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Microcin E492-producing bacteria secrete both unmodified and posttranslationally modified microcins.
The modification consists of a C-glucosylated linear trimer of N-(2,3-dihydroxybenzoyl)-L-serine, a cat-
echolate siderophore related to salmochelins and enterobactin. We show here that repression of entero-
bactin biosynthesis inhibits the acquisition of microcin E492 posttranslational modification, as monitored
by high-performance liquid chromatography and mass spectrometry. Furthermore, exogenous enterobac-
tin restored the production of posttranslationally modified microcin in a bacterial strain deficient in
enterobactin synthesis. We thus concluded that enterobactin serves as a precursor for the synthesis of the
posttranslationally modified microcin and that the unmodified microcin is an incompletely processed form
of mature microcin E492. Gene disruption experiments showed that MceC and MceD, two enzymes
encoded by the mceABCDEFGHI] gene cluster, are involved in the synthesis of the microcin E492
posttranslational modification, as followed by mass spectrometry. Genes homologous to iroB and iroD,
required for the conversion (linearization and C-glycosylation) of enterobactin into salmochelins, effi-
ciently complemented mceC and mceD, respectively. Based on our results, a model is proposed for the

biosynthesis of the mature siderophore-carrying peptide.

Microcin E492 (MccE492) is a pore-forming antimicrobial
peptide naturally secreted by Klebsiella pneumoniae RYC492
(14). Its antibacterial activity, which is directed against gram-
negative bacteria, with MICs in the range of 0.1 to 1 pM (16),
requires the ManYZ inner membrane complex involved in man-
nose uptake for antibacterial activity (7). The mceABCDEFGHIJ
gene cluster responsible for MccE492 production, export, and
immunity was cloned from the K. pneumoniae genome into the
pJAM229 plasmid (39). Expressed as a recombinant peptide in
Escherichia coli VCS257 harboring pJAM229, MccE492 was ini-
tially characterized as an unmodified 84-residue peptide (32) de-
riving from the precursor protein MceA by elimination of a leader
peptide. More recently, a modified form of MccE492 endowed
with more potent antibacterial activity was isolated from the cul-
ture supernatant of the same recombinant E. coli strain as well as
from the naturally producing K. pneumoniae strain (33). It was
characterized as a siderophore-carrying peptide (siderophore-
peptide) resulting from the linkage of a C-glucosylated linear
trimer of N-(2,3-dihydroxybenzoyl)-L-serine (DHBS) to the Ser84
carboxylate (33). MccE492 belongs to the recently defined class
IIb of microcins (17), encompassing the linear high-molecular-
mass microcins that may carry C-terminal siderophores.
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Siderophores are molecules designed by bacteria to chelate
ferric iron, enabling its uptake into bacteria (for reviews, see
references 2 and 37). In gram-negative bacteria, ferric sid-
erophore complexes are recognized by specific outer mem-
brane receptors and then transferred into the cytoplasm by
periplasmic binding proteins and inner membrane transport-
ers. Among these chelating agents, the recently characterized
salmochelin S4 derives from enterobactin, a cyclic trimer of
DHBS, by the occurrence of two B-pD-glucose (Glc) moieties
linked to the DHBS units through C-glycosidic bonds (8). The
production of salmochelins by Salmonella enterica and uro-
pathogenic E. coli occurs under iron-poor conditions and is
dependent on enterobactin synthesis and the iroBCDEN gene
cluster (27). While iroC and -N are involved in siderophore
transport (27, 41), the three remaining genes, iroB, -D, and -E,
are involved in the conversion of enterobactin into salmochelin
S4. IroB is an enterobactin C-glucosyltransferase able to cat-
alyze the transfer of glucose from UDP-glucose to enterobac-
tin in vitro (21). IroD and IroE are ferric enterobactin ester-
ase-like proteins (41). While both are able to convert
salmochelin S4 into the linear trimer salmochelin S2, IroD
degrades further salmochelin S2 into salmochelins S1, SX, and
DHBS (30, 41).

Synthesis of the MccE492 posttranslational modification was
shown to be dependent on the culture medium composition.
Indeed, the addition of Casamino Acids to M63 medium led to
the major production of the unmodified peptide, whereas the
addition of a trypsin digest of casein favored the production of
the siderophore-peptide (33). Because the MccE492 posttrans-
lational modification is reminiscent of salmochelins and be-
cause salmochelin synthesis is dependent on enterobactin, we
predicted that factors impairing enterobactin synthesis might
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TABLE 1. Bacterial strains and plasmids used for this study

Strain or plasmid

Relevant features

Reference or source

E. coli strains

C600 aroB F~ thr leu fhuA lacY thi supE aroB Laboratory collection
MC4100 araD139 A(argF lac)U169 rpsL relA flbB deoC Laboratory collection
VCS257 ton-53 dapD8 lacY1 ginV44 Stratagene
RYC1000 MC4100 Arbs-7 recA56 gyrA 23
Plasmids
pET19% His tag fusion vector; Amp" Novagen
pET28b His tag fusion vector; Kan" Novagen
pEX100 PACYC184 derivative carrying MccH47 gene cluster; Chl" 22
pGV100 pJAM229 mceD; Amp" This study
pGV200 pJAM229 mceC; Amp* This study
pGV300 pET28b derivative carrying iroD; Kan" This study
pJAM229 Plasmid carrying MccE492 gene cluster; Amp® 39
pMZ2038 pET19b derivative carrying iroD; Amp* 41

negatively control the synthesis of the microcin as a sid-
erophore-peptide. We therefore studied the culture parame-
ters, including growth phase and medium composition, which
might prevent microcin posttranslational processing. We dem-
onstrated that inhibition of enterobactin synthesis by a high
iron concentration or free aromatic amino acids correlated
with a breakdown of MccE492 posttranslational modification.
In addition, exogenous enterobactin restored the microcin
posttranslational modification in a strain deficient in entero-
bactin synthesis. Since enterobactin was required for MccE492
posttranslational modification, we examined the role of mceC
and mceD, which are iroB and iroD homologues (15), respec-
tively, in this process. This was performed through gene dis-
ruption and functional complementation. From our data, we
concluded that the siderophore-carrying microcin is the actual
mature peptide. Consequently, we termed MccE492 the ma-
ture microcin (the siderophore-peptide previously referred to
as MccE492m [33]), while the unmodified microcin lacking the
N-terminal leader (initially referred to as MccE492 [32]) was
renamed unmodified MccE492 (u-MccE492). Based on our
results, we propose a model for the biosynthesis of the
MccE492 posttranslational modification.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The strains and plasmids
used for this study are described in Table 1. Microcin production was performed
with E. coli MC4100, E. coli RYC1000 (a generous gift from F. Moreno), E. coli
VCS257, or E. coli C600 aroB (a generous gift from P. Boulanger). The plasmid
used for standard production of MccE492 was pJAM229 (39). E. coli strains were
freshly transformed with pJAM229, pGV100, or pGV200 (this study). For
complementation studies, pGV100 and/or pGV200 was cotransfected with
pGV300 (this study) or pEX100 (a generous gift from M. Lavifia). Transfor-
mants were grown in M63 minimal medium containing 0.25% glucose, 0.25
glliter MgSO,, and 1 mg/liter thiamine. Depending on the experiment, M63
medium was supplemented with either 1 g/liter Casamino Acids (Difco), 1 g/liter
tryptone (Fluka, Biochemika), 1 mM L-tyrosine, 1 mM L-tryptophan, 1 mM
L-phenylalanine, or a mixture of Phe, Trp, and Tyr (1 mM [each]). All amino
acids were purchased from Sigma (biotechnology grade). In other experiments,
enterobactin (2.5 M) (EMC Microcollections GmbH, Tiibingen, Germany) or
FeCl; (16 or 200 pM soluble iron concentration) was added. Antibiotics were
used at the following concentrations: ampicillin and kanamycin, 50 mg/liter; and
chloramphenicol, 30 mg/liter. Cultures were routinely performed for 15 h at 37°C
with vigorous shaking (250 rpm).

Gene disruption and heterol
with Spel at one single site within the mceD gene. A stop codon was inserted at
the restriction site by cloning an oligonucleotide duplex complementary to the

compl tation. pJAM229 was digested

P

Spel-generated cohesive ends into the open vector. The duplex was generated
with two complementary 5’-phosphorylated oligonucleotides, 5'-CTAGGGTAA
TCTAGACTATTACC-3" and 5'-CTAGGGTAATAGTCTAGATTACC-3', de-
signed to abolish the Spel site after insertion. Prior to transformation, the
ligation product was digested with Spel in order to open pJAM229 vectors
lacking the insert. The positive clones were then selected by simple restriction
map comparison, with all positive clones being uncleaved upon Spel digestion.
One positive clone containing an inactivated mceD gene was named pGV100 and
selected for microcin expression studies. A similar strategy was used for mceC
disruption. Basically, pJAM229 was digested with RsrII and ligated to a stop
codon-containing duplex generated with the 5’-phosphorylated oligonucleotides
5'-GTCTAAGCGGCCGCTTATA-3" and 5'-GTCTATAAGCGGCCGCTTA-
3’. Prior to transformation, the ligation product was digested with RsrII and the
positive clones were selected by restriction map comparison. One positive clone
containing an inactivated mceC gene was selected and named pGV200. For
mceD complementation, bacteria were transformed with the iroD-carrying
pGV300 plasmid. This plasmid was obtained by subcloning the E. coli iroD gene
from pMZ2038 (a generous gift from M. Zhu and K. Hantke) (41) into pET28b.
Subcloning was achieved upon pMZ2038 double digestion with Ndel and Xhol
and ligation into the same sites of the pET28b polylinker. Complementation
studies were also performed with pEX100, which carries the MccH47 gene
cluster (22).

Microcin purification. Culture supernatants were separated from bacterial
cells by centrifugation (6,000 X g, 15 min, 4°C) and subjected to solid-phase
extraction on a Sep-Pak Cg cartridge (Waters Corp.) preequilibrated with 0.1%
aqueous trifluoroacetic acid (TFA). Cartridges were washed with 0.1% aqueous
TFA prior to successive elution with 30%, 35%, and 40% acetonitrile in 0.1%
aqueous TFA. Detection of MccE492-specific antibacterial activity in Sep-Pak
fractions was performed by radial diffusion assays, as described below. The 40%
Sep-Pak fraction containing microcins was lyophilized and analyzed by reversed-
phase high-performance liquid chromatography (RP-HPLC) on an Inertsil
ODS2 column (5 pm, 4.6 mm by 250 mm; Interchim, France). Separation was
performed at a flow rate of 1 ml/min under isocratic conditions with 40%
acetonitrile in 0.1% aqueous TFA. Absorbance was monitored at 226 nm, and
fractions were hand collected.

Antibacterial assays. A gel overlay was prepared by inoculating 12 ml M63
medium (containing 6.5 g/liter agar) with 107 CFU/ml of bacteria (either E. coli
MC4100 or E. coli MC4100/pJAM229) during the exponential phase of growth.
Petri dishes containing 20 ml M63 solid medium (15 g/liter agar) were overlaid
with the bacterial suspension. After solidification, 10 pl of the fraction to be
analyzed was placed on the overlay. After a 16-h incubation at 37°C, plates were
analyzed for the presence of inhibition halos. Fractions inhibitory to E. coli
MC4100 but not to E. coli MC4100/pJAM229 were considered to contain
MccE492/u-MccE492.

MALDI-TOF-MS. Microcin-containing fractions were analyzed by matrix-as-
sisted laser desorption ionization—time-of-flight mass spectrometry (MALDI-
TOF-MS) as previously described (9), using a Voyager-De-Pro MALDI-TOF
mass spectrometer (Applied Biosystems), with a-cyano-4-hydroxycinnamic acid
as the matrix.

Soluble iron quantification. A colorimetric assay was performed to quantify
soluble iron in the culture medium. The total iron concentration was determined
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FIG. 1. Pattern of microcin production over the growth phases.
(A) Cultures of E. coli VCS257/pJAM229 in M63 medium containing
either Casamino Acids (CA) or tryptone (T) were analyzed for micro-
cin production (open circles) at different steps of bacterial growth (¢,
t,, and t3), monitored by optical density measurements at 620 nm
(ODygy). (B) Typical RP-HPLC profile of the 40% Sep-Pak fraction
resulting from the M63-T culture supernatant at ¢,. Separation was
performed on an ODS2 Inertsil column under 40% acetonitrile in
0.1% aqueous TFA. MS experiments on the three fractions revealed
the following molecular masses: 7,887 Da (black square), 8,272 and
8,495 Da (gray square), and 8,718 Da (white square). (C) The average
absorbance for every peak is presented for ¢, f,, and t;. Microcin
species are represented with the same code as that for panel B. Values
are presented as the means for three independent experiments, with
standard errors of the means.

after reduction of Fe(III) to Fe(IT). Reduction was performed by diluting the
culture medium 1:3 (vol/vol) in 1.65 M sodium acetate in 50% acetic acid and
adding 18 g/liter hydroxylamine chlorhydrate. Complex formation of Fe(II) was
then obtained by adding 0.9 g/liter orthophenanthroline. The absorbance at 510
nm was measured with a Uvikon 932 spectrophotometer (Kontron Instruments)

GETDFNTQLLNDLGNNMAWGAALGAPG
GLGSAALGAAGGALQTVGQGLIDHGFPV

NVPIPVLIGPSWNGSGSGYNSATSSSGSGS

u-MccE492 (7887 Da)
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after a 15-min incubation at room temperature and compared to that on a
standard curve obtained with Fe,(SO,)s, (NH,),SO,, 24 H,O.

RESULTS

Synthesis of MccE492 posttranslational modification is not
stationary phase dependent. We have previously shown that
growth of E. coli VCS257 harboring pJAM229 is delayed when
Casamino Acids are used instead of tryptone to supplement
M63 medium (33). In order to determine whether posttrans-
lational modification of MccE492, which is mainly observed in
tryptone-containing M63 medium (M63-T medium) (33), is
stationary phase dependent, we performed time course exper-
iments with both culture media. Aliquot fractions were re-
moved at different bacterial phases of growth, i.e., 8h (¢;),15h
(t,), and 24 h (z5) (Fig. 1A). In three independent experiments,
the culture supernatants were fractionated on a reversed-phase
Sep-Pak cartridge and analyzed for the presence of MccE492
versus u-MccE492 (Fig. 1B). RP-HPLC and MALDI-TOF-MS
analysis of the 40% Sep-Pak fractions revealed the presence of
both u-MccE492 (lowest retention time; 7,887 Da) and
MccE492 (highest retention time; 8,718 Da) in most of the
fractions analyzed (Fig. 1B and C and 2). For M63-T culture
medium, chromatograms for #, (Fig. 1B) and ¢, displayed an
additional peak (intermediary retention time). This peak cor-
responded to species at m/z 8,273 and 8,496, previously iden-
tified as intermediate forms of MccE492 carrying one and two
DHBS units, respectively (33) (Fig. 2). In both culture media,
the overall microcin production was maximal at ¢, and dropped
dramatically at #; (Fig. 1C). However, different microcin pro-
duction patterns were observed under both culture conditions.
In Casamino Acid-containing medium (M63-CA medium), mi-
nor amounts of the MccE492 siderophore-peptide were found
independent of the growth phase. In M63-T medium, the pro-
duction of MccE492 was similar (not statistically different) to
that of u-MccE492 all over the time course (Fig. 1C). It was
therefore concluded from both experiments that the biosyn-
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FIG. 2. Structure of MccE492 and derivatives. MccE492 (8,718 Da) is a posttranslationally modified 84-residue peptide. The modification
consists of a trimer of DHBS linked via a C-glycosidic bond to a 3-D-glucose moiety that is itself linked to Ser84 through an O-glycosidic bond.
u-MccE492 (7,887 Da) is the unmodified 84-residue peptide. u-MccE492-Glc-DHBS (8,272 Da) and u-MccE492-Glc-DHBS, (8,495 Da) corre-
spond to intermediate forms carrying a 3-D-glucose moiety linked to one DHBS and two DHBS moieties, respectively. The amino acid sequence
is indicated in italics. The mass differences between the different structures are shown at the top.
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FIG. 3. Inhibition of biosynthesis of the MccE492 posttranslational modification by high iron concentrations and free aromatic amino acids.
RP-HPLC analysis was performed with the 40% Sep-Pak fractions issued from culture supernatants. Separation was performed under 40%
acetonitrile in 0.1% aqueous TFA. The molecular masses detected in the fractions were 7,887 Da (black squares), 8,272 and 8,495 Da (gray
squares), and 8,718 Da (white squares). (A) Iron. E. coli VCS257/pJAM229 was cultured in M63-T medium (3.8 pM soluble iron) or in the same
medium supplemented with FeCl; to reach 16 or 200 wM iron. (B) Aromatic amino acids. E. coli MC4100/pJAM229 was cultured in M63 medium
without amino acids (control) or supplemented with either 1 mM Phe, 1 mM Trp, 1 mM Tyr, or a mixture of the three amino acids (Phe, Trp, and

Tyr at 1 mM [each]).

thesis of the MccE492 posttranslational modification is not
stationary phase dependent.

High iron concentration inhibits biosynthesis of the
MccE492 posttranslational modification. The total iron con-
centrations in microcin culture media were measured as 9.10 *
2.53 uM in M63-CA medium and 3.77 = 0.04 uM in M63-T
medium. In order to determine whether the greater synthesis
of MccE492 in M63-T medium was a consequence of a lower
iron concentration, FeCl; was added to the M63-T medium in
order to reach a 16 wM soluble iron concentration, i.e., higher
than the concentration found in M63-CA medium. The 40%
Sep-Pak fractions issued from the 15-h culture supernatants
were subjected to RP-HPLC and MALDI-TOF-MS. The chro-
matograms obtained were identical for regular (3.8 uM) and
iron-loaded (16 wM) cultures (Fig. 3A), with a major absor-
bance peak corresponding to MccE492 (8,718 Da) preceded by
a minor absorbance peak corresponding to u-MccE492 (7,887
Da). However, when the soluble iron concentration was in-
creased up to 200 uM in M63-T medium (Fig. 3A), the less-
retained absorbance peak became largely predominant, indi-
cating that under these conditions the microcin was secreted
mainly as an unmodified peptide.

Free aromatic amino acids inhibit biosynthesis of the
MccE492 posttranslational modification. One of the major
differences between tryptone and Casamino Acids is the pro-
cess of casein hydrolysis. In the former case, trypsin generates
peptides, whereas in the latter case, acid hydrolysis generates
free amino acids, which can inhibit several biosynthetic path-
ways, including that of enterobactin (36). Particular attention
was paid to the aromatic amino acids, which share with entero-
bactin the same initial steps of biosynthesis in the shikimate
pathway (6). Therefore, the microcin-producing strain was cul-
tured in M63 medium without added amino acids. The various
forms of microcin secreted were compared to those obtained in
M63 medium supplemented with Phe, Trp, Tyr, or a mixture of

the three amino acids. Consistent with earlier reports (4, 5),
the addition of Trp or Tyr to the culture medium had a neg-
ative effect on bacterial growth, which was less pronounced
when Phe was added. In the absence of free amino acids, the
40% Sep-Pak fraction issued from the M63 culture superna-
tant displayed an RP-HPLC chromatogram (Fig. 3B, control
panel) similar to that obtained with M63-T medium (Fig. 1B).
MALDI-TOF-MS analyses confirmed that the three peaks cor-
responded to u-MccE492, the intermediate forms described
above, and MccE492 (Fig. 3B, control panel). Whereas the
addition of Phe did not significantly modify the pattern of
microcins secreted, with MccE492 being largely predominant,
Trp and Tyr dramatically shifted the production towards u-
MccE492, with one single peak detected at the lowest retention
time (Fig. 3B). Similarly, the combined addition of Phe, Trp,
and Tyr led to the major production of u-MccE492, with only
residual amounts of MccE492 (Fig. 3B). Altogether, these re-
sults indicate that free Trp and/or Tyr added to M63 culture
medium inhibits the synthesis of the MccE492 posttransla-
tional modification.

Exogenous enterobactin restores biosynthesis of the
MccE492 posttranslational modification in an enterobactin-
deficient E. coli strain. To definitely demonstrate whether en-
terobactin synthesis is the limiting factor for MccE492 biosyn-
thesis, E. coli C600 aroB harboring pJAM229, a strain deficient
in the production of both enterobactin and the MccE492 sid-
erophore-peptide (33), was cultured in the presence of 2.5 uM
exogenous enterobactin. The 40% Sep-Pak fractions issued
from the culture of E. coli C600 aroB pJAM229 in M63-T
medium loaded with exogenous enterobactin were analyzed by
MALDI-TOF-MS. These fractions almost lacked the ion cor-
responding to u-MccE492, but instead displayed one major ion
at m/z 8,772 (increment of 54 Da from MccE492) (Fig. 4A).
This was in contrast to the case with cultures of the same E. coli
C600 aroB/pJAM?229 strain in M63-T medium lacking exoge-
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FIG. 4. Restoration of biosynthesis of the MccE492 posttranslational
modification in an E. coli strain deficient in enterobactin synthesis, as
shown by MALDI-TOF-MS. (A) Analysis of the 40% Sep-Pak fraction
issued from the culture supernatant of E. coli C600 aroB cultured in
M63-T medium in the presence of 2.5 uM enterobactin. The broad peak
below m/z 8,000 corresponds to u-MccE492. (B) Analysis of purified
MccE492 incubated with FeCl; (FeCly/MccE492 ratio, 4:1).

nous enterobactin, which contained one single species corre-
sponding to u-MccE492 (MH™" at m/z 7,888) (33). Interest-
ingly, the MALDI-TOF-MS spectrum of MccE492 mixed with
FeCl, showed an ion at m/z 8,772 (Fig. 4B) characteristic of the
cationized species [MccE492-2H+Fe(II1)]". This indicates
that the m/z 8,772 ion detected for the enterobactin-loaded
cultures most likely corresponds to MccE492 (MH* at m/z
8,718) cationized with Fe(III). Therefore, exogenous ferric en-
terobactin appears to restore the synthesis of the MccE492
siderophore-peptide in enterobactin-deficient E. coli C600
aroB/pJAM229.

MceC and MceD are required for biosynthesis of the
MccE492 posttranslational modification. MceC and MceD
show major sequence homology with E. coli IroB (75% iden-
tity) and IroD (57% identity) (15), a C-glycosyltransferase and
a ferric enterobactin esterase involved in salmochelin biosyn-
thesis, respectively (8, 30, 41). In order to examine their po-
tential role in the biosynthesis of the MccE492 siderophore-
peptide, we disrupted their respective genes by inserting a stop
codon-containing oligonucleotide duplex at chosen sites in the
pJAM229 plasmid. The resulting plasmids were then used to
transform E. coli RYC1000. In order to favor the production of
modified microcin, the strains were cultured under nonrepres-
sive conditions. The microcin species were extracted, as de-
scribed above, from culture supernatants of E. coli RYC1000
harboring pGV100 (pJAM229 mceD), pGV200 (pJAM229
mceC), or pJAM229 (control). MALDI-TOF-MS analyses of
the 40% Sep-Pak fractions revealed that both mceC and mceD
mutant strains secreted u-MccE492 only (Fig. 5B and D), but
in very small amounts, as monitored by RP-HPLC (data not
shown). In contrast, MccE492 and intermediate forms with
various degrees of modification were found in the control
supernatants (Fig. 5A). This indicates that both genes are
required for MccE492 posttranslational modification. Actually,
it was observed that both mceC and mceD gene disruption did
not affect E. coli growth but resulted in a dramatic drop in the
microcin concentration in culture supernatants.

mchA and mchS1 complement mceC and mceD. In a first
attempt, E. coli RYC1000 was cotransfected with pGV100 and
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FIG. 5. Inactivation and restoration of biosynthesis of the MccE492
posttranslational modification upon mceD or mceC gene disruption and
complementation with pEX100. MALDI-TOF-MS spectra are shown for
the 40% Sep-Pak fractions issued from culture supernatants of E. coli
RYC1000 harboring pJAM229 (A; control), pGV200 (B; pJAM229
mceC), or pGV100 (D; pJAM229 mceD). In complementation assays, E.
coli RYC1000 harbored the MccH47-encoding plasmid pEX100 together
with pGV200 (C) or pGV100 (E). White and black symbols indicate the
MH" ions relative to MccE492 and u-MccE492, respectively.

the IroD-encoding pGV300 plasmid. However, clones carrying
both plasmids were unable to grow in liquid broth, hampering
demonstration of the MceD function. Consequently, we as-
sessed whether genes homologous to iroB and iroD required
for MccE492 posttranslational modification could be comple-
mented by similar genes found in gene clusters encoding class
IIb microcins (for a review, see reference 17). Plasmids carry-
ing disrupted mceC and mceD were consequently transfected
into E. coli RYC1000 harboring pEX100, the MccH47-encod-
ing plasmid that carries mchA and mchS1, two genes similar to
iroB and iroD, respectively (3). In both cases, mature MccE492
was detected in the 40% Sep-Pak fractions of culture super-
natants (Fig. 5C and E), which displayed MALDI-TOF spectra
similar to that of the control (Fig. SA). Therefore, mchA and
mchS1 complement mceC and mceD, respectively, which indi-
cates that they encode proteins with similar functions.

DISCUSSION

The biosynthesis of MccE492 has been a puzzling question
since the first description of its gene cluster (39). We demon-
strated here for the first time that the posttranslational modi-
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FIG. 6. Model for biosynthesis of MccE492 showing that enterobactin is a precursor and that the MccE492 siderophore-peptide is the mature
form of the microcin. After translation, MceA (the MccE492 precursor protein) is subjected to posttranslational modification at the C-terminal
serine. The synthesis of enterobactin (Ent) is performed by the aroABCDEFGHKL (shikimate pathway; boxed)- and entABCDEF-encoded
machineries. Ent is the precursor of posttranslational modification biosynthesis, which most likely starts with MceC, a putative C-glucosyltrans-
ferase. The resulting Glc-Ent is then converted into linear Gle-DHBS; by MceD, a putative enterobactin esterase, and transferred onto the
carboxylate of the MceA C-terminal serine. This last step is believed to involve Mcel, Mcel, and maybe MceC. MccE492 then results from the
cleavage of the N-terminal leader peptide of MceA-Glc-DHBS; during export (the MceG/MceH/TolC export machinery is represented by gray
spheres in the membrane). MccE492 intermediate forms (u-MccE492-Gle-DHBS and u-MccE492-Gle-DHBS,) are thought to result from further
hydrolysis of MceA-Gle-DHBS; (MceD enzymatic activity), cleavage of the leader peptide, and subsequent export. u-MccE492 results from MceA
leader cleavage and subsequent export under certain culture conditions. The mceABCDEHGHIJ gene cluster is presented (inset). Genes involved
(or supposed to be) in the synthesis, posttranslational modification, and export of MccE492 are shown as plain black arrows, black hatched arrows,
and gray arrows, respectively. IM and OM, inner membrane and outer membrane, respectively.

fication of MccE492 (i.e., the addition of a C-glycosylated
trimer of DHBS at the C-terminal end of the peptide back-
bone) requires enterobactin, which is used as a precursor by
MceC and MceD, a glycosyltransferase and an enterobactin
esterase, respectively, encoded by the MccE492 gene cluster.

This article shows that the synthesis of the MccE492 post-
translational modification is inhibited by conditions that also
inhibit enterobactin synthesis. Indeed, free aromatic amino
acids hamper the production of MccE492 as a siderophore-
peptide. Interestingly, free aromatic amino acids control the
shikimate pathway, which leads to the biosynthesis of both
enterobactin and aromatic amino acids, at two different steps
(Fig. 6). First, Tyr, Phe, and Trp repress the expression of aroF,

-G, and -H, respectively (12, 24, 25), which are involved in the
first step of the shikimate pathway (35). Second, Trp and Tyr
are involved in the synergistic repression of aroL (19, 28),
which encodes, together with aroK (38), the shikimate kinase.
It can therefore be inferred that the inhibitory effect of a
mixture of Phe, Trp, and Tyr on the synthesis of the MccE492
posttranslational modification results from inhibition of the
shikimate pathway. Because inhibition of the synthesis of the
MccE492 posttranslational modification was observed with Trp
and Tyr, but not with Phe alone, aroL was supposed to be the
affected gene (Fig. 6). A direct inference from this result is that
the lack of posttranslationally modified MccE492 in M63-CA
medium is most likely due to control of the shikimate pathway
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by free Tyr, because Trp is destroyed during the casein hydro-
lysis process.

Besides free aromatic amino acids, a high iron concentration
(200 uM) was shown to inhibit the synthesis of the MccE492
posttranslational modification. Iron-regulated gene expression
in E. coli is largely mediated by Fur, a ferrous iron-binding
protein that binds to the so-called Fur box (5'-GATAATGA
TAATCATTATC-3") (20) and blocks iron-regulated promot-
ers in a metal-dependent fashion (26). Such iron-regulatory
regions are found upstream from mceC and -D within the
MccE492 gene cluster (29) as well as upstream from the
entCEBA gene cluster (10) required for the conversion of cho-
rismate into enterobactin (Fig. 6). Thus, MccE492 production
is most likely controlled by iron through the repression of
genes encoding both MccE492 modification enzymes and en-
terobactin synthesis. The addition of iron to M63-T medium in
order to reach a final concentration beyond that in M63-CA
medium did not alter the MccE492-to-u-MccE492 ratio, which
indicates that the higher iron concentration in M63-CA me-
dium was not responsible for the observed inhibition of syn-
thesis of the MccE492 posttranslational modification. There-
fore, the inhibition of MccE492 maturation is most likely
mediated by free aromatic amino acids, although it cannot be
ruled out that other factors contained in Casamino Acids
might be involved (see above). Altogether, our data show that
u-MccE492 is an incompletely processed form of the mature
MccE492 siderophore-peptide and that its expression is fa-
vored under certain culture conditions.

One major finding from this article is that enterobactin is
used as a precursor for the biosynthesis of the siderophore-
peptide. Indeed, exogenous enterobactin is able to restore the
synthesis of the MccE492 posttranslational modification in a
strain deficient in the synthesis of both enterobactin and ma-
ture MccE492. Therefore, upon inhibition and/or abolition of
enterobactin synthesis, E. coli strains harboring the pJAM229
plasmid are able to import ferric enterobactin and to use it as
a precursor for MccE492 posttranslational modification. The
latter process was shown here to require mceC and mceD from
the MccE492 gene cluster. Indeed, inactivation of either mceC
or mceD, encoding an enzyme homologous to IroB or IroD
involved in salmochelin biosynthesis (8, 30, 41), is sufficient to
completely inhibit MccE492 maturation. A posttranslational
modification identical to that obtained with the wild-type gene
cluster can be restored upon heterologous complementation of
the mceC or mceD disrupted gene with the MccH47 gene
cluster. It is therefore very likely that the occurrence of genes
homologous to iroB and iroD in gene clusters encoding
MccE492, MccH47, MccM, and Mccl47 (17, 31) enables the
synthesis of a siderophore-type posttranslational modification.
Based on our findings, a sequence of events can be proposed
for the biosynthesis of the MccE492 posttranslational modifi-
cation (Fig. 6), as follows: (i) as a precursor for MccE492
modification, enterobactin (or exogenous ferric enterobactin)
would be C-glucosylated by MceC in an IroB-like manner (21);
(ii) the C-glucosylated enterobactin (Glc-Ent) would be hydro-
lyzed by MceD, a homologue of IroD; (iii) the resulting glu-
cosylated linear trimer of DHBS (Glc-DHBS;) would then be
transferred onto MceA (the MccE492 precursor) by enzymes
encoded by the MccE492 gene cluster (Mcel and, putatively,
MceC and McelJ); and (iv) finally, Mce A-Glc-DHBS; would be
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converted into MccE492 through removal of the leader pep-
tide concomitant with microcin secretion.

Since intact enterobactin, rather than its linear forms, is
believed to be the relevant substrate for IroB in vivo (21), we
suggest that the MceC-dependent C-glucosylation of entero-
bactin precedes the MceD-mediated hydrolysis step. In addi-
tion, because Mcel shares homology with acyltransferases in-
volved in the activation of RTX toxins from gram-negative
bacteria (11, 34), it could catalyze the acylation of B-p-glucose
by the C-terminal serine of MceA. This hydrolysis step is likely
to also involve Mcel, whose gene is cotranscribed with mcel
(29) and is required for the detectable production/secretion of
MccE492 (13). However, it cannot be ruled out that this step
also requires MceC, which like its UrdGT2 homologue from
Streptomyces fradiae (18), may display both C- and O-glycosyl-
transferase activities. Since cleavage of the leader peptide of
class II microcins is concomitant with export (17), MceA is
likely converted into MceA-Glc-DHBS; prior to the cleavage
of the leader peptide and microcin secretion. Processing of
MceA-Glc-DHBS; most probably requires the N-terminal pro-
teolytic domain of MceG, which is involved, together with
MceH and the chromosome-encoded TolC protein, in the ex-
port of MccE492 (for a review, see reference 17). Because
u-MccE492 as well as intermediate forms that carry only one or
two DHBS units (Fig. 2) is found in the culture medium, the
MceG/MceH/TolC export machinery is proposed to recognize
not only MceA-Gle-DHBS; but also MceA, MceA-Glec-DHBS,
and MceA-Glc-DHBS,. The intermediate forms are proposed
to result from the transfer of Glc-DHBS and Glc-DHBS,,
which would be generated by an MceD-mediated hydrolysis of
Glc-DHBS; (Fig. 6), onto MceA, similar to salmochelin hy-
drolysis by IroD (30). However, it cannot be ruled out that they
result from the MceD-mediated hydrolysis of MceA-Glc-
DHBS;.

In summary, MceA and enterobactin have been shown here
to be the substrates of the MccE492 enzyme machinery for the
biosynthesis of the MccE492 siderophore-peptide. Accord-
ingly, u-MccE492 is an incompletely processed microcin that is
secreted and accumulates in the culture medium under specific
conditions. Evidence has shown that (i) the gene clusters of
class IIb microcins that carry genes homologous to mceC,
mceD, mcel, and mceJ are able to complement each other (31;
this study); and (ii) enterobactin is required for their biosyn-
thesis (3, 33; this study). We therefore propose that the model
presented here for MccE492 biosynthesis more generally ap-
plies to class IIb microcins, provided that the producing strain
is proficient in enterobactin synthesis and that the entire mic-
rocin-dedicated enzyme machinery is encoded by the microcin
gene cluster.
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