
264:7447–7457.

48. Wheeler, P. R., K. Bulmer, and C. Rateledge. 1990. Enzymes for biosynthesis
de novo and elongation of fatty acids in mycobacteria grown in host cells: is
Mycobacterium leprae competent in fatty acid biosynthesis? J. Gen. Micro-
biol. 136:211–217.

49. Wheeler, P. R., K. Bulmer, and C. Rateledge. 1991. Fatty acid oxidation and
the b-oxidation complex in Mycobacterium leprae and two axenically cultiva-
ble mycobacteria that are pathogens. J. Gen. Microbiol. 137:885–893.

VOL. 179, 1997 M. BOVIS BCG ORF3 EXPRESSED AS ACYL-CoA SYNTHASE 2615


