JOURNAL OF BACTERIOLOGY, Jan. 2004, p. 374-382
0021-9193/04/$08.00+0 DOI: 10.1128/JB.186.2.374-382.2004

Vol. 186, No. 2

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Participation of fad and mbt Genes in Synthesis of Mycobactin in

Mycobacterium smegmatis

B. Babbette D. LaMarca, Wenming Zhu,T Jean E. L. Arceneaux, B. Rowe Byers, and
Michael D. Lundrigan*

Department of Microbiology, University of Mississippi Medical Center, Jackson, Mississippi 39216-4505

Received 29 September 2003/Accepted 9 October 2003

Colonies of Mycobacterium smegmatis LR222 on iron-limiting (0.1 uM Fe) minimal medium agar fluoresce
under UV light due to the accumulation in the cells of the deferri form of the siderophore mycobactin. Two
mutants with little or no fluorescence, designated LUN8 and LUNY, were isolated by screening colonies of
transposon (Tn611)-mutagenized M. smegmatis. Ferrimycobactin prepared from iron-restricted cells of the wild
type had an R, of 0.62 on high-performance thin-layer chromatography (HPTLC) and a characteristic visible
absorption spectrum with a peak near 450 nm. Similar extracts from LUNS cells contained a small amount of
ferrimycobactin with an R, of 0.58 on HPTLC and an absorption spectrum with the peak shifted to a wavelength
lower than that of the wild-type ferrimycobactin. Nuclear magnetic resonance spectroscopy studies suggested
that the LUN8 mycobactin may have an altered fatty acid side chain. Mutant strain LUN9 produced no
detectable mycobactin. Neither mutant strain produced measurable amounts of excreted mycobactin, although
both excreted exochelin (the mycobacterial peptido-hydroxamate siderophore), and both mutants were more
sensitive than the wild-type strain to growth inhibition by the iron chelator ethylenediamine-di(o-hydroxyphe-
nylacetic acid). The transposon insertion sites were identified, and sequence analyses of the cloned flanking
chromosome regions showed that the mutated gene in LUN9 was an orthologue of the Mycobacterium tuber-
culosis mycobactin biosynthetic gene mbtE. The mutated gene in LUN8 had homology with M. tuberculosis
JfadD33 (Rv1345), a gene that may encode an acyl-coenzyme A synthase and which previously was not known to

participate in synthesis of mycobactin.

The limited availability of iron in terrestrial and aquatic
environments as well as in vertebrate hosts compels most
pathogenic and nonpathogenic microorganisms to produce ef-
ficient iron acquisition systems, such as the uptake processes
that are based on the iron-chelating agents called siderophores
(4,5, 10, 16, 32, 42, 47). With very few exceptions, the myco-
bacterial species (including both pathogenic and saprophytic
forms like Mycobacterium tuberculosis and Mycobacterium
smegmatis) synthesize siderophores of the mycobactin class
(31, 44). The mycobactins are salicylic acid-derived sid-
erophores containing a hydroxyaryloxazoline cap and two N-
hydroxyamides that together form a high-affinity binding site
for a ferric iron atom (44). A large number of mycobactins with
different alkyl and acyl substituents at five positions on the core
of the molecule have been described (44). The mycobactins
can be divided into two subgroups based on lipid solubility. In
the case of the lipophilic mycobactins (which are the wholly
cell-associated form of mycobactin), the N-acyl moiety on the
first hydroxylated lysine of the molecule is a long-chain fatty
acid (C,, to C,,) with a cis double bond (usually at position
C-2), while in the more hydrophilic mycobactins (which are
excreted from the cells), this acyl moiety is derived from a
dicarboxylic acid that may be present as the free acid or the

* Corresponding author. Mailing address: Department of Microbi-
ology, University of Mississippi Medical Center, 2500 North State St.,
Jackson, MS 39216. Phone: (601) 984-1711. Fax: (601) 984-1708. E-
mail: mlundrigan@microbio.umsmed.edu.

+ Present address: Anti-Infectives Investigation Section, Division of
Healthcare Quality Promotion, Centers for Disease Control and Pre-
vention, Atlanta, GA 30333.

374

methyl ester (14, 15, 22, 23, 33, 50). The excreted, hydrophilic
mycobactins have been called carboxymycobactins (22, 23),
exomycobactins (29, 52), or exochelins (14, 50), although Ra-
tledge and Dover (32) have suggested that the exochelin des-
ignation be reserved for the excreted petido-hydroxamate sid-
erophores that are found only in saprophytic mycobacteria and
which are structurally different from the mycobactins. This
convention will be used here.

A cluster of 10 genes (designated mbtA4-J) that encodes en-
zymes for the assembly of mycobactin was identified in the
published M. tuberculosis genome sequence (6, 7, 30). Func-
tions have been assigned to the mbt gene products that (to-
gether with phosphopantetheinyl transferases) account for the
relevant biosynthetic steps to produce mycobactin, although
the genes for synthesis of the variable aliphatic side chains and
the required acyltransferase for attachment of these units have
not been identified (8, 30). Five of the mbt genes form an
assembly line of nonribosomal peptide synthetases (mbtB,
mbtE, and mbtF) and polyketide synthases (mbtC and mbtD)
that activate and elongate the monomers of the mycobactin
core. An isochorismate synthase encoded by mbtl and an ad-
enylating enzyme, the MbtA protein, provide activated salicy-
late. Mycobactin chain initiation is thought to occur by acyla-
tion of an aryl carrier domain of the MbtB protein with
activated salicylate (29, 30). By gene replacement, the mbtB
gene was deleted and an antibiotic marker was inserted, yield-
ing a mutant M. tuberculosis strain that failed to produce my-
cobactin and which was restricted for growth under low-iron
conditions (11). These data link the mbt cluster to biosynthesis
of mycobactin in M. tuberculosis, but functional characteriza-



VoL. 186, 2004

M. SMEGMATIS MYCOBACTIN GENES 375

TABLE 1. Bacterial strains and plasmids

Designation Relevant characteristic(s) fgfli 1;06‘?1;);
E. coli strains
IM109 F' AtraD36 lac19 A(lacZ)M15 proAB/recAl endAI gyrA96 thi hsdR17(ry ™ my ") supE44 relAl Lab stock
A(lac-proAB)
DH10B mcrA A(mrr-hsdRMS-mcrBC) $80dlacZAM15 AlacX74 deoR recAl endAl araD139 A(ara, Lab stock
lew)7697 galU galK rpsL nupG
M. smegmatis strains
LR222 Efficient plasmid transformation strain of mc?6 2
LUN1 LR222 with Tn611 insertion in exochelin gene fxbC 52
LUN2 LR222 with Tn611 insertion in exochelin gene exiT 52
LUNS LR222 with Tn6!1 insertion in fadD (mycobactin neg.) This study
LUN9 LR222 with Tn611 insertion in mbtE (mycobactin neg.) This study
Plasmids
pCG79 Kan"; temperature-sensitive, E. coli-mycobacterial shuttle plasmid containing Tn611 17
pNBV1 Hy"; E. coli-mycobacterial shuttle vector 20
pUC18 Amp"; multiple cloning site vector Lab stock
pCR2.1-TOPO AT direct cloning vector for PCR products Invitrogen
pCR4Blunt-TOPO Blunt-end direct PCR cloning vector Invitrogen
Litmus 28 Amp"; multiple cloning site vector NEB*
PARC6 pUC18 with 4.4-kb Smal fragment from LUN9 This study
pWEN3 pUC18 with 3.5-kb Sacl fragment from LUN8 This study
pML222 pCG79 excised from LUNS genome by EcoRI digestion This study
pCR-Rv1344 3.3-kb PCR product from H37Rv cloned into pCR2.1-TOPO, encodes Rv1344-fadD33-fadE14 This study
pML1344 Litmus 28 with 3.3-kb EcoRI fragment from pCR-Rv1344 This study
pMLNV1344 pNBV1 with 3.3-kb HindIII-Spel insert from pML1344 This study
pCR4-Sm1344 3.6-kb PCR product from LR222 cloned into pCR4Blunt-TOPO, encodes acp-fadD-fadE This study
pBLT1344 pNBV1 with SnaBI insert from pCR4-Sm1344 cloned into the EcoRYV site This study

“ New England Biolabs, Inc.

tion of the remaining genes and their products has yet to be
done (11).

The analysis of the mycobactin biosynthetic genes did not
reveal associated genes for iron or ferrimycobactin transport.
Although there is ample evidence documenting mycobactin-
mediated iron acquisition in mycobacteria (reviewed in refer-
ences 10 and 32), the roles of the excreted (carboxymycobac-
tin-exomycobactin) and the cell-associated form of mycobactin
in iron transport are unclear. Uptake of iron from extracellular
mycobactin appears to be by facilitated diffusion, and cell-
associated mycobactin may serve as a short-term storage mech-
anism before transfer of iron to the cytoplasm (26, 32). A
virulence function for mycobactin was indicated by the finding
that deletion and replacement of the mbtB gene with a hygro-
mycin marker impaired growth of the mutant strain in macro-
phage-like THP-1 cells (11).

Although both excreted and cell-associated mycobactins are
produced by the saprophyte M. smegmatis (33), the predomi-
nant extracellular siderophore of this organism is exochelin
MS, an ornithine-derived trihydroxamate (41). A similar pep-
tido-hydroxamate molecule, exochelin MN, is produced by My-
cobacterium neoaurum (40). Genes for biosynthesis, excretion,
and uptake of exochelin have been cloned from M. smegmatis
and sequenced (13, 51, 52). The genes, named fxuA, fxuB, and
fruC, were proposed to encode the cytoplasmic membrane
permease for the transport of ferriexochelin into M. smegmatis
(13). Several genes have been shown to be involved in exoch-
elin biosynthesis and export. One (fxbA) was suggested to en-
code an enzyme that adds a formyl group in the synthesis of
exochelin. The others (fxbB, -C, and possibly -D) encode non-

ribosomal peptide synthetases that likely form a complex with
an ABC transporter known as ExiT (or ORF1 and -2) to
synthesize and export the peptide siderophore. The exochelins
have not been found in pathogenic mycobacteria (32), and the
need for both exochelin and mycobactin in saprophytic myco-
bacteria is unclear. The exochelins may have an important iron
acquisition role in the terrestrial and aquatic environments
preferred by the exochelin-producing saprophytic mycobacte-
ria.

In this study, we report isolation and characterization of two
M. smegmatis mutant strains generated by transposon insertion
that are unable to produce (or have greatly diminished pro-
duction of) mycobactin. The insertion site in one of the mu-
tants (strain LUN9) was in the M. smegmatis orthologue of the
mycobactin gene mbtE, while the insertion site for the other
mutant (strain LUNS) was in the M. smegmatis orthologue of
M. tuberculosis fadD33, a gene that heretofore had not been
implicated in mycobactin synthesis. Both mutant strains still
produce exochelin, but they were impaired for growth under
iron-restricted conditions.

MATERIALS AND METHODS

Bacteria, plasmids, media, and growth conditions. Bacterial strains and plas-
mids used in this study are listed in Table 1. Escherichia coli cultures were
routinely grown in Luria-Bertani broth or agar medium (27) at 37°C. M. smeg-
matis cultures were grown in tryptic soy broth (TSB; Difco Laboratories, Detroit,
Mich.); for plate (TSA) medium, agar (15 g per liter) was added. Antibiotics,
when required, were added at the following concentrations: ampicillin, 50 pg/ml;
kanamycin, 50 wg/ml; hygromycin, 200 pg/ml for E. coli and 50 pg/ml for M.
smegmatis.

For growth at defined iron concentrations, we used a minimal medium con-
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taining (per liter): glucose, 10 g; (NH,),SO,, 1 g; K,HPO,, 3.5g; KH,PO,, 1.5 g.
To lower the trace metal contamination, the medium was treated with Chelex-
100 (Bio-Rad Laboratories, Hercules, Calif.) by previously reported methods (1).
Before use, the medium was supplemented with 0.1% sterilized Tween 80 and
with filter-sterilized solutions of high-purity sulfate salts (Johnson-Matthey, Inc.)
of magnesium (830 pM), manganese (40 pM), zinc (0.3 uM), and iron (various
concentrations). The glassware was soaked with 0.025 M tetrasodium EDTA
overnight to remove contaminating metals and rinsed extensively with laborato-
ry-grade water.

Molecular biology techniques. Standard molecular biology techniques and
procedures were followed as described by Sambrook et al. (37) and Davis et al.
(9). Enzymes were used as directed by the manufacturers with the buffers pro-
vided. Plasmid DNA from E. coli cells was prepared by the alkaline lysis method
(3) and was purified by RNase treatment and phenol extraction. Isolation of
plasmid DNA from M. smegmatis (21) was essentially like that from E. col, i.e.,
alkaline lysis, except that the cells were first disrupted (beaten for 2 min) by glass
beads in a Mini-BeadBeater (Biospec Products, Bartlesville, Okla.).

Introduction of plasmids into M. smegmatis was by electroporation (21). Bac-
teria suspended in 10% glycerol electroporation buffer with 1 pg of DNA were
subjected to a single pulse using the Bio-Rad Gene Pulser (Bio-Rad Laborato-
ries) set at 2.5 kV, 25 pF, with the pulse controller resistance set at infinity. The
content of the cuvette was diluted into 5 ml of TSB and incubated at 42°C. After
incubation, 100-pl aliquots were plated onto antibiotic-TSA plates; transfor-
mants appeared after incubation for 3 days.

Genomic DNA from M. smegmatis cells, disrupted with a Mini-BeadBeater
cell disruptor, was isolated with an Easy-DNA kit (Invitrogen Life Technologies,
Carlsbad, Calif.) and then was purified by RNase treatment and phenol extrac-
tion. Alternatively, genomic DNA was prepared as described elsewhere (49).
Cells were lysed with sodium dodecyl sulfate, and proteins were removed by
digestion with proteinase K. Cell wall debris and remaining proteins were re-
moved by precipitation with cetyltrimethylammonium bromide, and high-molec-
ular-weight DNA was recovered by isopropanol precipitation. M. tuberculosis
DNA was obtained from John T. Belisle and was produced through funds from
the National Institute of Allergy and Infectious Diseases, National Institutes of
Health, contract 1-AlI-25147 entitled “Tuberculosis Research Materials.”

Southern hybridization probes used in this study were prepared by digesting
plasmids carrying the desired gene with the appropriate restriction enzymes,
separating the DNA fragments by agarose gel electrophoresis, excising the DNA
probe band, and purifying it by phenol extraction. The DNA probe was radio-
labeled with [*?P]dCTP by the random primer method using the rediprime DNA
labeling system (Amersham Biosciences, Piscataway, N.J.). Southern blotting
and hybridization were performed according to the instructions of the manufac-
turer of the transfer membrane (NEN Life Science Products, Boston, Mass.).

Mutag is and screening for mycobactin mutants. Transposon mutagenesis
of M. smegmatis LR222 was performed as described by Guilhot et al. (17).
Plasmid pCG79 containing Tn6/1 was introduced into M. smegmatis by electro-
poration. Transformants were selected at 30°C on TSA plates containing kana-
mycin. Kan" transformants were grown in TSB at 30°C for 3 days, diluted 1:100
in antibiotic-free medium, and incubated at 42°C for at least 24 h. To screen for
mycobactin mutants, dilutions of cultures were plated on low-iron (0.1 wM)
minimal medium agar containing 30 pg of kanamycin/ml and supplemented (per
liter) with 3 g of sodium glutamate and 20 ml of glycerol. Plates were incubated
for 5 days at 42°C. Mycobactin-producing strains fluoresce (18) under UV light
(245 nm) on this medium; therefore, colonies were checked for fluorescence and
those failing to fluoresce were examined.

Amplification and cloning. The wild-type acp/fadD/fadE gene cluster was ob-
tained by PCR from M. smegmatis LR222 and M. tuberculosis H37Rv genomic
DNA. PCR was carried out using pfuTurbo polymerase (Stratagene, La Jolla,
Calif.) in a Bio-Rad Gene Cycler. The oligonucleotide primers (supplied by
Invitrogen Life Technologies) were as follows: for M. smegmatis, GTCTGTTT
CAAGTCGCCCGG (forward) and ACACCCGACGACATCCCCG (reverse);
for M. tuberculosis, GGTGCCCGAGGTCGATTGAAC (forward) and CGACC
GTCGGTTGTGTGAGTGG (reverse). PCR products were isolated from aga-
rose and cloned into pCR4Blunt-TOPO (Invitrogen Life Technologies). Con-
structs were verified as correct by sequencing.

Complementation of strain LUNS. Plasmids carrying PCR-amplified acp/fadD/
fadE DNA from the wild-type M. smegmatis (pBLT1344 and subclones of
pBLT1344) or M. tuberculosis ()MLNV1344) were electroporated into mutant
strain LUNS, and transformants were selected on appropriate antibiotic-contain-
ing media. The transformants were streaked on low-iron (0.1 pwM) minimal
medium agar containing glycerol and glutamate, and the colonies were observed
for fluorescence under UV (245 nm), indicative of mycobactin production. Plas-
mids were recovered from the desired transformants and analyzed by restriction
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digestion and electrophoresis to verify the presence of the correct plasmid.
Production of mycobactin by fluorescing transformants was confirmed by extrac-
tion and the high-performance thin-layer chromatography (HPTLC) procedures
described below.

Nucleotide sequencing and analysis. DNA sequencing was performed manu-
ally using the Sequenase system (U.S. Biochemicals, Cleveland, Ohio) and
[3*S]dATP or [**P]dideoxynucleoside triphosphate with miniprep plasmid DNA.
Complete sequences of both strands were obtained by either subcloning or
primer walking. Preliminary M. smegmatis sequence data were obtained from
The Institute for Genomic Research (TIGR) through their website (http:
/www.tigr.org).

Siderophore purification and assay. Cell-associated mycobactin was extracted
as previously described (18, 44). Bacteria were grown in high-iron (20 uM iron)
minimal medium for 2 days and then subcultured in low-iron (0.1 pM iron)
minimal medium without Tween 80 and grown to an optical density at 600 nm of
0.68. The cells recovered by centrifugation were suspended in ethanol. The cell
suspension was stirred at room temperature for 24 h. Cell debris was then
removed by filtration, and the mycobactin in the filtrate was converted to its
ferric complex by the addition of saturated FeCl; in ethanol. The ferrimycobactin
was extracted with chloroform. Excess iron was removed by washing the chloro-
form layer with water, and the chloroform was collected and evaporated to
dryness. The residue was dissolved in methanol, and its absorbance at 450 nm
was determined. The amount of ferrimycobactin was calculated using an extinc-
tion coefficient (1% solution) of 42.8 (44). Further purification of mycobactin in
the crude extracts was done by previously published protocols (31) with slight
alteration of volumes of each solvent. The dried mycobactin was dissolved in
cyclohexane-butanol (6:1) and then mixed with neutral-grade alumina until all
colored material had adsorbed to the alumina. The colored alumina was then
washed successively with cyclohexane, mineral spirits, toluene, and finally dieth-
ylether. The mycobactin then was eluted from the alumina with chloroform and
evaporated to dryness. This provided a siderophore of approximately 80% purity
(31).

Carboxymycobactin (exomycobactin) was extracted by the method of Ratledge
and Ewing (33). Culture supernatants were filtered through 0.45-wm-pore-size
filters, and the pH was adjusted to 3.5 with 2 M H,SO,. Saturated FeCl; in
ethanol was added until a precipitate began to form. This solution was stirred for
1 h and centrifuged. The exomycobactin in the supernatant was extracted into
chloroform, which then was washed with water and evaporated. The residue was
dissolved in ethanol.

Mycobactin preparations were analyzed spectrophotometrically on a Beckman
DU-70 spectrophotometer and by HPTLC on silica gel (Whatman type LHPK)
using ethanol-cyclohexane-water-ethyl acetate-acetic acid (5:25:2.5:35:5, by vol-
ume) as the developing solvent (33). Mycobactin J obtained from Allied Moni-
tor, Fayette, Mo., was used as a control. The peptido-hydroxamate siderophore
exochelin in low-iron culture filtrates was assayed with the liquid chrome azurol
S shuttle reagent (39).

EDDA inhibition assay. To test the effect of iron limitation on the growth of
siderophore  mutants, ethylenediamine-di(o-hydroxyphenyl —acetic  acid)
(EDDA), a ferric iron chelator, was added at final concentrations from 0 to 300
pg/ml to brain heart infusion agar. Prior to use, the agar was cured for 7 days to
allow chelation of iron by EDDA. The EDDA agar was melted by microwaving,
and after cooling to 50°C bacterial cells (about 10* to 10° CFU) were added to
the agar and mixed. The agar was aliquoted into 12.5-cm? tissue culture flasks
and allowed to solidify with the flask standing on end. The flasks were incubated
for 3 to 5 days, and the growth of M. smegmatis was determined.

NMR spectroscopy. Proton nuclear magnetic resonance (NMR) spectra of
mycobactin samples dissolved in methanol-d4 or chloroform-d were recorded
and referenced to that of tetramethylsilane on a JEOL Eclipse 400+ spectrom-
eter spinning at 15 Hz at 21 to 25°C in the laboratory of E. Valente, Mississippi
College, Clinton, Miss.

Nucleotide sequence accession numbers. The nucleotide sequences of the M.
smegmatis LR222 mbtDE genes and the acp/fadD genes have been assigned the
GenBank database accession numbers AY225312 and AF277395, respectively.

RESULTS

Isolation of mycobactin mutants. M. smegmatis LR222, a
strain derived from M. smegmatis mc®6 (2), was mutagenized
with Tn611, and the insertional library was screened for loss of
mycobactin production on low-iron (0.1 wM) minimal medium
agar containing glutamate, glycerol, and kanamycin. After 5
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FIG. 1. HPTLC of cell-associated ferrimycobactins produced by
wild-type M. smegmatis strain LR222, by the previously described (52)
mutant strains LUN1 and LUN2 that are unable to produce the sid-
erophore exochelin, and by strains LUNS and LUN9. Mycobactin J
was included as a reference.

days of incubation, colonies were checked for fluorescence
under UV light. Mycobactin-producing colonies fluoresce due
to the aromatic nucleus of mycobactin that accumulates in the
deferri form within iron-restricted cells (18). More than 10,000
colonies were screened, and two potential mycobactin mutants
(designated LUNS and LUNDY) that had no or significantly
diminished fluorescence under UV light were isolated.

Lack of mycobactin production by strain LUN9 and produc-
tion of an altered mycobactin by strain LUNS. To assess pro-
duction of cell-associated mycobactin by strains LUNS and
LUNDO, ethanolic extracts of cells grown in low-iron (0.1 wM)
minimal medium were analyzed by silica gel HPTLC. Strain
LUNY produced no detectable mycobactin, whereas strain
LUNS produced a ferric-chelating molecule that migrated
more slowly (R, 0.58) than mycobactin produced by the pa-
rental, wild-type strain LR222 (R, 0.62) (Fig. 1). When the
mycobactin preparations from strains LUN8 and LR222 were
mixed and chromatographed, separate bands were noted, con-
firming that the mycobactin-like product from strain LUNS
was distinct from mycobactin produced by the wild type (data
not shown). The previously described (52) mutant strains
LUNI1 and LUN2 that fail to make the peptido-hydroxamate
siderophore exochelin also were analyzed and found to pro-
duce mycobactin with a wild-type R, (Fig. 1).

The ferric-chelating material prepared from strain LUNS
was concentrated and purified by adsorption to, and elution
from, alumina. Mycobactin from the wild-type strain LR222
was likewise purified. The electronic absorption spectrum of
ferrimycobactin from LR222 showed a broad peak with max-
imum absorbance near 450 nm, characteristic of the ferrimy-
cobactins (Fig. 2). The ferric chelate of the substance produced
by strain LUNS also displayed a broad peak, with the maxi-
mum shifted to a wavelength somewhat lower than that of the
wild-type ferrimycobactin (Fig. 2). Comparison of the absorp-
tion maxima of the identically prepared samples from both
strains indicated that strain LUNS made a mycobactin-like
material at about 1/10 the production level of wild-type myco-
bactin. Preliminary NMR spectroscopy of deferrated mycobac-
tin isolated from both the wild-type and the LUNS strains
depicted molecules with the typical ortho-salicylate aromatic
moiety, similar to mycobactin S previously described by
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FIG. 2. Absorption spectra of identically prepared samples of fer-
rimycobactin-like material produced by M. smegmatis mutant strain
LUNS (A) and of ferrimycobactin prepared from wild-type M. smeg-
matis strain LR222 (B). Wild-type ferrimycobactin was diluted 10-fold
for this scan.

Ratledge and Dover (32). The mycobactin from strain LR222
contained an approximately 17-carbon, 2,3-unsaturated ali-
phatic side chain at the R1 position. Signals from the 2,3-
hydrogens at the double bond in the R1 side chain of the
wild-type siderophore were seen as a set of correlated signals
at 8 6.0 and 6.3 ppm (downfield from standard tetramethylsi-
lane) in one- and two-dimensional proton NMR spectra. These
signatures were not seen in the mycobactin produced by the
LUNS strain. Therefore, a saturated alkyl side chain, probably
of wild-type carbon length, was predicted to be attached at the
R1 position of the mycobactin made by strain LUNS. The
resulting alkane group at this position could alter solubility,
resulting in the slightly lower R, value observed for LUNS
mycobactin on HPTLC plates (Fig. 1). The complete structural
description of the mycobactin produced by strain LUNS is in
progress and will be the subject of another publication.

To assess production of the excreted form of mycobactin
(exomycobactin or carboxymycobactin) by the mutant strains
LUNS and LUNY, chloroform extracts of the cell-free filtrates
of low-iron cultures were examined by HPTLC. Excreted my-
cobactin with a characteristic R, value of 0.23 was detected in
culture filtrates of the wild-type strain LR222 and the previ-
ously described exochelin mutants (52) LUN1 and LUN2. Exo-
mycobactin was not detectable in culture filtrates of either
strain LUN8 or LUNY, although strain LUN8 may have ex-
creted exomycobactin in amounts below the detection thresh-
old of the assay. Both strains LUN8 and LUNO excreted the
peptido-hydroxamate siderophore exochelin, which was de-
tected by assay of the cell-free filtrates of low-iron cultures with
the liquid chrome azurol S shuttle assay of Schwyn and Nei-
lands (39).

Sensitivity of mycobactin mutant strains to iron restriction.
The capacities of the mycobactin mutant strains LUN8 and
LUNDY to overcome iron restriction imposed by the iron-che-
lating agent EDDA were determined and compared to those
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of the previously described exochelin mutants LUN1 and
LUN?2 (52). The MIC of EDDA for the wild-type strain LR222
was more than 250 ng of EDDA/mI, whereas the MICs for
both strains LUNS and LUNY were lowered to approximately
50 pg of EDDA/ml. On the other hand, the MICs for the
exochelin mutants LUN1 and LUN2 were essentially identical
to that for the wild type, at 250 pg of EDDA/ml. Control
studies showed that EDDA inhibition of the M. smegmatis
strains was reversed by iron salts, confirming that this inhibi-
tion was due to iron restriction. These data suggest that my-
cobactin synthesis but not exochelin production was necessary
to overcome iron limitation caused by EDDA.

Cloning and identification of mycobactin genes. Insertional
mutagenesis with Tn677 was confirmed by the previously de-
scribed strategy (17, 52) of digesting the genomic DNAs from
the mutants with PstI and performing Southern hybridizations
using the insertion sequence I1S6100 as a probe (Fig. 3). Colony
blotting was used to clone the transposon-flanking regions of
the insertion mutants. Both DNA fragments from the PstI
digestion were too short to give enough information for further
work. Therefore, we used the enzymes Smal and Sacl to cut
the genomic DNA and performed Southern blotting using
IS6100 as a probe. The results showed that both mutants had
different hybridization patterns from the plasmid control (Fig.
3). By using the same probe, a 3.5-kb Sacl fragment (pWEN3)
was cloned from LUNS and a 4.4-kb Smal fragment (pARC6)
was cloned from LUNY. Other fragments seen in the blot were
vector sequence. A portion of the LUN8 genome, downstream
from the insertion, was cloned by taking advantage of the
plasmid vector that was integrated into the chromosome along
with Tn611. This integrated vector carries an E. coli origin of
replication and resistance genes for kanamycin and streptomy-
cin. By cutting LUN8 DNA with EcoRI, ligating, transforming
E. coli cells, and selecting for kanamycin resistance, a plasmid
(pML222) was recovered. This plasmid carries the genomic
region on the other side of the LUNS Tn6/1 insertion from
that DNA that yielded pWEN3.

The cloned insertion flanking regions from both LUNS and
LUNO were sequenced. Nucleotide sequencing showed that
the insertion flanking region from LUN9 shared homology
with the mycobactin biosynthesis genes mbtD and mbtE of M.
tuberculosis (Fig. 4). The mutated gene from LUNS encoded
the N-terminal portion of a protein with homology to M. fu-
berculosis FadD33, an acyl-coenzyme A (CoA) synthase (Fig.
5). This DNA also encoded an acyl carrier protein (M. tuber-
culosis Rv1344 orthologue) of unknown function. In addition
to the 3’ end of fadD33, the DNA cloned into pML222 en-
coded an orthologue of the M. tuberculosis FadE14 protein.

Complementation of LUNS. Plasmid pBLT1344 carrying
PCR-amplified acp/fadD/fadE DNA from the wild-type M.
smegmatis strain LR222 and subclones of pBLT1344 were elec-
troporated into strain LUNS, and the resulting transformants
were observed for fluorescence under UV (245 nm), indicative
of mycobactin production (Fig. 6). Extraction and HPTLC
analysis of ferrimycobactin produced by a fluorescing LUNS/
pBLT1344 transformant confirmed its production of wild-type
levels of mycobactin with a wild-type R,. Complementation of
strain LUNS by the subclones showed that only those con-
structs that encoded both of the complete fadD and fadE genes
restored mycobactin synthesis in strain LUNS (Fig. 6). Trans-
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FIG. 3. Southern hybridization analysis of genomic DNAs isolated
from mycobactin mutant strains LUNS and LUN9 that were digested
with PstI, Smal, and Sacl. A **P-labeled HindI11/Pst] internal fragment
of IS6100 was used as the probe, and pCG79 was the vector control.
The origin of the PstI-generated bands is shown in Fig. 5. Molecular
size standards are indicated at the left.

formation of strain LUNS cells with the PCR-amplified M.
tuberculosis acp/fadD/fadE orthologues carried on plasmid
PMLNV1344 failed to yield fluorescing colonies, indicating
that the M. tuberculosis genes were unable to complement the
M. smegmatis strain.

In silico analysis of mycobactin gene clusters. Analysis of
DNA sequences indicated that the flanking regions from
LUNO had homology with mycobactin genes mbtD and mbtE
from M. tuberculosis (Fig. 4). MbtD belongs to the polyketide
synthase superfamily of proteins that contain consensus sites
for posttranslational phosphopantetheinylation that are in-
volved in acyl group transfer (10, 30). MbtE shares homology
with nonribosomal peptide synthetases and has a single amino-
acid adenylation domain that activates the lysine residues that
are incorporated into mycobactin. From the unfinished M.
smegmatis sequence obtained from TIGR, the organization of
the mycobactin gene cluster was identical to that of M. tuber-
culosis with the exception of mbtl and -J (Rv2386¢ and Rv2385,
also called #rpE2 and lipK [7]). Whereas mbtI and -J map next
to mbtA in M. tuberculosis, these genes were not found to be
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FIG. 4. Physical map of the Tn611 insertion region of M. smegmatis LUN9 compared to the M. tuberculosis mycobactin biosynthetic cluster from
nucleotides 2680005 to 2656218. Solid arrows indicate open reading frames for the respective genes. The transposon insertion is shown in the
opposite orientation from that in Fig. 5 and, in contrast to the LUNS insertion, the ISa element was duplicated instead of the ISb element.

linked in M. smegmatis. Overall, the proteins encoded in the and two genes (fadD33 and fadE14; 62.4 and 76.6% identity,
mycobactin gene cluster displayed a high degree of identity respectively) predicted to be involved in fatty acid degradation.
between the two mycobacterial species, from a high of 75.4% These genes do not map to the mbt gene cluster. The M.
for the mbtG orthologues to a low of 49.7% for mbtD. tuberculosis acyl carrier protein had an additional 22 amino

The flanking regions from LUNS had homology with an M. acids at its N terminus compared to that of the M. smegmatis
tuberculosis acyl carrier protein gene (Rv1344; 52.7% identity) orthologue. A methionine at the end of this stretch of addi-
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FIG. 5. Physical map of the Tn617 insertion region of M. smegmatis LUN8 compared to the Rvi344(acp)/fadD33/fadE14 sequence from
nucleotides 1508968 to 1512003 of M. tuberculosis. The Tn611 insertion location in LUNS is indicated. Solid arrows indicate open reading frames

for the respective genes. The dashed nucleotide line for M. smegmatis represents partially sequenced DNA. PstI digestion hybridization fragments
are shown at the bottom of the figure.
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FIG. 6. Complementation of mycobactin expression in mutant M.
smegmatis strain LUNS by plasmid pBLT1344 encoding M. smegmatis
acp/fadD/fadE and various subclones. Solid lines below the insert map
of pBLT1344 represent the amount of pBLT1344 DNA carried by
each subclone. The restriction enzymes used for each construction are
indicated.

tional amino acids could serve as a start codon, yielding a
product more similar to the one encoded by M. smegmatis.
Immediately 5’ of the acp (Rvi344 orthologue) open reading
frame of M. smegmatis is a 19-base sequence similar to the
consensus IdeR/SirR binding site (19, 45).

DISCUSSION

Mycobactin is an almost ubiquitously occurring siderophore
in both pathogenic and saprophytic mycobacteria. The sapro-
phytic forms produce a second siderophore called exochelin
(32), but loss of exochelin production did not significantly
diminish the MIC of the iron chelator EDDA for M. smegmatis
exochelin mutants. However, the necessity for mycobactin in
mycobacterial iron metabolism was evidenced by the fivefold
decrease in the MIC of EDDA for the mycobactin mutant
strains LUNS8 and LUNO. The reason for the sensitivity of the
mycobactin mutants to iron restriction is unknown.

Analysis of cloned DNA sequences indicated that the re-
gions flanking the transposon insertion in the mycobactin mu-
tant strain LUN9 had homology with mycobactin genes mbtD
and mbtE of M. tuberculosis. MbtD belongs to the polyketide
synthase superfamily of proteins that contain consensus sites
for posttranslational phosphopantetheinylation and may be in-
volved in acyl group transfer (8). MbtE shares homology with
nonribosomal peptide synthetases and has a single amino acid
adenylation domain that probably activates the lysine residues
that are incorporated into mycobactin. Our results are in
agreement with those of De Voss et al. (11), who showed that
disruption of the M. tuberculosis mbt gene cluster prevented
synthesis of the mycobactin core.

The regions flanking the transposon insertion in strain
LUNS have homology with M. tuberculosis genes encoding an
acyl carrier protein (Rv1344), an acyl-CoA synthase (fadD33),
and an acyl-CoA dehydrogenase (fadE14). These genes, which
are not located in the reported mycobactin gene cluster (7),
appeared to be necessary for wild-type mycobactin production,
an observation not previously reported. The preliminary NMR
studies of the mycobactin made by LUNS suggested that in M.
smegmatis the acp/fadD/fadE gene cluster is involved in bio-
synthesis of the aliphatic side chains attached to the mycobac-
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tin nucleus. Because correct side chain synthesis cannot be
accomplished in strain LUNS, it produced only a small amount
of a mycobactin with an altered side chain. FadD and FadE are
predicted, based on sequence, to be involved in lipid degrada-
tion (7); these enzymes could initiate modification of a preex-
isting lipid with subsequent attachment of the lipid to an acyl
carrier protein with final transfer to the mycobactin core by an
as-yet-to-be-identified acyltransferase (8, 10). Alternatively,
the FadD and FadE enzymes could modify the mycobactin side
chains after they have been attached by the acyltransferase.

An examination of the putative regulatory region of the M.
smegmatis acp gene revealed a consensus “IdeR box,” suggest-
ing a role for the iron-dependent regulatory protein IdeR (38)
in the transcriptional control of these genes. Moreover, Rodri-
guez et al. (36) recently demonstrated by microarray analysis
that the expression of the M. tuberculosis Rv1344, fadD33, and
fadE14 genes was iron and IdeR repressible. The translational
termination and initiation codons for acp-fadD and fadD-fadE
were predicted to overlap. These observations and the comple-
mentation data from LUNS transformed with pBLT1344 and
its subclones suggest that acp-fadD-fadE comprise an operon
with a single polycistronic mRNA under control of the IdeR
iron-dependent regulator, making expression of the operon
responsive to iron restriction.

Whereas the wild-type M. smegmatis LR222 genes provided
the missing function(s) to strain LUNS, transformation of this
strain with the M. tuberculosis orthologues failed to restore
wild-type mycobactin synthesis. Although there is a high de-
gree of homology between the M. tuberculosis and the M.
smegmatis acp/fadD/fadE genes, the lack of complementation
of LUNS by the corresponding M. tuberculosis genes may not
be surprising. An explanation may be that the FadD and FadE
enzymes from the two species recognize different lipids. More-
over, the aliphatic side chains of the mycobactins are highly
variable and species specific (44). M. smegmatis may not pro-
duce the particular lipid that is recognized by M. tuberculosis
FadD and/or FadE. Wheeler and Ratledge (48) proposed that
in vivo-grown M. tuberculosis makes use of the variety and
quantity of lipids available within mammalian cells and the
tubercle. The many FadD and FadE alleles (36 of each) en-
coded by the M. tuberculosis genome (7) would suggest a high
degree of specificity of each enzyme for its substrate. Various
species-specific genes may be used for synthesis and attach-
ment of the variable side chains of mycobactin.

An alternative explanation for the lack of complementation
by the M. tuberculosis genes could simply be that the M. smeg-
matis RNA polymerase does not efficiently initiate transcrip-
tion from the M. tuberculosis promoter. Although the recogni-
tion of promoter sequences appears somewhat conserved
among mycobacteria (28), differences in gene expression of
cloned mycobacterial DNA have been reported when genes
from one species are introduced into another (24, 46). More-
over, Mulder et al. (28) suggested that the validity of studying
M. tuberculosis gene expression in other mycobacterial hosts
may depend on the particular promoter in question.

A significant amount of evidence has accumulated demon-
strating that two of the microbial processes that contribute to
M. tuberculosis infection are iron acquisition and lipid metab-
olism (11, 12, 25, 34, 35, 36, 43). M. tuberculosis strains that are
defective in mycobactin synthesis (11) or express a constitu-
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tively active iron repressor (25) are attenuated for virulence.
Differential display was used to show that fadD33 is underex-
pressed in the attenuated strain M. tuberculosis H37Ra (35),
and strains that are defective in fadD33 expression are inhib-
ited for growth in the liver of BALB/c mice (34). Here we have
demonstrated that these two processes, iron acquisition and
lipid metabolism, intersect. We have shown that a mutation in
the M. smegmatis orthologue of fadD33 disrupts production of
mycobactin, resulting in a molecule with an altered side chain.
In the pathogenic mycobacteria, the fad genes also may have
essential functions in both lipid metabolism and production of
mycobactin, a necessary component of the iron acquisition
process.
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