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In this paper we provide the first biochemical evidence of the existence of a family of structure-related
antimicrobial peptides, the siderophore-microcins, in the Enterobacteriaceae family. We isolated and charac-
terized two novel siderophore-microcins, MccM and MccH47, previously characterized through genetic studies.
MccM and MccH47 were expressed from several Escherichia coli strains containing the microcin gene clusters.
The spectra of their bactericidal activities were found to be restricted to some species of the Enterobacteriaceae.
MccM and MccH47 were unable to inhibit the growth of strains carrying mutations in the fepA, cir, and fiu
genes, which showed the requirement of the iron-catecholate receptors for their recognition. The MccM and
MccH47 peptide moieties contain 77 and 60 residues, respectively, and are derived from the microcin precur-
sors McmA and MchB, respectively. In addition, both peptides carried a C-terminal posttranslational modi-
fication containing a salmochelin-like siderophore moiety also found in MccE492 (X. Thomas et al., J. Biol.
Chem., 279:28233–28242, 2004). Interestingly, when MccM was isolated from E. coli Nissle 1917, which lacks
the two genes necessary for modification biosynthesis, it was devoid of posttranslational modification. Those
two genes could be complemented by their homologues from the MccH47 gene cluster, thereby showing their
functional interchangeability between at least two members of the siderophore-microcin family. Finally, from
the sequence analysis of the MccE492 gene cluster, we hypothesized the existence of an additional member of
the siderophore-microcin family. Therefore, we propose that the siderophore-microcin family contains five
representatives.

Microcins (Mccs) are low-molecular-weight antimicrobial
peptides secreted by members of the Enterobacteriaceae family
and are involved in microbial competition within the intestinal
tract. They are generally synthesized by the ribosomal pathway.
A microcin classification in which class IIb microcins (micro-
cins MccE492, MccH47, MccI47, and MccM) exhibit a con-
served serine-rich C-terminal region has recently been pro-
posed (9). While MccE492 was shown to carry at its C terminus
a siderophore acquired by posttranslational modification (28),
the other class IIb microcins remain uncharacterized to date.

In a previous study, we have shown that the unique post-
translational modification of MccE492 consists of a C-glucosyl-
ated linear trimer of N-(2,3 dihydroxybenzoyl)-L-serine (DHBS)
linked to the C-terminal serine carboxylate (28). This modifi-
cation is reminiscent of the catecholate siderophores, espe-
cially of salmochelin S4. Salmochelin S4 is derived from entero-
bactin (Ent), the cyclic trimer of DHBS, by addition of two
�-D-glucose (Glc) moieties linked to the DHBS units through
C-glucosidic bonds (1). Moreover, we have previously shown
that Ent is a precursor for the biosynthesis of MccE492 post-

translational modification (29). Siderophores are generally
synthesized by the nonribosomal pathway. Indeed, the Ent
gene cluster is necessary for Ent biosynthesis, and genes in the
iroA locus are required for the conversion of Ent into salmo-
chelins (5, 16). Consequently, siderophore-microcin MccE492
can be considered to be both ribosomally (peptide moiety) and
nonribosomally (enterobactin moiety) synthesized, with glu-
cose being the linker between the two moieties. Nonetheless,
MccE492 can also be isolated from bacterial culture superna-
tants as an unmodified peptide, which lacks the siderophore
moiety (u-MccE492), and intermediate forms (u-McE492-Glc-
DHBS and u-MccE492-Glc-DHBS2), which were shown to be
degradation products (29).

Ten genes (mceABCDEFGHIJ) located on the bacterial
chromosome of Klebsiella pneumoniae RYC492 (Fig. 1A) are
required for MccE492 production, export, and posttransla-
tional modification biosynthesis and the immunity of the pro-
ducing strain (18), with four genes (mceC, mceD, mceI, and
mceJ) being necessary for the acquisition of the siderophore
moiety (22, 29). MceC and MceD are responsible for the C
glucosylation of Ent and the cleavage of one of the trilactone
ester bonds of Glc-Ent, respectively. The MceIJ complex is
required for attachment of the siderophore moiety (linear Glc-
Ent) to the C-terminal serine of the microcin precursor via an
ester bond (23). The resulting posttranslational modification
(siderophore moiety) enhances the antibacterial activity of
MccE492, which is mainly directed against Escherichia coli, and
MccE492 targets bacteria via the catecholate siderophore re-
ceptors (6, 28).
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In order to identify potential novel siderophore-microcins,
we have performed an in-depth analysis of the microcin gene
clusters found in several microcinogenic strains (9). While sev-
eral genetic studies support the existence of other siderophore-
microcins (25), no biochemical evidence is available to date,
with MccE492 being the only member of this family to have
been isolated and characterized. We focused on MccM, MccH47,
and MccI47, three microcins potentially carrying a posttrans-
lational modification similar to that carried by MccE492. The
gene clusters encoding these microcins are found in the ge-
nomes of E. coli H47, CA46, and CA58 and the probiotic E.
coli Nissle 1917 (Fig. 1A), as well as in the pathogenicity island
of uropathogenic E. coli (9). All of these strains were therefore
analyzed for the production of siderophore-microcins.

Here we report for the first time on the isolation and struc-
ture characterization of MccM and MccH47, which are derived
from the microcin precursors McmA and MchB, respectively.
Both peptides were shown to carry a 831-Da posttranslational
modification similar to that carried by MccE492, and the genes
required for MccM and MccH47 posttranslational modifica-
tion biosynthesis were shown to be interchangeable. Alto-
gether our data provide biochemical evidence of the existence
of a structure-related family of microcins. This family of sid-
erophore-microcins gathers the class IIb microcins, namely,
MccE492, MccM, and MccH47, as well as uncharacterized
MccI47. Finally, a novel putative siderophore-microcin was
identified in the corrected sequence of the MccE492 gene
cluster in K. pneumoniae RYC492.

FIG. 1. Genetic organization of class IIb microcin gene clusters. The name of the known or putative microcins produced by the gene cluster
in each strain is indicated in parentheses. Genes are indicated by arrows whose orientations refer to the direction of gene transcription. Genes
encoding microcin precursors are shown in yellow, while the genes required for self-immunity, microcin export, and posttranslational modification
are shown in red, blue, and green, respectively. Genes with unknown function are shown in gray. Genes encoding homologous proteins in different
gene clusters are colored by different shades of the same color. The names of the genes are indicated above or below each gene. (A) Genetic
organization in five wild-type strains. In K. pneumoniae RYC492, genes with speculative functions are shown in gray, and the colors corresponding
to the speculative functions are shown in stripes. Genes insC, tra-5, and insE, which encode transposases, are in brown. The names of the genes
specifically required for the production of the MccE492, MccG492, MccH47, MccI47, and MccM precursors and immunity proteins are in green,
brown, purple, blue, and red, respectively. Truncated genes in K. pneumoniae RYC492, E. coli H47, and E. coli Nissle 1917 are shown with slashes.
(B) Genetic organization in recombinant plasmids pMM75 and pMM1.15 used for the production of MccM and MccH47, respectively. The
kanamycin resistance cassette is shown in white, and inactivated genes are indicated by a cross. The names of the genes specifically involved in the
production of MccM, MccH47, and MccI47 precursor and immunity proteins are in red, purple, and blue, respectively.
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MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The strains and plasmids
used for microcin production and the study of the mechanisms of action are
described in Table 1. The bacteria used to determine the spectra of activity have
been described previously (7). Recombinant plasmid pMM21 was constructed by
inserting a 6.2-kb HindIII/EcoRI fragment containing mchA to mchX from E.
coli H47 into the pBR322 vector containing the mchI to mcmM region (10.1 kb)
from E. coli Nissle 1917 (F. Moreno, unpublished results). Microcin production
was performed with wild-type strains Nissle 1917, CA46, and CA58 or the E. coli
MC4100 recombinant strain transformed with plasmids. The plasmids used for
the production of MccM and MccH47 were pMM75 and pMM1.15, respectively
(Fig. 1B). Both plasmids were constructed from pMM21 by insertion of a 1.8-kb
kanamycin resistance cassette inside mceB and mcmA, respectively (F. Moreno,
unpublished results). In order to verify these constructions, plasmids pMM21
(20.2 kb), pMM75 (22 kb), and pMM1.15 (22 kb) were fully sequenced (Eurofins
MWG Operon).

MccE492 was expressed in E. coli MC4100(pJAM229), as described previously
(28). For microcin production, E. coli MC4100 was freshly transformed with the
plasmid harboring the microcin gene cluster of interest. The transformants were
grown in M63 minimal medium supplemented with 2.5 g/liter glucose, 0.25 g/liter
MgSO4, and 1 mg/liter thiamine. For E. coli Nissle 1917, CA46, and CA58 and
E. coli MC4100(pJAM229) cultures, M63 medium was supplemented with 1
g/liter Bacto tryptone (BD Biosciences). The following antibiotics were used at
the indicated concentrations: ampicillin and kanamycin at 50 �g/ml and chlor-
amphenicol at 30 �g/ml. Cultures were routinely performed for 15 h at 37°C with
vigorous shaking (250 rpm).

Microcin purification. MccE492 was purified as described previously (28).
MccM and MccH47 were purified as follows. Culture supernatants were sepa-
rated from bacterial cells by centrifugation (10,000 � g, 15 min, 4°C) and were
subjected to solid-phase extraction on a Sep-Pak C8 cartridge (Waters Corp.)
preequilibrated with 0.1% aqueous trifluoroacetic acid (TFA). The cartridges
were washed with 0.1% aqueous TFA prior to stepwise elution with 30%, 35%,
40%, 45%, and 50% acetonitrile (ACN) in 0.1% aqueous TFA at a flow rate of
10 ml/min. The detection of MccM- and MccH47-specific antibacterial activities
in the Sep-Pak fractions was performed by radial diffusion assays, as described
below. The 40% ACN Sep-Pak fraction containing MccM and the 50% ACN
Sep-Pak fraction containing MccH47 were lyophilized and resuspended in 50%
ACN in 0.1% aqueous TFA. The MccM-containing fraction was further purified
by reversed-phase high-performance liquid chromatography (RP-HPLC) on an
Inertsil ODS2 C18 column (5 �m, 4.6 by 250 mm; Interchim, France). Separation

was performed at a flow rate of 1 ml/min with a linear gradient of 20 to 60% ACN
in 0.1% aqueous TFA over 20 min. The fractions issued from the Sep-Pak
cartridge and the HPLC column were collected by hand, according to their
absorbance at 226 nm.

Antibacterial assays. The microcin-susceptible strain (E. coli RYC1000) and
the strains carrying the MccM or the MccH47 immunity gene on a plasmid [E.
coli RYC1000(pMcMi) and E. coli RYC1000(pMcH1), respectively] were grown
in Luria-Bertani (LB) medium to an optical density at 620 nm (OD620) of 0.3.
Ten milliliters of M63-tryptone medium (containing 6.5 g/liter agar) was inocu-
lated with 100 �l of bacteria, i.e., 107 CFU/ml. Petri dishes containing 40 ml M63
solid medium (20 g/liter agar) were overlaid with the bacterial suspension. After
solidification, each fraction to be analyzed was spotted onto the overlay. After a
16-h incubation at 37°C, the plates were analyzed for the presence of inhibition
halos. Fractions inhibitory to microcin-susceptible strain E. coli RYC1000 but
not to microcin-resistant strains E. coli RYC1000(pMcMi) and RYC1000
(pMcHi) were considered to contain MccM and MccH47, respectively. Fractions
inhibitory to E. coli RYC1000, E. coli RYC1000(pMcMi), and E. coli RYC1000
(pMcHi) but not to E. coli RYC1000(pMM21) were considered to contain
MccI47. Time course bactericidal assays were performed for MccM and MccH47
by monitoring the culturability of E. coli W3110 exposed to microcins. Briefly, a
bacterial suspension in exponential phase of growth was diluted in poor-broth
medium (10 g/liter Bacto tryptone, 5 g/liter NaCl) to obtain a final OD620 of
0.001. Seventy-five microliters of this suspension was then incubated with 25 �l
of the MccM- or MccH47-containing fraction or an equivalent volume of solvent
(40% ACN in 0.1% aqueous TFA). At different times of incubation (0, 5, 10, 15,
30, 45, 60, and 120 min), each fraction was plated onto LB agar plates. The
colonies were counted after 16 h of incubation at 37°C.

SDS-polyacrylamide gel electrophoresis (PAGE) and gel overlay. An MccM-
containing fraction was loaded onto three lanes of a 16.5% sodium dodecyl
sulfate (SDS)-tricine polyacrylamide gel (27). After electrophoresis, the three
lanes were cut out from the gel and treated separately. The first piece of gel,
which contained the prestained protein marker (NE Biolabs) and the Mcc-
containing fraction, was fixed and stained with Coomassie blue. The two other
pieces of the gel were fixed overnight in 15% isopropanol–10% acetic acid,
washed with deionized water for 4 h, and rinsed abundantly with sterile water.
Every piece of gel was put into a sterile petri dish and overlaid with 40 ml M63
agar (0.7% [wt/vol] agar) containing 107 CFU/ml E. coli RYC1000, E. coli
RYC1000(pMcMi), or E. coli RYC1000(pMcHi). The plates were incubated
overnight at 37°C and examined for an Mcc-specific inhibition halo at the posi-
tion of the Mcc migration band.

TABLE 1. Bacterial strains and plasmids used for this study

Strain or plasmid Relevant features Reference or source

E. coli strains
MC4100 araD139 �(argF lac)U169 rpsL relA flbB deoC Laboratory collection
RYC1000 MC4100 �rbs-7 recA56 gyrA 12
W3110 F� IN(rrnD-rrnE)1 Laboratory collection
KP1344 W3110 (tonB::blaM) 19
W3110-6 W3110 �(exbB-exbD) S. P. Howard, unpublished data
H1443 MC4100 aroB 15
H873 H1443 fepA::Tn10 K. Hantke, unpublished data
H1596 H1443 fiu::Mud X K. Hantke, unpublished data
H2222 H1443 cir::Mud X K. Hantke, unpublished data
H1728 H1443 cir fiu::Mud X 14
H1875 H1443 cir::Mud X fepA::Tn10 14
H1877 H1443 fepA::Tn10 fiu::Mud X 14
H1876 H1728 fepA::Tn10 14
CA46 CIP 105662 Institut Pasteur collection
CA58 CIP 105663 Institut Pasteur collection

Plasmids
pJAM229 Derived from pHC79, carrying MccE492 gene cluster, Ampr 30
pMM21 Carrying MccM, MccI47, and MccH47 gene clusters; Ampr F. Moreno, unpublished data
pMM75 Carrying MccM, MccI47, and MccH47 gene clusters; mchB inactivation;

Ampr Kanr
F. Moreno, unpublished data

pMM1.15 Carrying MccM, MccI47, and MccH47 gene clusters; mcmA inactivation;
Ampr, Kanr

F. Moreno, unpublished data

pMcMi Carrying mcmI from MccM gene cluster, Ampr F. Moreno, unpublished data
pMcHi Carrying mchI from MccH47 gene cluster, Cmr F. Moreno, unpublished data
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N-terminal sequencing. Gel electrophoresis was performed as described
above, and the proteins were subsequently transferred onto 0.1-�m-pore-size
polyvinylidene difluoride membranes (Immobilon-PSQ; Millipore) for 1 h at 80
V in 25 mM Tris–190 mM glycine–20% ethanol–0.05% SDS buffer (pH 8.3). The
membranes were stained (0.1% Coomassie blue in 1% acetic acid–40% metha-
nol), destained (50% methanol), and dried. The band of interest was cut out for
Edman degradation. N-terminal sequencing was performed on a Procise model
protein sequencer (Applied Biosystems), according to the manufacturer’s pro-
tocol.

Tryptic digestion. Freeze-dried MccM (�1.5 nmol) from the HPLC fraction
was resuspended in 100 �l of 100 mM Tris-HCl (pH 7) and incubated with 20 �l
of 1.3 �g/�l trypsin (Sigma) overnight at 37°C with vigorous shaking (250 rpm).
The reaction was stopped by addition of 10 �l of 10% formic acid. The solution
was then desalted on C18 tips (Omix; Varian) before mass spectrometry (MS)
analysis.

Mass spectrometry. Microcin-containing fractions were analyzed by matrix-
assisted laser desorption ionization–time-of-flight MS (MALDI-TOF MS) on a
Voyager-De-Pro MALDI-TOF mass spectrometer (Applied Biosystems), which
was operated in the linear/positive mode and which used �-cyano-4-hydroxycin-
namic acid as the matrix. The tryptic digests of MccM were analyzed by nano-
electrospray mass spectrometry on a qQ-TOF hybrid mass spectrometer (Q-Star
Pulsar; Applied Biosystems) operated in the positive mode. Collision-induced
dissociations were carried out on the triply charged ion of the N-terminal frag-
ment of MccM, MccM(1-35) (m/z 1128), with a 35-V collision energy. Alterna-
tively, the digests were analyzed by liquid chromatography (LC)-mass spectrom-
etry on a Dionex U3000 micro-HPLC system connected to a Q-Star Pulsar
Qq-TOF mass spectrometer operated in the positive mode. The separation was
achieved on a Zorbax 300 SB C8 column (3.5 �m, 150 by 1 mm; Agilent). The
elution gradient was 0 to 60% ACN in 0.1% formic acid over 20 min at a flow rate
of 40 �l/min. Collision-induced dissociations were performed on the triply
charged ions of the MccM(36-64) fragment (m/z 965) with a 30-V collision
energy.

RESULTS

Production and purification of MccM and MccH47. MccM
and MccH47 were isolated from strain E. coli MC4100 trans-
formed with pMM75 and pMM1.15, respectively. Both micro-
cins were also isolated from wild-type strain E. coli Nissle 1917,
CA46, or CA58 by a protocol similar to that described previ-
ously for MccE492 production (28). Whereas MccE492 was
expressed in rather large amounts from plasmid pJAM229, 40
liters of culture supernatants of the MccM-producing strains
was required for isolation, tryptic digestion, mass spectrometry
analyses, and antibacterial assays. Both MccM and MccH47
were obtained by reversed-phase fractionation of the culture
supernatants on Sep-Pak C8 cartridges. The fractions eluted
with 30% to 50% ACN were submitted to antibacterial assays
against a microcin-susceptible strain (E. coli RYC1000) and
against various strains specifically resistant (immune) to MccM
[E. coli RYC1000(pMcMi)], MccH47 [E. coli RYC1000(pMcHi)],
and MccM/MccH47/MccI47 [E. coli RYC1000(pMM21)]. Frac-
tions active against the susceptible strain but inactive against
the MccM-immune strain contained MccM, while fractions
inactive against the MccH47-immune strain contained MccH47.
From these experiments, we concluded that MccM was recov-
ered in 40% ACN Sep-Pak fractions from E. coli Nissle 1917,
CA46, CA58, and MC4100(pMM75), whereas the 50% ACN
Sep-Pak fractions from E. coli Nissle 1917, CA46, CA58, and
MC4100(pMM1.15) contained MccH47. The 40% and 50%
ACN Sep-Pak fractions were subjected to MS and SDS-PAGE.
Gel overlay experiments revealed a single band with antibac-
terial activity in the 40% Sep-Pak fraction isolated from the E.
coli Nissle 1917, CA46, CA58, and MC4100 harboring pMM75
(Fig. 2). From its molecular weight and MccM-specific activity,
we concluded that the peptide band contained MccM. No

MccH47-specific antibacterial activity could be detected by gel
overlay in the 50% ACN Sep-Pak fractions from E. coli Nissle
1917, CA46, CA58, or MC4100 harboring pMM1.15, presum-
ably due to the low level of expression of MccH47. MALDI-
TOF MS analysis of the 40% and 50% ACN fractions showed
ions at m/z 7284 and 4865, respectively. These ions corre-
sponded to the calculated masses of MccM and MccH47, re-
spectively, as deduced from the sequence of the microcin pre-
cursors McmA and MchB after cleavage at their expected
maturation sites (see below). Neither the MccM nor the MccH47
Sep-Pak fractions led to the isolation of highly purified micro-
cins. MccM-containing fractions could be further purified by
RP-HPLC on a C18 column. N-terminal sequencing of MccM
indicated a peptide purity of �90% (data not shown). In con-
trast, very small amounts of MccH47 could be isolated from the
50% ACN Sep-Pak fractions, prohibiting further purification by
RP-HPLC. All attempts to isolate sufficient amounts of MccI47
from the Sep-Pak fractions were unsuccessful, even under iron-
starvation culture conditions (25). Nevertheless, MALDI-TOF
MS analysis of the 40% ACN fraction from the E. coli MC4100
(pMM1.15) supernatant showed one ion at m/z 6275, which
corresponds to the theoretical molecular mass of the putative
MccI47.

MccM and MccH47 display bactericidal activity against
phylogenetically related bacteria. MccM and MccH47 were
compared to MccE492 in terms of their antibacterial activities.
The three microcins revealed similar spectra of activity (Fig.
3A). No activity against the gram-positive bacteria tested
(Staphylococcus and Bacillus; data not shown) could be de-
tected, and the E. coli strains were the most susceptible among
the gram-negative bacteria tested (Fig. 3A). While MccM and
MccE492 were less active against Salmonella than against E.

FIG. 2. SDS-PAGE and detection of MccM isolated from E. coli
MC4100(pMM75) by gel overlay. Following separation on a 16.5%
SDS-tricine polyacrylamide gel, the MccM-containing fraction was
stained with Coomassie blue (lane A), subjected to antibacterial assay
by gel overlay with the microcin-susceptible strain E. coli RYC1000
(lane B), and submitted to antibacterial assay by gel overlay with
MccM-resistant strain E. coli RYC1000(pMcMi) (lane C). The molec-
ular mass ladder (in the first unlabeled lane) was the prestained broad
range protein marker (NE Biolabs). Arrows indicate the locations of
the band corresponding to MccM.
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coli, at the concentrations tested, MccH47 was inactive against
Salmonella. MccE492 was the only microcin active against
Enterobacter cloacae and Klebsiella pneumoniae. Like MccE492,
MccM and MccH47 were bactericidal, as deduced from the
culturability of microcin-treated E. coli (no countable CFU
after a 30-min exposure to the microcins) (Fig. 4). Controls in
the absence of microcins indicated no spontaneous loss of
culturability.

Siderophore receptors FepA, Fiu, Cir, and associated pro-
tein TonB are necessary for MccM and MccH47 antibacterial
activity. In order to identify the outer membrane receptors
required for the recognition of MccM and MccH47, antibac-
terial assays were performed with strains carrying mutations in
siderophore receptor genes. In previous studies, TonB and the
catecholate siderophore receptors FepA, Fiu, and Cir were
shown to be necessary for MccE492 recognition (7). We there-
fore compared the susceptibilities to MccE492, MccM, and
MccH47 of wild-type and isogenic E. coli strains carrying mu-
tations in the genes encoding FepA, Cir, and Fiu. We also
examined the antibacterial activities of the three microcins
against isogenic strains lacking the associated inner membrane
proteins TonB, ExbB, and ExbD (Fig. 3B). For the three mi-
crocins, the lack of the Fiu or the Cir receptor did not signif-
icantly alter the antibacterial activities compared to the activity
detected against wild-type strain E. coli H1443. In contrast, the
diameters of the inhibition halos for MccM and MccE492
decreased significantly with fepA inactivation. When FepA and
Fiu were nonfunctional, the inhibition halos were smaller than
those observed with the wild-type strain, which suggests that of
the three receptors Cir is the least efficient to promote micro-
cin uptake. All three microcins were unable to inhibit the
growth of the fepA fiu cir triple mutant and the tonB mutant. In

FIG. 3. Comparative antibacterial activities of MccE492 (black bars), MccM (gray bars), and MccH47 (white bars) against wild-type and mutant
strains. Antibacterial activity is expressed by the size (in mm) of the inhibition halo. Values are presented as the means of three independent
experiments with standard errors. (A) Antibacterial activity against gram-negative bacterial strains of different genera (E. coli, K. pneumoniae,
Salmonella enterica, Enterobacter cloacae); (B) antibacterial activity against isogenic strains carrying mutations affecting the siderophore receptors
FepA, Fiu, and Cir and associated proteins TonB, ExbB, and ExbD. The limit of detection (inhibition halo of 5 mm) is indicated by a broken line.

FIG. 4. Kinetics of bacterial killing. MccM-containing fractions (●) or
solvent (Œ) were added to an exponential-phase culture of E. coli W3110.
After different incubation times, the fractions were diluted and plated on
LB agar. The surviving bacteria were counted (as the numbers of CFU/
ml) after overnight incubation at 37°C. Error bars represent the standard
deviations for three independent experiments. The reliable limit of de-
tection (100 colonies/ml) is indicated by a broken line.

292 VASSILIADIS ET AL. ANTIMICROB. AGENTS CHEMOTHER.



contrast, deletion of both exbB and exbD had no noticeable
effect.

The MccM amino acid sequence derives from the microcin
precursor McmA sequence. The MccM-containing HPLC frac-
tion was subjected to SDS-PAGE and Edman degradation.
A 17-residue N-terminal sequence (DGNDGQAELIAIGSL
AG), which corresponds to the McmA sequence after removal
of a 15-residue N-terminal sequence, could be determined for
MccM. This cleavage occurs at a similar site in MccE492 (Fig.
5A). MccM was also sequenced by mass spectrometry from a
tryptic digest. Two peptide fragments corresponding to the
Asp1-Lys35 N-terminal region and the Val36-Arg64 central
region of MccM were purified and analyzed by micro-LC-

tandem MS (LC/MS/MS). As with Edman degradation, the
complete sequences of both fragments obtained by MS/MS
fragmentation (Fig. 5B) corresponded to the McmA sequence
obtained after removal of the 15-residue leader peptide. Taken
together, these results unambiguously indicate that the peptide
moiety of MccM is a 7,283-Da and 77-residue peptide, whose
sequence is given in Fig. 5B.

MccM and MccH47 carry the same posttranslational mod-
ification as MccE492. Mass spectrometry was used to deter-
mine whether MccM and MccH47 carry a posttranslational
modification similar to that of MccE492 (Fig. 6A and B).
MALDI-TOF MS analysis of the MccM produced by E. coli
CA46 and CA58 revealed four ions at m/z 7284, 7669, 7892,
and 8115 (Fig. 6C; Table 2). However, only the ion at m/z 7284,
which corresponds to the MccM peptide moiety, was detected
in an MccM preparation obtained from E. coli Nissle 1917
(Table 2). Similar experiments were carried out with MccH47.
Ions at m/z 4865, 5250, 5473, and 5696 (Fig. 6D) were observed
in an MccH47 preparation obtained from E. coli CA46 and
CA58 and E. coli MC4100(pMM1.15) (Table 2). Again, as for
MccM, when MccH47 was isolated from E. coli Nissle 1917,
the only ion found corresponded to the MccH47 peptide moi-
ety (m/z 4865) (Table 2), as was also observed with MccM.
Careful analysis of the MALDI-TOF mass spectral data showed
that the four ions found in the MccM (Fig. 6C) and the
MccH47 (Fig. 6D) spectra displayed the same mass differences
as those observed for MccE492 and its derivatives, u-MccE492,
u-MccE492-Glc-DHBS, and u-MccE492-Glc-DHBS2 (Fig. 6A
and B). These mass differences correspond to the peptide
moiety carrying (i) one glucose molecule and one monomer of
DHBS (385 Da), (ii) an additional monomer of DHBS (plus
223 Da), and (iii) a third monomer of DHBS (plus 223 Da),
respectively.

We next examined the interchangeability of MchA-McmL
and MchS1-McmK, the two pairs of homologous proteins re-
sponsible for the acquisition of the posttranslational modifica-
tion and encoded by two different microcin gene clusters. MccM
was therefore expressed in recombinant E. coli MC4100 har-
boring pMM75. This plasmid carries the microcin gene clusters
from E. coli Nissle 1917 as well as the mchA and mchS1 genes
from E. coli H47 (Fig. 1B). Again, the MALDI-TOF mass
spectra showed ions at m/z 7284, 7669, 7892, and 8115 (Table
2). Altogether, these results indicate that the ions at m/z 7669,
7892, and 8115 correspond to u-MccM-Glc-DHBS, u-MccM-
Glc-DHBS2, and MccM under its modified form, respectively.
Similarly, the ions at m/z 5250, 5473, and 5696 can be assigned
to u-MccH47-Glc-DHBS, u-MccH47-Glc-DHBS2, and MccH47
under its modified form, respectively. Although the existence of
isomeric forms of the siderophore moiety cannot be ruled out,
altogether our data indicate (i) that MccM and MccH47 carry
the same posttranslational modification and (ii) that the mod-
ification is most likely the same as that in MccE492.

Sequence analysis of the MccE492 gene cluster from K.
pneumoniae RYC492 reveals a novel putative siderophore-mi-
crocin. Analysis of the recently corrected nucleotide sequence
of K. pneumoniae RYC492 (GenBank accession no. AF063590)
revealed that the orientation of mceFGHIJ is the reverse of
that described previously (18). Thus, the MccE492 gene cluster
has the same organization on K. pneumoniae chromosomal
DNA and on plasmid pJAM229 (data not shown). Further-

FIG. 5. Amino acid sequences of siderophore-microcins. (A) Mul-
tiple-sequence alignment of the N- and C-terminal regions of class IIb
microcin precursors. The alignments were performed with the Clust-
alW program. The names of the isolated or putative (in italics) mic-
rocins are indicated in parentheses. The numbers in angled brackets
refer to the number of amino acids in the unaligned central regions.
Dash indicates gaps. The amino acid sequences for all microcins except
MceL (this study) are from the UniProt KB database. MceA (acces-
sion no. Q9Z4N4), MceL, MchB (accession no. P62530), McmA (ac-
cession no. Q83TS1), and MchS2 (accession no. Q712Q0) correspond
to the MccE492, MccG492, MccH47, MccM, and MccI47 precursors,
respectively. The known (MceA, McmA, MchB) or putative (MchS2,
MceL) cleavage site of the microcin precursors is shown with a double-
headed arrow. Letters on gray backgrounds highlight identical amino
acids. (B) Amino acid sequences of the MccM, MccH47, and the
putative MccI47 and MccG492 peptide moieties. For MccM, the
amino acids determined by N-terminal sequencing are underlined.
Arrows indicate trypsin cleavage sites. The amino acid sequence ob-
tained by MS/MS fragmentation of the Asp1-Lys35 and the Val36-
Arg64 tryptic peptides of MccM is indicated by a broken line. The
sequences of MccI47 and MccG492 were deduced from the sequences
of the microcin precursors MchS2 (UniProt KB accession no.
Q712Q0) and MceL (this study), respectively.
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more, we identified six novel open reading frames (ORFs;
mceS2, mceS3, mceM, mceL, mceX, and mceK). MceX exhibits
amino acid sequence identity with the MchX encoded by dif-
ferent microcin gene clusters (Fig. 1A) and probably displays
the same unknown function. MceK is composed of a fusion of

two sequences that exhibit identity with McmA and McmI on
their N- and C-terminal regions, respectively. Interestingly,
mcmA and mcmI are also truncated in a similar fashion in E.
coli H47 (Fig. 1A). However, only one ORF is observed in K.
pneumoniae RYC492, suggesting deletions of the K. pneu-
moniae chromosomal DNA. MceS2 and MceS3 have been
annotated as peptides similar to MchS2 and MchS3, the MccI47
precursor and self-immunity protein, respectively, and are
therefore a putative class IIb microcin and a self-immunity
protein, respectively.

The amino acid sequences of class IIb microcins show two
main features: (i) cleavage of an N-terminal leader peptide
after a double glycine or a Gly-Ala motif and (ii) a C-terminal
moiety rich in serine and glycine residues (Fig. 5A) (9). Nev-
ertheless, MceS2 does not display either of these two charac-
teristics, thus ruling out the hypothesis that it may be a novel
microcin precursor. Besides, two other new genes, mceM and
mceL, seemed to be particularly interesting. MceL is a putative
89-residue peptide. Its amino acid sequence exhibits the two
mains features of class IIb microcins: (i) it displays a putative
cleavage site at Gly15-Ala16 and a Ser- and Gly-rich C-termi-
nal region (Fig. 5A), and (ii) it shows strong sequence identity

FIG. 6. Structures of the different forms of MccE492 and MALDI-TOF MS spectra of the siderophore-microcins. (A) MccE492 (8,718 Da) is
a posttranslationally modified 84-residue peptide. The modification consists of a trimer of 2,3-dihydroxybenzoylserine (DHBS) linked via a
C-glycosidic bond to a �-D-glucose (Glc) 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-DHBS2 (8,495 Da) correspond to intermediate forms carrying a
�-D-glucose 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 of the panel. (B) MALDI-TOF MS spectra showing the different ions corresponding to the
unmodified, intermediate, and modified forms of MccE492 obtained from the 40% Sep-Pak fraction of E. coli MC4100 harboring pJAM229;
(C) MALDI-TOF MS spectra showing the different ions corresponding to the unmodified, intermediate, and modified forms of MccM obtained
from the 40% Sep-Pak fraction of E. coli MC4100 harboring pMM75; (D) MALDI-TOF MS spectra showing the different ions corresponding to
the unmodified, intermediate, and modified forms of MccH47 obtained from the 50% Sep-Pak fraction of E. coli MC4100 harboring pMM1.15.

TABLE 2. Micocins produced by the different strains used
in this study

Strain Microcin

Microcin produceda

Unmodified
form

Modified
form

K. pneumoniae RYC492 MccE492 � �
E. coli Nissle 1917 MccM � �

MccH47 � �
E. coli CA46 MccM � �

MccH47 � �
E. coli CA58 MccM � �

MccH47 � �
E. coli MC4100(pMM75) MccM � �
E. coli MC4100(pMM1.15) MccH47 � �

a �, isolated from the culture supernatant; �, not present in the culture
supernatant.
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at both ends with all other known siderophore-microcins (Fig.
5A). Furthermore, MALDI-TOF MS analysis of the 45%
ACN fraction from the E. coli MC4100(pJAM229) superna-
tant showed one ion at m/z 7342, which is compatible with the
theoretical molecular mass of the MceL precursor carrying a
831-Da posttranslational modification after removal of a 15-
residue N-terminal sequence (Fig. 5A). Preceding rather than
following the putative microcin gene mceL, a potential immu-
nity gene, mceM, is found in the gene cluster. The sequence of
its deduced amino acid, MceM, exhibits a number of residues
similar to the numbers of MceB, MchB, and McmI, which
confer immunity to MccE492, MccH47, and MccM, respec-
tively, and contains putative transmembrane regions. Those
two features are conserved in class IIb microcin self-immunity
proteins (9). Therefore, MceM is most likely the self-immunity
protein associated with MceL. Altogether, these data strongly
support the existence of a novel siderophore-microcin encoded
by K. pneumoniae RYC492 that we name MccG492 (Fig. 5B).

DISCUSSION

This article describes for the first time the isolation, purifi-
cation, and characterization of MccM and MccH47. While the
putative posttranslational modifications and functions of MccM,
MccH47, and MccI47 have been the subject of many hypoth-
eses, all of which relied on genetic studies, we provide here the
first biochemical evidence that MccM and MccH47 carry the
same posttranslational modification as MccE492. We demon-
strate that among the microcins, MccM, MccH47, and MccE492
form a homogeneous family, the siderophore-microcins. We
also show that several genes from the MccE492, MccM, MccH47,
and MccI47 gene clusters are interchangeable and display similar
functions.

MccM and MccH47 were produced from several wild-type
and recombinant strains. As could be expected from the ab-
sence of biochemical data for these two peptides in the existing
literature, both MccM and MccH47 proved to be difficult to
isolate from culture supernatants, and only MccM could be
obtained in sufficient amounts to be sequenced. Together with
Edman sequencing, our electrospray ionization MS data dem-
onstrated that MccM results from the cleavage of McmA be-
tween Gly15 and Asp16. Similarly, MccH47 was shown to re-
sult from the cleavage of MchB between Ala15 and Gly16.
Thus, the MccM and MccH47 15-residue leader peptides are
cleaved after the typical double-glycine or glycine-alanine mo-
tifs, as is the case for MccE492 and some bacteriocins (9, 17)
(Fig. 5A). Edman degradation and MS/MS sequencing covered
83% of the MccM sequence, and the sequence agreed with the
amino acid sequence deduced from the mcmA nucleotide se-
quence. All masses and sequences were in agreement with the
amino acid sequences of MccM and MccH47 (Fig. 5B) de-
duced from the microcin precursor genes mcmA and mchB,
respectively (9, 26).

Analysis of the different microcin gene clusters (Fig. 1A)
revealed the presence of several homologous genes. The pre-
dicted amino acid sequences of MceC, MchA, and McmL
exhibited 85% identity, while those of MceD, MchS1, and
McmK exhibited 71% identity. Previous in vivo (29) and in
vitro (22) experiments have shown that MceC and MceD are
required for MccE492 posttranslational modification biosyn-

thesis. Furthermore, MceI and MceJ, which are necessary for
the linkage of the C-glucosylated linear Ent to the MceA
C-terminal serine during MccE492 biosynthesis (23), showed
80% and 71% amino acid sequence identities with MchD and
MchC, respectively. Thus, all genes encoding proteins homol-
ogous to MceC/MceD/MceI/MceJ would share the same func-
tions. Interestingly, both MccM and MccH47 isolated from E.
coli CA46 and CA58 and from recombinant E. coli MC4100
harboring pMM75 or pMM1.15, which includes the genes po-
tentially required for the posttranslational modification biosyn-
thesis, were shown here to carry a 831-Da posttranslational
modification similar to that of MccE492. The microcins iso-
lated from the E. coli Nissle 1917 culture supernatants were
also found not to carry any posttranslational modification. In
genomic island I from E. coli Nissle 1917, an iroA locus, which
contains iroB and iroD homologous to mchA/mcmL and
mchS1/mcmK, respectively, is located 14 kb downstream of the
microcin gene cluster (13). The absence of posttranslational
modification in E. coli Nissle 1917 demonstrates the necessity
for mchA and mchS1 in the biosynthesis of this modification
and supports the idea that iroB and iroD are not involved in
MccM and MccH47 maturation. The key role of mchA and
mchS1 is also supported by the isolation of siderophore-mic-
rocins (Table 2) from an E. coli MC4100 recombinant strain
harboring pMM75, a plasmid which contains the microcin gene
cluster from E. coli Nissle 1917 linked to mchA and mchS1
from E. coli H47. In this study we have also shown that
MccH47 can be posttranslationally modified by either MchA/
MchS1 in E. coli MC4100(pMM1.15) or McmL/McmK in E.
coli CA46 and CA58 (Table 2). Altogether, the MS data and
the findings of the complementation experiments show that
MccM and MccH47 carry the same posttranslational modifi-
cation as MccE492 and that this results from conserved en-
zyme machinery. Thus, the MchA and McmL proteins and the
MchS1 and McmK proteins, which display the same potential
roles as MceC and MceD, respectively, are required for MccM
and MccH47 posttranslational modification biosynthesis, re-
spectively. Although MccI47 has not been isolated to date,
mass spectrometry and genetic data strongly suggest that this
microcin carries a similar posttranslational modification.

Consequently, (i) MccE492, MccM, MccH47, and, most
probably, MccI47 belong to the siderophore-microcin family;
and (ii) the posttranslational modification requires MchA, McmL,
and MceC, on the one hand, and MchS1, McmK, and MceD,
on the other hand, all of which are most likely interchangeable
and display the same function in the posttranslational modifi-
cation biosynthesis. Thus, MchA/McmL/MceC and MchS1/
McmK/MceD are enzymes potentially responsible for the C
glucosylation of Ent and the cleavage of an ester bond of
Glc-Ent, respectively. Similarly, we propose that MceJ/MchC
and MceI/MchD, which are also required for posttranslational
modification (22, 23), could be interchangeable, in agreement
with the findings of Poey et al. (25). We speculate that this
interchangeability might extend to all genes belonging to one
of the five siderophore-microcin gene clusters located on K.
pneumoniae RYC492 and E. coli CA46, CA58, H47, and Nissle
1917, except for genes encoding the microcin precursor and its
self-immunity protein.

Studies of the mechanisms of action of MccM and MccH47
(this work) showed that, like MccE492, both microcins are
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recognized by the catecholate siderophore receptors. Genes
encoding catecholate receptors are present on the genomes of
E. coli (2, 21), Salmonella enterica serovar Typhimurium (20),
as well as K. pneumoniae (11), all of which are susceptible
to siderophore-microcins. The TonB protein associated with
these receptors is also required for the antibacterial activities
of MccM and MccH47, but ExbB and ExbD are not essential.
It was previously demonstrated that TolQ and TolR can com-
plement ExbB and ExbD, respectively, as regards E. coli sus-
ceptibility to group B colicins (3). Similarly, MccM and MccH47
could also use TolQ and TolR for their translocation when exbB
and exbD are inactivated. Consequently, all the siderophore-
microcins potentially use a “Trojan horse” mechanism (10) and
are recognized as siderophores by outer membrane receptors.

Finally, the nucleotide sequence of K. pneumoniae RYC492
has recently been corrected, unveiling six novel ORFs, among
which two may encode novel microcin precursors. Analysis of
the N- and C-terminal sequences of MceS2 reveals that this
peptide does not display the structural characteristics of the
class IIb microcin precursors. Consequently, MceS2 is proba-
bly not a new class IIb microcin precursor. On the contrary, the
N- and C-terminal sequences of MceL (Fig. 5A) exhibit the
two features of class IIb microcins and MceM displays the char-
acteristics of a self-immunity protein (see Results). Therefore,
we propose that K. pneumoniae RYC492 produces a novel
microcin, which we name MccG492, with a microcin precursor
encoded by mceL and a self-immunity protein encoded by
mceM. The genetic organization of MccE492/MccG492 seems
to be similar to that of MccM/MccH47/MccI47, with specific
genes encoding microcin precursors and self-immunity pro-
teins and common genes for export and posttranslational mod-
ification acquisition. Both its C-terminal sequence and the loca-
tion of the encoding gene in a class IIb microcin gene cluster
suggest that MccG492 most probably carries the same posttrans-
lational modification as all other class IIb siderophore-microcins.

Therefore, we provide here for the first time biochemical
evidence of the existence of a family of structure-related mic-
rocins secreted by members of the Enterobacteriaceae family.
The family of siderophore-microcins corresponds to class IIb
of microcins described previously (9) and contains three mem-
bers (MccE492, MccM, and MccH47), which have been iso-
lated, purified, and characterized. Two additional putative
members (Fig. 5B), which remain to be isolated (MccG492 and
MccI47), most probably belong to this family. This is the first
family of structure-related peptides among the antimicrobial
peptides of gram-negative bacteria. In contrast, several fami-
lies of bacteriocins, including lantibiotics and pediocin-like and
two-peptide bacteriocins, each of which is exemplified by hun-
dreds of peptides, have been described among the antimicro-
bial peptides of gram-positive bacteria (4, 8, 24).

The persistence of numerous genes encoding several micro-
cins in a single gene cluster raises fundamental questions. Why
do these bacteria synthesize several microcins which appear to
have similar behavior? It is generally accepted that useless
genes are eliminated from dynamic genomes. E. coli and K.
pneumoniae do not appear to eliminate different genes encod-
ing several siderophore-microcins. Each siderophore-microcin
possibly has specific functions, but these remain to be eluci-
dated.
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