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Mycobacteria secrete the siderophore exochelin when grown under iron-limiting conditions. In order to
understand iron uptake mechanisms in mycobacteria, we have taken a genetic approach to identify those genes
involved in exochelin biosynthesis and transport in Mycobacterium smegmatis. Of the 6,000 chemically mu-
tagenized clones of M. smegmatis mc2155 screened on agar plates containing chrome azural S, 19 mutants that
had lost the ability to produce or secrete exochelin were identified. Thirteen of these mutants were comple-
mented by a single M. smegmatis cosmid. Sequence analysis of this cosmid revealed nine open reading frames,
three of which are homologous to genes encoding transporter proteins, which are likely involved in exochelin
transport. Complementation and Tn10 mutagenesis analysis identified two new genes, fxbB and fxbC, which are
required for exochelin biosynthesis. The fxbB and fxbC genes encode large proteins of 257 and 497 kDa,
respectively, which are highly homologous to peptide synthetases, indicating that exochelin biosynthesis occurs
by a nonribosomal mechanism.

Iron is essential for microorganisms (31, 50), as it is needed
for a variety of important cellular functions such as electron
transport, the reduction of ribonucleotides and dinitrogen, and
the decomposition of peroxide (24). Although there is abun-
dant iron in the earth and in animals, it is not readily accessible
to bacteria. When exposed to the earth’s atmosphere, iron is
oxidized to the ferric state. Ferric iron easily forms an insoluble
hydroxide in aqueous solution at neutral or alkaline pH. In
animals, most iron is bound to proteins such as hemoglobin,
myoglobin, and cytochromes or iron carriers such as trans-
ferrin, lactoferrin, and ferritin. The relative insolubility of iron
in the environment and the iron-withholding mechanisms in
animals limit the amount of iron available to bacteria. In order
to survive and propagate, microorganisms have developed so-
phisticated mechanisms such as the siderophore system to
scavenge iron from the environment.

Siderophores are low-molecular-weight iron chelators syn-
thesized by most microorganisms to sequester and deliver iron
(32). Organisms often have multiple types of siderophores and
specific receptors for siderophores, presumably to ensure ad-
equate acquisition of iron under many conditions. Siderophore
synthesis is tightly regulated by the amount of iron in the
environment (23). Since siderophores are involved in the ac-
quisition of iron under iron starvation conditions (e.g., within
a host environment), the production of siderophores has been
shown to be associated with virulence as well as the survival of
many microorganisms (24, 33, 51). The siderophore systems of
Escherichia coli, Yersinia enterocolitica (24), Erwinia chrysan-
themi (14), and Pseudomonas aeruginosa (29) are correlated
with the virulence of these organisms. Siderophore pathways
may also be involved in the virulence of pathogenic mycobac-
teria such as Mycobacterium tuberculosis. The identification of

genes involved in iron sequestration pathways will facilitate our
understanding of the mechanisms of iron uptake and the role
of iron in the biology of mycobacteria.

We use Mycobacterium smegmatis as a model system to study
siderophore-mediated iron uptake in mycobacteria because it
is nonpathogenic, fast-growing, and more tractable genetically
than M. tuberculosis. M. smegmatis is known to produce a cell
envelope-associated siderophore called mycobactin (43) and
two secreted siderophores—exochelin MS, a pentapeptide de-
rivative (40), and carboxymycobactin, a modified form of my-
cobactin (22, 34). The gene fxbA, which is required for exo-
chelin biosynthesis in M. smegmatis, was identified in a
previous study (16). In this report, we describe the isolation of
exochelin-deficient mutants of M. smegmatis generated by ethyl
methanesulfonate (EMS) mutagenesis. Complementation
studies and mutagenic analyses identified two genes, fxbB, and
fxbC, which are essential for exochelin biosynthesis. The two
biosynthesis enzymes, FxbB and FxbC, share significant homol-
ogy with peptide synthetases (PPSs). Furthermore, we have
identified three other open reading frames (ORFs) which may
also have a role in export and uptake of exochelin.

(Data in this paper are from a thesis by Shengwei Yu to be
submitted in partial fulfillment of the requirements for the
Doctor of Philosophy degree from the Sue Golding Graduate
Division of Medical Sciences, Albert Einstein College of Med-
icine, Yeshiva University, Bronx, N.Y.)

MATERIALS AND METHODS

Bacteria, media, and growth conditions. The strains, cosmids, plasmids, and
phage used in this study are listed in Table 1. E. coli cultures were routinely
grown in Luria-Bertani (LB) medium (Difco Laboratories) at 37°C. Antibiotics,
when required, were added at the following concentrations: ampicillin, 50 mg/ml;
kanamycin, 50 mg/ml for E. coli and 20 mg/ml for M. smegmatis; and hygromycin
B, 200 mg/ml for E. coli and 50 mg/ml for M. smegmatis. Hygromycin B was
purchased from Boehringer Mannheim (50 mg/ml in phosphate-buffered saline);
all other antibiotics were purchased from Sigma Chemical Co. (St. Louis, Mo.).
Mycobacterial cultures were grown in Middlebrook 7H9 medium (Difco Labo-
ratories) supplemented with glycerol (0.2%), glucose (0.2%), bovine serum al-
bumin fraction V (0.5%), and NaCl (0.085%) at 37°C. Bovine serum albumin
fraction V was purchased from Boehringer Mannheim; glycerol, glucose, and
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NaCl were purchased from Fisher Scientific. Minimal medium (MM) and the
chrome azural S agar medium have been described previously (16). MM was
used as the iron-limiting medium for mycobacteria (16).

Generating exochelin-defective mutants of M. smegmatis. The protocol for
EMS mutagenesis of M. smegmatis was adapted from that in Current Protocols in
Molecular Biology (4). A 1-h 15-min EMS exposure yielded 25% survival of
M. smegmatis. After mutagenesis, the mixture was sonicated and passed through
a 5.0-mm-pore-size filter (Cameo 25NS; Micron Separations Inc.) to obtain
suspension of single cells. The samples were diluted and transferred to plates
containing Middlebrook 7H9 medium as the base, 0.2% glycerol, 10% albumin-
dextrose-saline, 0.5% Casamino Acids, 0.1 mg of diaminopimelate per ml, and
0.02 mg of trytophan per ml, and the plates were incubated at 37°C (27).
Individual colonies were then plated onto CAS medium agar plates and scored
for the absence of a yellow halo, indicative of exochelin production (16).

Complementation analysis. A cosmid library of M. smegmatis mc2155 genomic
DNA in the replicating cosmid vector pYUB415 (6) was generated by Vaamonde
and Jacobs (47) and electroporated into the M. smegmatis exochelin mutants.
Transformants were grown on hygromycin-containing medium, selected, and
transferred to CAS medium to screen for the complemented clones.

DNA manipulation. Restriction enzymes, T4 DNA ligase, and DNA polymer-
ase I large fragment (Klenow) were purchased from Promega and New England
Biolabs. Shrimp alkaline phosphatase was obtained from USB/Amersham. Re-
striction fragments were isolated from agarose gels with the Qiaex II gel extrac-
tion kit (Qiagen Inc.). Plasmids were isolated by alkaline lysis (36) or with the
Qiagen plasmid kit (Qiagen Inc.). All enzymes and kits were used in accordance
with the manufacturer’s recommendations. Chromosomal DNA from M. smeg-
matis was purified as described previously (5).

Mini-Tn10 transposon mutagenesis of pYUB563 and allelic exchange. In vivo
mutagenesis of the complementing cosmid pYUB563 was performed in E. coli
with a mini-Tn10 transposon delivered by phage lambda NK1316 (20). Briefly,
DH10B cells transformed with pYUB563 were infected with phage lambda
NK1316 (ATCC 77345) and plated on LB medium with kanamycin at 30 mg/ml.
Cosmids were prepared from pools of the Kanr DH10B cells and used to trans-
form E. coli DH5a cells. Transformants were selected on LB medium with
kanamycin to isolate the Kanr cosmids which have mini-Tn10 insertions. Cosmid
DNA was prepared from individual clones and analyzed by restriction endonu-
clease digestion.

The flanking regions of the Tn10 insertions in these cosmids were identified by
first subcloning Sau3AI partial digestions of the cosmids, selecting for kanamy-
cin-resistant subclones, followed by sequencing toward the mini-Tn10 insertion
sites with the T3 and T7 universal primers. The DNA sequences of the flanking

regions were compared to the cosmid sequence, and the mini-Tn10 insertion
sites were identified.

The Tn10-mutagenized cosmids were utilized to construct site-directed inser-
tion mutants in M. smegmatis. The cosmids were linearized by ScaI digestion and
then electroporated into strain mc2155. Kanr colonies were selected, transferred
to hygromycin plates to screen for Hygs colonies and then transferred to CAS
plates to screen for halo production.

Southern blotting and DNA sequencing. Southern blotting was done by the
alkaline-denaturation procedure (26). DNA was transferred to Biotrans nylon
membranes (ICN, Irvine, Calif.) by the capillary method. Hybridization and
detection were performed as recommended by the manufacturer (ECL kit;
Amersham), under high-stringency (0.1 M NaCl and 42°C) and low-stringency
(0.5 M NaCl and 42°C) conditions for prehybridization and hybridization.

The sequencing strategy consisted of using the M13 universal primers with 100
subclones in pMD31, followed by designing primers using the newly acquired
sequences to directly sequence the cosmid pYUB563. Nucleotide sequencing
reactions were performed by using a Dye Terminator Cycle Sequencing Ready
Reaction DNA sequencing kit, and the sequence runs were done by using an ABI
PRISM 377 DNA sequencer (Perkin-Elmer Applied Biosystems). Sequence data
were analyzed with the MacVector and AssemblyLIGN programs (Scientific
Imaging Systems), and homology searches were performed by using the BLAST
program of the National Center for Biotechnology Information (3).

Mycobactin and exochelin assays. For the exochelin assay, mycobacteria were
grown in liquid MM and MM containing 50 mM FeCl3. The cells were centri-
fuged at 5,000 3 g for 15 min, and the supernatant was assayed for exochelin by
the universal CAS method developed by Schwyn and Neilands (38). The myco-
bactin assay procedure of Hall and Ratledge (19) was used to isolate and
determine the concentration of mycobactin. For the mycobactin assay, mycobac-
teria were spread onto MM, MM containing 50 mM 2,29-dipyridyl (an iron
chelator), and MM containing 50 mM FeCl3 to produce a lawn of growth. The
cells were scraped from the plates and weighed. The mycobactin from the
weighed cells was extracted overnight with ethanol.

Hydrogen peroxide killing. Mycobacteria were grown (37°C, with shaking) in
MM and MM plus 50 mM FeCl3 to an A600 of 0.35. Aliquots (0.9 ml) of the
culture were added to 0.1 ml of hydrogen peroxide (obtained as a 30% solution
from Sigma Chemical Co.) at concentrations from 0 to 35 mM. After 30 min of
incubation at 37°C, the number of surviving cells was obtained by diluting the
hydrogen peroxide-treated cells in phosphate-buffered saline with 0.05% Tween
80 and plating 20-ml aliquots onto Middlebrook 7H9 medium. The experiments
were repeated twice.

TABLE 1. Bacterial strains, cosmids, plasmids, and phage used in this study

Strain, cosmid,
plasmid, or phage Relevant genotype or description Source or

reference

Strains
E. coli

DH5a F2 f80dlacZDM15 D(lacZYA-argF)U169 deoR recA1 endA1 hsdR17(rK
2 mK

1) phoA supE44 l2 thi-1
gyrA96 relA1

GIBCOBRL

DH10B F2 mcrA D(mrr-hsdRMS-mcrBC) f80dlacZDM15 DlacX74 deoR recA1 endA1 araD139 D(ara leu)7697 galU
galK l2 rpsL nupG

GIBCOBRL

STBL2 F2 mcrA D(mcrBC-hsdRMS-mrr) recA1 endA1 gyrA96 thi supE44 relA1 l2 (lac-proAB) GIBCOBRL

M. smegmatis
mc2155 ept-1 42
mc2848 ept-1 fxbA1 16
mc21287 ept-1 fxbA2 This study
mc21289 ept-1 fxbB4 This study
mc21608 ept-1 fxbB21::Tn10 This study
mc21609 ept-1 fxbC22::Tn10 This study
mc21610 ept-1 fxbB21::Tn10/pYUB563 This study
mc21611 ept-1 fxbC22::Tn10/pYUB563 This study

Cosmids or plasmids
pKSII1 Ampr; high-copy-number cloning vector, ColE1, unable to replicate in mycobacteria Stratagene
pMD31 Kanr; E. coli-mycobacterium shuttle vector 11
pYUB412 Ampr Hygr; E. coli-mycobacterium shuttle vector; ColE1 ori; int attP nonreplicative but integration

proficient in mycobacteria
6

pYUB415 Ampr Hygr; E. coli-mycobacterium shuttle vector; ColE1 ori; M. fortuitum pAL5000 ori; lambda cos 6
pYUB340 pYUB18 with a 30-kb insert which can complement exochelin mutant mc2848 16
pYUB347 pMD31 with a 4.3-kb fragment which can complement exochelin mutant mc2848 16
pYUB563 pYUB415 with a 31-kb insert from mc2155 in the BamHI site This study
pYUB908 pYUB563 fxbB::Tn10 This study
pYUB909 pYUB563 fxbC::Tn10 This study

Phage lNK1316 Mini-Tn10 kan/Ptac-ATS transposase 20
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Nucleotide sequence accession number. The nucleotide sequence reported in
this study (nucleotides 1 to 30683) has been submitted to the GenBank/EMBL
data bank under accession no. AF027770.

RESULTS

Isolation of M. smegmatis exochelin biosynthesis mutants.
M. smegmatis exochelin is detectable on agar plates containing
CAS (16). This medium turns blue when CAS binds to ferric
iron; once the iron is deprived from the dye by a higher-affinity
iron chelator such as exochelin, the blue medium will turn
yellow. Wild-type M. smegmatis mc2155 produces and secretes
exochelin, leading to the formation of yellow halos around the
colonies on CAS plates; exochelin-defective mutants will fail to
form yellow halos as previously shown (16). We screened 6,000
EMS-mutagenized M. smegmatis colonies to identify mutants
lacking a yellow halo on CAS medium. Nineteen mutants were
obtained and presumed to be defective in either exochelin
synthesis or export and characterized further.

Complementation analysis of M. smegmatis exochelin mu-
tants. The 19 mutants were transformed with an M. smegmatis
cosmid library constructed in pYUB415. In addition, each mu-
tant was transformed with pYUB347, a plasmid containing
fxbA, a gene previously shown to be required for exochelin
biosynthesis (16). We found that these mutants fell into at least
two different complementation groups. The group I mutant,
mc21287 (1 of 19), was complemented by pYUB347. There-
fore, this mutant most likely has a mutation in the fxbA gene.
Group II mutants (13 of 19) were not complemented by
pYUB347 but were complemented by four independent but
similar, overlapping cosmids. One of these cosmids, pYUB563,
was chosen for further study. The remaining mutants (5 of 19)
could not be complemented by pYUB347, pYUB563, or the
cosmid library. These clones will not be discussed further.

DNA sequence analysis of the M. smegmatis exochelin bio-
synthesis gene cluster. The cosmid pYUB563 was digested by
BamHI, ClaI, KpnI, PstI, and SphI separately and subcloned
into the corresponding sites in pMD31, a mycobacterial shuttle
vector (11). After electroporating the group II mutants with
the subcloned plasmids, we screened the transformed colonies
on CAS plates for complementing clones. No complementa-
tion was observed with any of the subcloned constructs. In
addition, a Sau3AI partial digestion of the cosmid pYUB563
was pooled for shotgun subcloning. DNA fragments of ;10 kb
were obtained and ligated to pMD31. DNA was prepared from
a pool of 200 E. coli transformants and electroporated into the
group II mutants. None of the transformants had the ability to
form a halo when transferred to CAS plates. Restriction anal-
ysis showed that more than 80% of the colonies contained
plasmids with random 10-kb inserts (data not shown). The

failure to obtain a small complementing fragment suggests that
either the complementing gene is very large or it is located in
a large operon such that subclones would lack a promoter and
the promoterless vector pMD31 could not express the gene.

Since subcloning techniques had failed, the full-length cos-
mid pYUB563 was sequenced in order to identify the comple-
menting gene(s). We sequenced 30,683 bp of DNA and iden-
tified nine ORFs (Fig. 1). The gene fxbA (for ferric exochelin
biosynthesis) had been previously identified as an exochelin
biosynthesis gene and was flanked at the 39 end by genes fxuA
(for ferric exochelin uptake), fxuB, and fxuC (16) (Fig. 1). The
BLAST program (2) was used to search for homologous genes
of the eight remaining ORFs in GenBank, EMBL, and Sanger
Center databases. ORF1 and ORF2 have homology with the
ABC transporters (Table 2). ABC transporters consist of four
domains, two hydrophobic transmembrane domains which are
associated with two hydrophilic domains containing ATP-bind-
ing cassettes. The ATP-binding domain and the membrane-
spanning domain of an ABC transporter can be located on the

FIG. 1. Exochelin biosynthesis locus. Nine ORFs were identified in cosmid pYUB563. Based on homologies to known biosynthesis and transport genes, the ORFs
were named fxbA, orf1, orf2, fxbB, fxbC, fxuD, orf3, orf4, and orf5. Six of these ORFs and the previously identified putative iron uptake genes fxuC, fxuA, and fxuB which
are located in the 39 end of the fxbA gene are likely involved with exochelin biosynthesis and transport pathways. PFe3, the putative iron box with direction of
transcription is indicated. The transcription of fxbA gene and the orf1, orf2, fxbB, and fxbC gene operon were under the control of divergent promoters and iron boxes.

TABLE 2. Homologies of proteins in pYUB563 to selected
sequences from other organismsa

Protein in
pYUB563

Homologous
protein

%
Iden-
tityc

%
Simi-

larityb,c

Accession
no. or

referenced

ORF1 Streptomyces glaucescens StrV 27 38 1361425
ORF2 S. glaucescens StrW 31 46 1361426
FxbB Streptomyces roseosporus daptomycin

biosynthesis protein subunit
31 32 AF021262

Streptomyces pristinaespiralis SnbC 38 50 9

FxbC S. pristinaespiralis SnbED 36 47 1906378
FxuD Corynebacterium diphtheriae ORF1 34 49 37

Bacillus subtilis FhuD 30 51 2226253
M. tuberculosis MTCY6A4.09C 36 51 1850110
Synechocystis sp. strain FepB 31 47 1651665

ORF3 M. tuberculosis MTV007.05c ABC
transporter ATP-binding protein

86 94 2791392

M. leprae ABC2 82 89 2145963

ORF4 M. tuberculosis MTV007.04c 56 61 2791391
M. leprae B1496-F2-59 51 58 2145664

ORF5 M. tuberculosis MTV007.03c 44 52 2791390
M. leprae B1496-F2-61 47 56 2145665

a Homologies were calculated by using the gapped BLAST program (2) of the
National Center for Biotechnology Information (www.ncbi.nlm.nih.gov).

b Includes conservative substitutions.
c These homologies are over the entire length of these genes.
d GenBank accession numbers or literature references.
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same polypeptide or on separate polypeptides (15). The N-
terminal halves of ORF1 (amino acids [aa] 1 to 302) and ORF2
(aa 1 to 285) contain five and four putative transmembrane
domains respectively (30). Both of the C-terminal halves of
ORF1 (aa 303 to 574) and ORF2 (aa 286 to 584) share ho-
mology with ATP-binding cassettes. FxuD was named accord-
ing to the homology of this ORF to the genes encoding a family
of periplasmic proteins involved in iron transport, including
the ferrichrome receptor, FhuD, from Bacillus subtilis and the
iron dicitrate transport system permease protein FepB of Syn-
echocystis sp. (Table 2). These similarities suggest that FxuD
might be a membrane-associated protein that may serve as a
receptor for ferric exochelin. ORF3 has homology with ABC
transporters found in M. tuberculosis and Mycobacterium leprae
(Table 2). Unlike ORF1 and ORF2, ORF3 has only a hydro-
philic ATP-binding domain and does not contain a hydro-
phobic transmembrane domain within the same peptide.
ORF4 and ORF5 lack homology to any well-characterized
proteins except to four putative M. tuberculosis and M. leprae
membrane proteins (Table 2). ORF4 consists of six transmem-
brane domains, and ORF5 consists of five transmembrane
domains (30), suggesting they are membrane proteins.

The fxbB and fxbC gene products have homology to mul-
tidomain PPSs which use a nonribosomal enzyme thiotemplate
mechanism for peptide synthesis (8–10, 21, 41, 46). The mul-
tiple domains in PPSs are homologous to each other and have
been referred to as modules, each one catalyzing the activation
and condensation of the amino or hydroxy acid in sequence
(9). The FxbB sequence has two putative modules, while the
FxbC sequence has four. These modules show a high degree of
sequence similarity and identity, and the conserved amino acid
sequences correspond to the ATP-binding site, the ATPase
motif, and pantetheine attachment motif in the amino acid
activation domains (Fig. 2). Besides the homology among these
six modules, they also have a high degree of similarity to
modules in several multifunctional peptide synthetases and
adenylate-forming enzymes of diverse origin (Table 2).

Previous studies showed that fxbA gene expression is iron
regulated and that the fxbA promoter region has an “iron box”
sequence recognized by the mycobacterial regulator protein
IdeR (12, 13, 16). Sequence analysis showed that there are also
iron boxes in the promoter and operator regions of the fxuC
gene, orf1, and the fxuD gene (Table 3).

fxbA is flanked by orf1 and orf2 on one side and fxuA, fxuB
and fxuC on the other side (16). fxuA, fxuB, and fxuC are highly
homologous to genes encoding iron permeases belonging to a
large family of ATP-dependent permeases in gram-negative
organisms (16); therefore, the biosynthesis genes fxbA, fxbB,
and fxbC are flanked by ABC transporter genes and a possible
receptor gene, fxuD. All of these genes are strong candidates
for genes involved in exochelin biosynthesis and transport
pathways.

Mutational analysis of the fxbB and fxbC genes. In order to
identify the gene(s) that complement group II mutants, in vivo
mutagenesis of the complementing cosmid was performed in
E. coli with a Tn10 transposon (see Materials and Methods).
Of the 50 arbitrarily picked Kanr cosmids, 30 had a transposon
in the insert. All of the 30 Tn10-disrupted cosmids were elec-
troporated into mc21289 (one of the group II mutants); eight
failed to complement this mutant. These eight cosmids were
electroporated into the rest of the mutants in group II and
were also found to be unable to complement any of these
mutants. By analyzing the DNA sequence flanking the region
of the Tn10 insertion in these cosmids, we found that every
noncomplementing cosmid had a Tn10 inserted in the fxbB
gene.

Analysis of the sequence suggests that fxbB and fxbC are in
the same transcription unit. Therefore, group II mutants could
have mutations in the fxbB and/or fxbC genes. The Tn10 in-
sertion in fxbB may exert a polar effect on expression of fxbC.
To differentiate between the contributions of the fxbB and fxbC
genes on the complementing phenotype, pYUB908, a cosmid
containing a transposon insertion in fxbB, and pYUB909, a
cosmid with an insertion in fxbC, were electroporated into
group II mutants. pYUB908 failed to complement mutants in
group II, whereas pYUB909 retained the ability to comple-
ment (Fig. 3). Therefore, all of the group II isolates have a mu-
tation in the fxbB gene.

We used cosmids pYUB908 (fxbB::Tn10) and pYUB909

FIG. 2. Alignment of the sequences of six modules of FxbB and FxbC. The
number at the end of each line refers to the amino acid sequence position in
FxbB and FxbC. Identical regions are boxed. The ATP-binding site, ATPase site,
and pantetheine motif are underlined. Dots indicate variable amino acids, and
dashes indicate gaps.
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(fxbC::Tn10) to construct insertions in the genome of strain
mc2155. Linearized pYUB908 and pYUB909 were electropo-
rated into mc2155, and Kanr recombinants were selected. Two
Kanr clones, mc21608 and mc21609, were analyzed by Southern
hybridization (Fig. 4). Mutant mc21608 has a Tn10 insertion in
the fxbB gene, and mutant mc21609 has a Tn10 insertion in the
fxbC gene. Both mc21608 and mc21609 fail to form halos on
CAS plates (Fig. 5). Thus, it appears that both FxbB and FxbC
are essential for exochelin production in M. smegmatis.

The cosmid pYUB908 (fxbB::Tn10) cannot complement mu-
tant mc21608 (fxbB::Tn10), mutant mc21609 (fxbC::Tn10),
and all of the group II mutants; pYUB909 (fxbC::Tn10) cannot
complement mutant mc21609 (fxbC::Tn10) or mc21608 (fxbB::
Tn10), but it can complement all of the group II mutants (Fig.
3). From these data, we conclude that Tn10 insertion in the
fxbB gene in pYUB908 and mc21608 has a polar effect upon
expression of the fxbC gene.

Characterization of fxbB and fxbC mutants. Quantitative
assays of mycobactin and exochelin from the different strains
were performed to help us understand the regulation of the
different siderophores under different iron conditions. Fiss had
demonstrated that M. smegmatis with a mutation in the fxbA
gene failed to produce exochelin but still produced mycobactin
(16). Mutant strains mc21608 and mc21609 have defects in the
fxbB and fxbC genes, respectively, and lack the ability to pro-
duce yellow halos on CAS medium (Fig. 5). The siderophores
mycobactin and exochelin were partially purified from the par-
ent strain mc2155 and mutant strains mc21608 and mc21609,
mc21610, and mc21611 (Table 4). Exochelin production was
diminished in mutant strains mc21608 and mc21609, but the iron
binding activity of the supernatants was not totally abolished.
The small amount of activity may be due to the other secreted
siderophore, carboxymycobactin. Synthesis of exochelin was
restored in the complementing strains mc21610 and mc21611.

The mutant strains mc21609 and mc21608 synthesized myco-
bactin in amounts comparable to or greater than the wild-type
strain mc2155.

A previous study had shown that iron-starved M. smegmatis
cells are more susceptible to hydrogen peroxide killing than
iron-loaded cells are (25). The susceptibility of the iron-defi-
cient cells was due to their inability to upregulate two of the
major oxidative stress proteins, DnaK and GroEL, when stressed
with hydrogen peroxide. Based on this phenomenon, we hy-
pothesized that the exochelin deficient mutants are more sen-
sitive to hydrogen peroxide killing than wild-type M. smegma-
tis. The fxbB and fxbC mutants and wild-type mc2155 were
tested for hydrogen peroxide sensitivity under high- and low-
iron conditions. The mutant strains mc21608 and mc21609 were
more sensitive to hydrogen peroxide killing than wild-type
mc2155 under both high- and low-iron conditions (Fig. 6). The
wild-type mc2155 had a comparable magnitude of killing in this
study under both high- and low-iron conditions, unlike results
of the previous study (25). The sensitivities toward hydrogen
peroxide of the complemented strains mc21610 and mc21611
were similar to that of the wild-type mc2155 (data not shown).

DISCUSSION

We report results from the sequencing of a cosmid capable
of complementing mutants defective in exochelin biosynthesis.
This endeavor revealed the presence not only of the previously
described fxbA gene but also of five ORFs which are likely
involved with exochelin synthesis and export. Two genes, fxbB
and fxbC, have striking homology with the PPSs and as was the
case with fxbA, are required for the synthesis of exochelin MS.

PPSs are large multifunctional enzyme complexes made of
multiple homologous domains which catalyze the synthesis
of linear and cyclic peptides including antibiotics and sidero-
phores by a nonribosomal peptide synthesis mechanism (1,
7–10, 21, 28, 35, 41, 45, 46, 48, 49). PPSs form a complex
spatial organization to direct activation and racemization
reactions and sequential polymerization of the component
amino acids. The homology between FxbB and FxbC to PPSs
indicates that M. smegmatis exochelin is synthesized by a
nonribosomal peptide biosynthesis pathway. M. smegmatis
exochelin has the structure N-(d-N-formyl–(R)-d-N-hydroxy-
ornithine-1)–b-alanine–(R)-d-N-hydroxyornithine-2–(R)-allo-
threonine–(S)-d-N-hydroxyornithine-3 (Fig. 7B). The structure
of this is similar to those of pseudobactin, pyoverdin, and
azotobactin of Pseudomonas species but unique in that all of
the conventional peptide linkages involve R-amino acids. The
number of activation modules in PPSs usually corresponds to

FIG. 3. Complementation of exochelin biosynthesis mutants. The ability of the cosmids to complement exochelin biosynthesis gene mutations are indicated at the
right. Symbols: 1, complementation; 2, no complementation.

TABLE 3. Putative iron binding sequences in the promoter
regions of fxbA, orf1, fxuC, and fxuD genes

Site or gene Sequencea

Consensus DtxR-binding siteb......................TTAGGTTAGCCTAACCTAA

fxbA..................................................................AAAGGTAAGGCTTACCAAT
orf1 ...................................................................ATTGGTAAGCCTTACCTTT
fxuC..................................................................AGGTTCGACTCCGAGACCT
fxuD .................................................................GACCAGGTACTCACCGGGT

a The bold letters indicate the strictly conserved nucleotides; the remaining
letters are the nonconserved nucleotides.

b The 19-bp DtxR-binding consensus sequence of C. diphtheriae (37, 44).
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FIG. 4. Disruption of fxbB and fxbC. (A and B) Restriction maps of the fxbB and fxbC gene disruption in plasmids pYUB908 and pYUB909 and in strains mc21608
and mc21609. The double slashes indicate that the map is not to scale. (C and D) Southern blot analyses of the M. smegmatis mc2155 wild-type and fxbB- and
fxbC-defective mutant strains mc21608 and mc21609. pYU563 was used as a control for the undisrupted gene, and pYUB908 and pYUB909 were used as controls for
the disrupted genes. pYU563, pYUB908, pYUB909, and chromosomal DNAs from the three strains were digested with BamHI and analyzed by Southern blotting
under high-stringency conditions with probes corresponding to the 2.89- and 4.30-kb BamHI fragments of the fxbB and fxbC genes, respectively.
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the number of amino acids in the peptide produced (8–10, 21,
41, 46, 49). By analyzing the amino acid sequences encoded by
the fxbB and fxbC genes, we identified six amino acid activation
modules: FxbB1, FxbB2, FxbC1, FxbC2, FxbC3, and FxbC4
encoded by these two genes. Each module contains a ATP-
binding motif, an ATPase motif, and a pantetheine attachment
motif. In addition, there are three epimerase domains within
FxbB and FxbC to epimerize the S-amino acids to R-amino
acids (Fig. 7A). These three epimerase domains are located in
the C termini of FxbB1, FxbC1, and FxbC2 (17). M. smegmatis
exochelin is a linear, formylated pentapeptide containing one
b-alanine, one (R)-allo-threonine, two (R)-d-N-hydroxyorni-
thines, one (S)-d-N-hydroxyornithine, and a formyl group. The
FxbB1 and its C-terminal epimerase domain correspond to the
first R-amino acid in the exochelin structure, (R)-d-N-hydroxy-
ornitheine-1; the FxbC1 and FxbC2 and their C-terminal epim-

erase domains correspond to the third and fourth R-amino
acid (R)-d-N-hydroxyornitheine-2 and (R)-allo-threonine.
The number and position of R-amino acids in exochelin cor-
respond with the presence of the three epimerase domains
found in FxbB and FxbC. The FxbB2, FxbC3, and FxbC4
modules do not have any epimerase domain in their C termini.
We believe that FxbB2 corresponds to the second amino acid
b-alanine, while one of the FxbC3 or FxbC4 domains corre-
sponds to the S-d-N-hydroxyornithine-3. The fxbA gene prod-
uct is likely to transfer a formyl group to the (R)-d-N-hydroxy-
ornithine-1 at the N terminus (16). Sequence analysis of the
deduced amino acid of the fxbB and fxbC genes shows that
there are a total of six amino acid activation domains. How-
ever, the final secreted exochelin is a pentapeptide. It is not
clear how the final exochelin (pentapeptide) is formed. One
possibility is that the hexapeptide is formed, but it is an unsta-

FIG. 5. CAS plate assay. The presence of a yellow halo indicates the production of the secreted exochelin. Colonies: 1, mc2155(pYUB415); 2, mc21608(pYUB415);
3, mc21609(pYUB415); 4, mc21610; 5, mc21611.

TABLE 4. Production of mycobactin grown under iron-deplete and -replete conditionsa

Strain Relevant genotype
Mycobactin production (mg of mycobactin/g [wet wt] of cells) Exochelin

productionb
MM plus dipyridyl MM MM plus iron

mc2155 fxbA1 fxbB1 fxbC1 3.69 6 0.57 1.63 6 0.48 0.23 6 0.21 1.11 6 0.05
mc21608 fxbB21::Tn10 7.12 6 1.05 4.61 6 0.86 0.32 6 0.20 0.30 6 0.10
mc21609 fxbC22::Tn10 3.75 6 0.68 2.53 6 0.77 0.32 6 0 0.18 6 0.08
mc21610 fxbB21::Tn10/pYUB563 3.44 6 0.44 2.81 6 0.37 0.30 6 0.27 1.16 6 0.11
mc21611 fxbC22::Tn10/pYUB563 2.49 6 0.07 1.68 6 0.11 0.27 6 0.32 1.13 6 0.10

a The bacteria were grown for 3 days in MM alone or MM supplemented with 50 mM 2,29-dipyridyl (iron deplete) or with 50 mM iron (iron replete). The data are
from a single experiment performed in triplicate and are representative of three separate experiments.

b Exochelin production (measured by the change in optical density at 630 nm per milliliter) for cells grown in MM.
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ble addition and only the pentapeptide is detected. Alterna-
tively, the sixth module could be inactive. Unfortunately, we
were unable to find precedence for either possibility in the PPS
literature. This six-domain/pentapeptide discrepancy will re-
quire additional experiments to explain.

There are two putative ABC transporters, possibly in the
same operon as the exochelin biosynthesis genes fxbB and fxbC
(orf1 and orf2 in Fig. 1). We propose that these genes, due to
their homology and location in the exochelin biosynthesis
operon, would likely encode proteins involved in transporting
the exochelin MS outside of the M. smegmatis cell, and exper-
iments are under way to test this hypothesis.

In this study, we also found that exochelin-deficient mutants
had an increased sensitivity to hydrogen peroxide under both
high- and low-iron conditions. These results suggest a role for
exochelin in the maintenance of internal iron concentrations
within the cell and in the regulation of genes turned on during
oxidative stress. While the mechanism of increased sensitivity
in the exochelin-deficient mutants to H2O2 is unclear, the iso-
lation of suppressor mutants resistant to H2O2 killing might
provide a means to elucidate this phenomenon.

Peptide exochelins have so far been identified only in
M. smegmatis (40) and Mycobacterium neoaurum (39). It ap-
pears unlikely that M. tuberculosis produces peptide exoche-
lins. We have been unable to complement the M. smegmatis
exochelin mutants with cosmid genomic libraries of M. tuber-
culosis or observe hybridization of the fxbA, fxbB, and fxbC

FIG. 6. Hydrogen peroxide killing of M. smegmatis mc2155, mc21608, and
mc21609 grown in liquid MM alone and liquid MM plus 50 mM FeCl3
(MM1Fe). Exponential-growth-phase cultures were exposed to the indicated
concentrations of H2O2, and the surviving fraction of the population was deter-
mined by counting CFU. 100% survival corresponds to '108 CFU per ml.

FIG. 7. (A) Diagram of the domain organization of the fxbB and fxbC products. White boxes indicate the amino acid activating domains. Each activating domain
has an ATP-binding site, an ATPase motif, and a pantetheine motif (Pan- Site) and is separated by space motifs. B1 and B2 are the two amino acid activating domains
in FxbB; C1, C2, C3, and C4 are the four amino acid activating domains in FxbC. There is one epimerase domain in FxbB and two epimerase domains in FxbC. The
Tn10 insertion site in pYUB908 and mc21608 and the Tn10 insertion site in pYUB909 and mc21609 are indicated by superscript letters a and b, respectively. (B)
Covalent structure of M. smegmatis exochelin (40).
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genes to M. tuberculosis chromosomal DNA by Southern anal-
ysis. Comparison of the sequences of genes in pYUB563 to
genes in the databases of the National Center for Biotechnol-
ogy Information (www.ncbi.nlm.nih.gov) and Sanger Sequence
Center (Sanger Center, Cambridge, United Kingdom) (www-
.sanger.ac.uk) revealed strong homologies of four ORFs in the
M. tuberculosis genome to the M. smegmatis fxuD gene, orf3,
orf4, and orf5 (Table 2). In contrast, no strong homologies in
the M. tuberculosis genome were observed to exochelin biosyn-
thesis genes fxbA, fxbB, and fxbC, the putative ABC transporter
genes orf1 and orf2, or the putative ATP-dependent iron per-
mease genes fxuA, fxuB, and fxuC. Taken together, our data
and data of a previous study (18) strongly suggest that M. tu-
berculosis does not produce compounds similar to peptide exo-
chelins of M. smegmatis. However, since M. smegmatis and
M. tuberculosis both produce carboxymycobactin and mycobac-
tin (18, 34), our M. smegmatis exochelin mutants represent
tractable surrogate organisms for genetic and biochemical
analyses of the genes required for carboxymycobactin and my-
cobactin biosyntheses.
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