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Summary

Microcins are a class of ribosomally synthesized anti-
bacterial peptides produced by Enterobacteriaceae
and active against closely related bacterial species.
While some microcins are active as unmodified
peptides, others are heavily modified by dedicated
maturation enzymes. Low-molecular-weight micro-
cins from the post-translationally modified group
target essential molecular machines inside the cells.
In this review, available structural and functional data
about three such microcins – microcin J25, microcin
B17 and microcin C7-C51 – are discussed. While all
three low-molecular-weight post-translationally modi-
fied microcins are produced by Escherichia coli,
inferences based on sequence and structural similari-
ties with peptides encoded or produced by phyloge-
netically diverse bacteria are made whenever
possible to put these compounds into a larger
perspective.

Introduction

Microcins are a diverse class of small ribosomally synthe-
sized peptide antibiotics produced by Enterobacteriaceae
and active against closely related bacterial species
(Baquero et al., 1978). This review concerns with microcin
J25 (MccJ25), microcin B17 (MccB17), and microcins C7
and C51, two chemically identical compounds encoded
by slightly different genetic systems and referred to as
MccC7-MccC51 in this review. The three microcins are
unrelated to each other but share the following character-
istics: (i) low molecular weights (2106 Da for MccJ25,
3093 for MccB17, and 1178 Da for MccC7-MccC51);
(ii) highly unusual structures due to extensive post-
translational modifications; and (iii) they target essential
molecular machines in the cytoplasm of sensitive cells.
Genes responsible for production of low-molecular-weight
post-translationally modified microcins (mcj, mcb and mcc
coding respectively for MccJ25, MccB17 and MccC7-
MccC51) are carried on plasmids and are tightly
clustered. In addition to a structural gene coding for a
microcin precursor (promicrocin), each cluster contains
genes whose products carry out post-translational modi-
fications necessary for microcin production, as well as
genes whose products actively pump microcin from the
producing cell and thus provide resistance to both inter-
nally produced and externally added microcin. Each
export protein or export protein complex is specific to the
microcin produced and, therefore, cells producing a par-
ticular microcin remain sensitive to other microcins (in fact
the nomenclature used to refer to different microcins,
J, B, C, etc., refers to results of determination of cross-
immunity of producing cells to different microcins).
Microcin-producing cells of the same immunity type have
been isolated multiple times in different, geographically
remote laboratories. Numbers behind letters indicating
the immunity type refer to particular isolates; for example,
cells producing MccC7 and MccC51 were isolated in
Spain and Russia respectively (González-Pastor et al.,
1995; Fomenko et al., 2003).

Each microcin is taken up by sensitive cells through
specialized transport systems that will not be discussed
here. Microcin synthesis is sharply activated when cells
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reach stationary phase or by phosphate, carbon or nitro-
gen starvation (MccB17, Hernández-Chico et al., 1986;
Connel et al., 1987), carbon or phosphate starvation
(MccJ25, Chiuchiolo et al., 2001), or carbon starvation
(MccC51, Fomenko et al. 2001). Presumably, expression
of microcins genes allows producing cells to survive by
killing microcin-sensitive cells and thus making more
resources available for themselves. Microcins might also
act as signalling molecules. The sharp activation of micro-
cin genes transcription at stationary phase is due to the
use of s70 promoters activated by OmpR and IHF
(MccB17, Hernández-Chico et al., 1986; Connell et al.,
1987; Bohannon et al., 1991) or the combined action of
ppGpp, Lrp and IHF (MccJ25, Chiuchiolo et al., 2001).
Activated transcription of mcc genes is sS-dependent and
requires CRP (Fomenko et al., 2001). The synthesis of
both MccB17 and MccC7 is attenuated by MprA, a DNA
binding regulator of the MarR family (del Castillo et al.,
1990). Transcription of the mcb (Moreno et al., 2002) and
mcc genes is also negatively regulated by H-NS and Lrp
(Fomenko et al., 2001).

It is intuitively clear that the amount of microcin precur-
sors synthesized should exceed that of maturation/
immunity gene products by a wide margin. The
mechanisms that ensure this regulation are not fully
understood. In the case of MccJ25, the precursor gene
and the operon containing maturation/immunity genes are
transcribed from divergent promoters, and so differential
promoter strengths might produce the optimal ratio of
precursor and biosynthesis transcripts. In the case of
MccB17 and MccC7-MccC51, genes encoding the pre-

cursor and biosynthesis enzymes are transcribed from the
same promoter, with precursor genes being promoter-
proximal. Thus, regulation through transcription termina-
tion might operate in this case. Indeed, sequence analysis
reveals putative terminators between the MccC7-MccC51
structural and maturation genes. In the case of MccB17,
there exists an antisense transcript that originates from a
promoter located inside the mcbD gene and that might
downregulate expression of MccB17 biosynthesis genes
(Genilloud et al., 1989).

While microcin synthesis is inducible, microcin immu-
nity genes are constitutively expressed. Constitutive
expression is achieved through sS-independent transcrip-
tion of the MccC7 immunity genes or separate transcrip-
tion of MccB17 immunity genes from a minor promoter
(Fig. 4A, Genilloud et al., 1989).

Microcin J25

Microcin J25, a 21-amino-acid peptide, is produced from
58-amino-acid-long pro-MccJ25, a product of the mcjA
gene (Solbiati et al., 1999). Pro-MccJ25 consists of a
37-amino-acid N-terminal leader and the C-terminal part
that becomes MccJ25. MccJ25 is highly resistant to pro-
teolysis and even withstands autoclaving without the loss
of activity (Blond et al., 1999). The structure of MccJ25
explains this exceptional stability (Fig. 1). The amino
group of MccJ25 Gly1 is linked to the side-chain carboxyl
of Glu8 by a lactam bond, creating a ring. The C-terminal
tail of MccJ25 forms a two-b-strand loop, the end of which
passes through the ring to form a threaded-lasso structure

Fig. 1. Maturation and structure of MccJ25, a
threaded-lasso peptide. The amino acid
sequence of pro-MccJ25 is shown at the top.
The covalent structure of mature MccJ25 is
schematically presented below. The products
of mcj genes involved in the maturation
process and pro-MccJ25 residues important
for MccJ25 structure formation are coloured to
match the alignment of Fig. 2B. Mature
MccJ25 assumes a threaded-lasso structure,
as shown at the right bottom part of the
figure. Phe19 and Tyr20 form a lock that keeps
the MccJ25 tail inside the ring.
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(Bayro et al., 2003; Rosengren et al., 2003; Wilson et al.,
2003). The side-chains of Phe19 and Tyr20 at the end of the
tail straddle the ring and make the movement of the tail
inside the ring impossible. Extensive digestion of MccJ25
with thermolysin results in cleavage of the polypeptide
chain between amino acids 10 and 11 (Rosengren et al.,
2004). Hydrolysis of MccJ25 in 12 M HCl results in a
derivative lacking amino acids 13–17 in the loop (Rosen-
gren et al., 2004). Both of these compounds contain two
separate polypeptide chains that remain stably associ-
ated with each other due to the lock formed by Phe19 and
Tyr20.

The mcjB and mcjC genes are required for production
of MccJ25 from pro-MccJ25. Although no in vitro matura-
tion system for MccJ25 exists, some insights into the
process can be obtained by sequence analysis. McjC is
distantly related to the widely distributed and highly con-
served family of class B asparagine synthetases (AS-B)
and b-lactam synthetases (b-LS) (sequence identities in
the range of 20–23%, BLASTe-values approximately
0.0001). AS-B converts aspartic acid to asparagine
(Larsen et al., 1999), while b-LS catalyses the formation
of b-lactam ring in clavulanic acid (Miller et al., 2001;
2002). Both enzymes use ATP and Mg2+ as cofactors.
AS-Bs are two-domain proteins. The N-terminal domain
contains a glutamine binding site where hydrolysis of
glutamine to glutamic acid and ammonia takes place. The
C-terminal domain catalyses the adenylation of aspartic
acid and its subsequent reaction with ammonia to form
asparagine. The two domains are connected by a tunnel
that allows ammonia generated by the action of the
N-terminal domain to reach the active site of C-terminal
domain synthetase (Larsen et al., 1999). A Cys residue
essential for catalysis by AS-Bs is not present in McjC,
suggesting that McjC does not have a glutaminase
function. In this respect, McjC is similar to b-LS, and so it
is likely responsible for the formation of the b-lactam bond
between the amino group of MccJ25 Gly1 (generated
upon proteolytic cleavage of pro-MccJ25) and the side-
chain of Glu8. McjB is similar to transglutaminases,
enzymes that establish covalent cross-links between pro-
teins through an acyl-transfer reaction between the
g-carboxamide group of glutamine in one protein and
e-amino group of lysine in another protein, although a
variety of primary amines can serve as acyl acceptors.
The enzymes of this superfamily have three conserved
sequence motifs that centre around conserved cysteine,
histidine and aspartate residues that form a catalytic triad
in the structurally characterized transglutaminase, the
human blood coagulation factor XIII (Yee et al., 1994).
These residues are conserved in McjB. Many microbial
homologues of transglutaminases are proteases that can
catalyse the reverse reaction of peptide bond hydrolysis
(Makarova et al., 1999). Thus, McjB might hydrolyse the

peptide bond between the last lysine of the McjA leader
and a glycine that becomes Gly1 of mature MccJ25. McjB
might also fold pro-MccJ25 to form the ring around the tail
part of MccJ25 to favour b-lactam formation in the reaction
catalysed by McjC.

Microcin J25-producing cells are resistant to internally
produced and externally added MccJ25 due to the action
of McjD, an ABC transporter (Solbiati et al., 1996). Most
spontaneous Escherichia coli MccJ25-resistance muta-
tions affect genes encoding membrane proteins respon-
sible for MccJ25 uptake, for example the FhuA transporter
(Destoumieux-Garzón et al., 2005), but a rare MccJ25-
resistant E. coli carrying a mutation in the rpoC gene,
encoding the RNA polymerase (RNAP) b′ subunit, was
also identified (Delgado et al., 2001), suggesting that
RNAP might be the cellular target of MccJ25. In agree-
ment with this idea, the in vitro activity of E. coli RNAP is
inhibited in the presence of micromolar concentrations of
MccJ25 (Delgado et al., 2001). Conversely, RNAP from
MccJ25-resistant rpoC mutant cells is resistant to MccJ25
in vitro, thus proving that RNAP is the cellular target of the
drug (Yuzenkova et al., 2002).

Targeted mutagenesis of the E. coli rpoC gene
resulted in isolation of numerous additional MccJ25-
resistant mutants (Yuzenkova et al., 2002; Mukho-
padhyay et al., 2004). In the structural model of
Thermus aquaticus RNAP, residues corresponding to
E. coli amino acids that, when substituted, lead to
MccJ25 resistance are located around the circumference
of the secondary channel, a narrow opening that leads
from the RNAP surface to the catalytic centre (Zhang
et al., 1999). Although E. coli rpoC mutations that lead to
MccJ25 resistance affect residues that are evolutionary
conserved, the inhibitory activity of MccJ25 is limited to
RNAPs from proteobacteria (Yuzenkova et al., 2002).
This suggests that evolutionarily variable regions of
RNAP might also contribute to MccJ25 binding to the
RNAP target. Indeed, a functionally dispensable b′
subunit loop present in RNAPs from proteobacteria, but
absent from homologues from Gram-positive bacteria,
contributes to MccJ25 sensitivity of the former group of
enzymes (Yuzenkova et al., 2002).

Based on structural considerations, the secondary
channel is thought to direct NTP substrates towards the
RNAP active site (reviewed in Borukhov et al., 2005). The
tight clustering of MccJ25-resistance mutations in the sec-
ondary channel suggests a novel mechanism of RNAP
inhibition: occlusion of the secondary channel by bound
MccJ25 and prevention of NTP entry to the enzyme cata-
lytic centre. As expected for such a mode of inhibition,
MccJ25 binding instantaneously stops RNAP on its tracks
(Adelman et al., 2004). When MccJ25 dissociates, tran-
scription resumes at a normal rate until another MccJ25
molecule binds to the transcription complex.
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Structural modelling suggests that MccJ25 can fit inside
the secondary channel of T. aquaticus RNAP (with an
obvious caveat that this enzyme is resistant to MccJ25)
and fully block it (Adelman et al., 2004; Mukhopadhyay
et al., 2004). A mode of transcription inhibition through
binding in, and total occlusion of, the RNAP secondary
channel invites very specific predictions about the effects
that MccJ25 should have on transcription arrest and
factor-dependent transcript cleavage. In the arrested con-
formation of the transcription elongation complex, the 3′
end-proximal portion of the nascent RNA is thought to be
threaded through the secondary channel; transcript cleav-
age factors Gre induce endonucleolytic transcript cleav-
age activity of the RNAP catalytic centre by reaching into
the catalytic centre through the secondary channel
(Borukhov et al., 2005). By binding in the secondary
channel, MccJ25 should prevent formation of arrested
transcription complexes (by preventing the threading of
the transcript through the channel) and inhibit Gre factor-
dependent cleavage (by preventing factor access to the
catalytic centre). Such behaviour is indeed observed
experimentally (Adelman et al., 2004), providing further
support for a ‘cork-in-the-bottle’ model of MccJ25 binding
in the secondary channel that prevents all traffic through
the channel.

A systematic structure-activity analysis of MccJ25 has
not been carried out. The previously mentioned MccJ25
derivatives obtained by thermolysin cleavage or acid
hydrolysis inhibit RNAP in vitro but do not exhibit antibiotic
activity (Semenova et al., 2005). Thus, the loop of the tail
is important for cell uptake but is not involved in interac-
tions with RNAP. Several substitutions in the ring also
affect the antibiotic activity without preventing RNAP inhi-
bition in vitro (Cristóbal et al., 2006).

The structure of the MccJ25 ring and tail lock is virtually
superimposable on the structure of RP71955, a threaded-
lasso peptide produced by Streptomyces (Frechet et al.,
1994; Semenova et al., 2005). RP71995 is identical to
aborycin, an antibiotic that inhibits the growth of Gram-
positive, but not Gram-negative, bacteria through an
unidentified mechanism (Potterat et al., 1994). Several
other pharmacologically active threaded-lasso peptides
are produced by various bacteria (Wyss et al., 1991;
Chokekijchai et al., 1995; Katahira et al., 1995; 1996;
Esumi et al., 2002; Iwatsuki et al., 2006). These peptides
were isolated for their ability to inhibit processes as
diverse as the HIV-1 infection, the function of endothelin
1, and the function of smooth muscle myosin kinase.
These properties, although useful, must be fortuitous and
cannot reflect the true biological function of these
compounds. The structural similarity to MccJ25 suggests
that threaded-lasso peptides might be functionally analo-
gous to it as well. Preliminary data indicate that some of
the threaded-lasso peptides do inhibit transcription by

bacterial RNAPs (E. Semenova and K. Severinov, unpubl.
obs.).

Genes coding for threaded-lasso peptides other than
MccJ25 have not been identified. The small size of
pro-MccJ25, MccJ25 and other known threaded-lasso
peptides makes straightforward similarity searches for
homologous genes useless. Clustering of prokaryotic
genes has been successfully used for functional anno-
tations (Overbeek et al., 1999; Osterman and Overbeek,
2003). We therefore hypothesized that a presence of
adjacent mcjB and mcjC homologues identified using
BLAST searches may point to possible MccJ25-like bio-
synthetic loci, which should contain adjacent mcjA-like
genes. Such «guilt-by-association» searches reveal,
first, that clusters of adjacent homologues of mcjB and
mcjC with or without nearby ABC transporter genes are
quite common in a variety of bacteria from such diverse
groups as a-, b- and g-proteobacteria and actinobacteria
(Fig. 2A). Further searches upstream of putative matu-
ration enzyme genes reveal short open reading frames
(ORFs) that could encode threaded-lasso peptide pre-
cursors. Multiple alignment of the products of such can-
didate mcjA genes together with known threaded-lasso
peptides demonstrates conservation of residues that
could be involved in ring formation: a glycine (in some
cases, serine, alanine or, rarely, cysteine) separated by
six or seven amino acids from glutamate or aspartate
(Fig. 2B). In most cases, the C-terminal region of these
peptides contains one or several aromatic amino acids
that can form a lock to keep the tail inside the ring.
Notably, the candidate pro-MccJ25 sequences are
similar within major branches of the McjC (Fig. 2C) and
McjB (data not shown) phylogenetic trees. While the
branches are formed by genes from related species, the
overall branching pattern of the tree does not reflect
the species taxonomy, indicating that mcj homologues
are horizontally transferred.

The genomes of Sphingopyxis alaskensis RB2256,
Caulobacter sp. K31, Frankia sp. and Streptomyces aver-
mitilis contain several candidate mcj loci and, in several
cases, multiple mcjA genes can be identified (Fig. 2A).
Thus, these bacteria might produce several lariat
peptides. Establishment of the functions of candidate mcj
loci in different bacteria and determination of activities of
lariat peptides they likely encode remains the subject of
future investigations.

Microcin B17

Microcin B17 is synthesized from 69-amino-acid-long pro-
MccB17, a product of the mcbA gene (Fig. 3A). MccB17
contains oxazole and thiazole rings that are post-
translationally synthesized by the McbBCD enzyme in
subsequent reactions of cyclization, dehydration and
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dehydrogenation from GlySer (oxazole) and GlyCys (thia-
zole) dipeptides present in pro-MccB17 (Li et al., 1996).
Modification of pro-MccB17 tripeptides Gly39Ser40Cys41

and Gly54Cys55Ser56 results in the formation of two fused
4,2-bis-heterocycles (oxazole–thiazole and thiazole–
oxazole heterocycle respectively, Fig. 3A). Completion of
the McbBCD action results in formation of pro-MccB17.
The N-terminal 26-amino-acid-long leader peptide of
modified pro-MccB17 is removed, resulting in mature
MccB17. The products of the pmbA (also called tldE)
(Rodríguez-Sáinz et al., 1990) and tldD genes (Allali
et al., 2002) are required for pro-MccB17 cleavage. The
products of these genes are evolutionary conserved in
Eubacteria and Archaea; however, their cellular function
and exact role in MccB17 maturation is not firmly
established. They may either act as proteases and/or
promote the interaction of MccB17 with the export pump
composed of the mcbE and mcbF gene products (Garrido
et al., 1988). Be that as it may, the cleavage of the leader
peptide does not depend on the presence of post-
translational modifications by McbBCD (Madison et al.,
1997).

The McbB sequence does not have obvious similarity to
any sequences in public databases. It contains pairs of
cysteines characteristic of zinc binding motifs. Biochemi-
cal analysis indicates that: (i) McbB is indeed a zinc met-
alloprotein, and (ii) zinc is necessary for the enzymatic
activity of the McbBCD synthetase (Zamble et al., 2000).
McbC has a conserved ‘mcbC-like oxidoreductase’
domain (Schneider et al., 2003) that is also present
in several FMN-dependent enzymes, such as EpoB
(involved in the epothilone biosynthesis), TubD (tubulysin
biosynthesis), MtsD (myxothiazol biosynthesis), IndC
(indigoidine biosynthesis) and TfxB (trifolitoxin bio-
synthesis). These enzymes oxidize the products of
cyclization of thioesters. Purified McbC also contains a
non-covalently bound flavin (Milne et al., 1999). During
formation of the MccB17 cycles, the McbC subunit of the
McbBCD synthetase functions as a dehydrogenase with
oxygen serving as an acceptor of electrons (Milne et al.,
1999). The N-terminal portion of McbD contains motifs
reminiscent of the Walker B box in ATP utilizing enzymes
and of motifs found in small G protein GTPases. Substi-
tutions of conserved aspartate residues in these motifs
reduce MccB17 production in vivo and heterocycle forma-
tion in vitro (Milne et al., 1998).

Microcin B17 is the only microcin for which an in vitro
maturation system has been established and consider-
able effort has been put into trying to understand how the
maturation occurs. McbA fragments lacking the leader
peptide are not modified by McbBCD either in vitro or in
vivo (Madison et al., 1997). On the other hand, the leader
peptide added in trans inhibits McbBCD function (Li et al.,
1996), indicating that the leader peptide (i) is recognized

by McbBCD and (ii) needs to be covalently connected to
the rest of McbA for modification to occur. The leader
peptide forms an amphipathic helix, in which residues
forming a hydrophobic patch on one side are essential for
interaction with McbBCD (Roy et al., 1998a,b). Cross-
linking experiments indicate that the McbBCD synthetase
recognizes the leader sequence through the McbD
subunit (Madison et al., 1997).

The N-terminal fused heterocycle of MccB17 is called
site A; the C-terminal fused heterocycle is called site B.
A fragment containing the first 46 amino acids of pro-
MccB17 (and therefore including site A only) is modified
by McbBCD in vitro and in vivo (Li et al., 1996; Madison
et al., 1997). Therefore, C-terminal modification sites are
not required for initiation of the maturation reaction.
McbBCD acts in an N-to-C-terminus direction, and site A
fused heterocycle is therefore the first to be synthesized
in the context of full-sized premicrocin. Kinetic studies
show that site A thiazole ring is synthesized ~100 times
faster than the oxazole ring, and the synthesis of the A
site fused heterocycle therefore proceeds in an orderly
fashion (Belshaw et al., 1998). Despite the directionality
of the McbBCD action, the maturation process is dis-
tributive rather than processive, and partially mature
MccB17 species lacking one or more C-terminal hetero-
cycles (as well as a species containing one extra
oxazole ring, which leads to formation of an additional
fused heterocycle between sites A and B, Fig. 3A)
were detected by mass spectrometry (Kelleher et al.,
1999).

Microcin B17 targets DNA gyrase (Vizan et al., 1991).
Based on the fact that DNA binding drug bleomycin con-
tains a fused thiazole heterocycle, it has been suggested
that fused heterocycles are also responsible for the inhibi-
tory activity of MccB17 (Li et al., 1996). Indeed, a point
mutation leading to an S39N substitution in McbA that
should abolish formation of site A fused heterocycle was
reported to result in a > 99% reduction of antibiotic activity
of MccB17 (Yorgey et al., 1994). Conversely, a derivative
containing an extra fused heterocycle between sites A and
B is ~40% more active than standard MccB17 (Kelleher
et al., 1999).

A systematic structure-functional analysis of MccB17
has not been performed. Mutational analysis of McbA
tripeptides that are converted to site A and site B hetero-
cycles showed that derivatives containing bisoxazole- or
bisthiazol-fused cycles (produced respectively by cells
expressing mcbA coding for GlySerSer or GlyCysCys trip-
eptides in either of the two sites) are active, although
mutations in the B site decrease the activity several fold
(Roy et al., 1999a). The yield of MccB17 containing bisox-
azole in site A was very poor, presumably because
oxazole synthesis by McbBCD is slow and incomplete
modification of site A acts as a kinetic trap and
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A

Fig. 2. Evolutionary conservation of gene clusters coding for possible MccJ25 homologues.
A. Genetic organization of predicted mcj loci. Block arrows denote genes, with arrow directions indicating the direction of transcription.
Homologous genes are indicated by matching colours. Thin arrows above the representation of E. coli mcj genes indicate promoters. Putative
transcription terminators containing stem-loop structures are also indicated as vertical hairpins. Accession numbers for protein sequences from
the NCBI Entrez database are indicated for each genome. For the mcjB pseudogene in the Methylococcus capsulatus genome, Entrez gene
identifier is indicated.
B. Manual alignment of known threaded-lasso peptides, pro-MccJ25 and predicted threaded-lasso peptide precursors. Residues that
participate or might participate in the b-lactam bond formation or lock the tail inside the ring are highlighted by colours matching those used in
Fig. 1. Accession numbers for protein (where available) or nucleotide sequences from the NCBI Entrez database are indicated for each
genome. Numbers after nucleotide sequence accession numbers refer to the start and end co-ordinates of a coding segment; ‘compl’
indicates reverse direction of translation.
C. A phylogenetic tree of McjC homologues from candidate mcj loci. The tree was constructed by the maximum likelihood algorithm
implemented in the Phylip package (Felsenstein, 1996).
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prevents efficient modification of the remaining sites. A
Gly39Gly40Cys41 substitution that created a single thiazole
heterocycle in site A resulted in a severe reduction of
mature MccB17 production. However, a reduction in the
production of mature MccB17 with the previously men-
tioned S39N substitution in site A was not reported
(Yorgey et al., 1994), suggesting that effects of substitu-
tions in site A on modification of downstream sites might
depend on the nature of the substitution. A fully mature
compound containing a single thiazole ring in site A was
prepared in vitro by prolonged incubation of appropriate

recombinant precursor with the McbBCD enzyme and
was found to possess antimicrobial activity, in apparent
contradiction of earlier analysis of the S39N variant, which
was found inactive (Yorgey et al., 1994). Nevertheless,
Roy et al. (1999b) concluded that sites other than site A
are required for antibiotic activity, while site A controls
orderly maturation of MccB17. Derivatives containing
single cycles in the B site were obtained with normal yield
(Roy et al., 1999a). However, their antibacterial and
in vitro activities were severely reduced (less than 10%
of the wild-type MccB17 activity, Zamble et al., 2001),

B

C

Fig. 2. cont.
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supporting the notion that the fused heterocycle in site B
is important for activity. Mutations destroying both site B
heterocycles cause loss of activity (Zamble et al., 2001).

Point mutations that substituted McbA glycine 48 or 49
for aspartates have been reported to abolish the antibiotic
activity of MccB17 (Yorgey et al., 1993). The substituted
residues are located outside of both sites A and B
(Fig. 3A). Gly48 is not subject to post-translational modifi-
cations, while Gly49 becomes part of a thiazole ring that is
converted to the third fused heterocycle in ‘overmodified’
MccB derivative (Roy et al., 1999a). Based on reactivity
with an MccB17-specific antibody, the altered microcins
appeared to contain post-translational modifications, but
the extent of these modifications was not determined
(Yorgey et al., 1993). Given the postulated importance of
fused heterocycles for MccB17 activity, it is not clear why
substitutions at these positions had such a strong effect.
Most recently, Parks et al. (2007) have shown that treat-
ment of MccB17 with high pH, which converts, by deami-
dation, two MccB17 asparagine residues to aspartates
abolishes the in vivo and in vitro activity of MccB17
without affecting the heterocycles. Overall, it appears that
the data on mutational analysis of MccB17 maturation and
activity are incomplete, and further systematic structure–
activity analyses are clearly warranted.

Microcin B17 causes rapid cessation of DNA replication
in sensitive cells and subsequent SOS response (Herrero
et al., 1986). It also induces accumulation of double-
stranded breaks in plasmids incubated in the presence of
sensitive cell extracts (Vizan et al., 1991). Cells harbour-

ing a specific mutation in the gyrB gene that codes for
subunit B of the heterotetrameric (subunit composition
A2B2, see below) DNA gyrase are resistant to MccB17
(Vizan et al., 1991). Moreover, DNA gyrase purified from
the mutant cells is resistant to MccB17 in vitro, while the
enzyme from the wild-type cells is sensitive (Heddle et al.,
2001). Thus, the gyrase is the cellular target of MccB17.

DNA gyrase is a bacterial type II DNA topoisomerase
that introduces negative supercoils into DNA (see Roca
et al., 1996 and references cited therein). It functions by
wrapping a ~150 bp DNA fragment around itself, introduc-
ing a double-stranded break in the DNA duplex called the
G segment, passing the other duplex (the T segment)
through the break and then sealing the break. The reac-
tion involves formation of a covalent enzyme–G-segment
intermediate and requires ATP hydrolysis. The gyrase
also catalyses relaxation of supercoiled DNA. The A
subunit of the gyrase is responsible for wrapping of DNA
around the enzyme and for G-segment breakage and
ligation after the strand passage reaction. The B subunit is
an ATPase that captures the T segment and passes it
through the G segment hydrolysing ATP in the process.
Structural data suggest that the gyrase functional cycle
involves opening and closing of several molecular ‘gates’
that allow the movement of DNA duplexes through the
enzyme (Roca et al., 1996).

The mechanism of MccB17 inhibition of gyrase activity
is not fully understood, and the site of its interaction with
the enzyme is not determined. At optimal in vitro condi-
tions for gyrase function, MccB17 does not have any

Fig. 3. Maturation and structure of MccB17, a thiazole/oxazole heterocycle containing peptide. The amino acid sequence of pro-MccB17, the
product of the mcbA gene, is shown at the top. The structures of modified pro-MccB17 and mature MccB17 are shown below, with an
additional fused heterocycle found in a minor fraction of MccB17 below the MccB17 sequence indicated by a horizontal line. The products of
mcb genes involved in the maturation process are shown.
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effect on gyrase-catalysed supercoiling/relaxation reac-
tions, suggesting that it works with low efficiency and that
the enzyme is able to perform several catalytic cycles
before being inhibited (Heddle et al., 2001). Indeed,
modest (~3-fold) inhibition of either reaction is observed
when gyrase-catalysed reactions are attenuated by low-
ering the reaction temperature (Pierrat and Maxwell,
2003). In the presence of MccB17, complexes containing
gyrase bound to DNA cleaved at both strands accumulate
over time but only in the presence of ATP (Vizan et al.,
1991; Heddle et al., 2001). These complexes impede the
movement of DNA polymerase in vitro (Heddle et al.,
2001) and might be responsible for triggering the SOS
response that is observed when cells are treated with
MccB17. Cleaved DNA complexes are not formed when
gyrase from MccB17-resistant cells is used in vitro
(Heddle et al., 2001), suggesting that accumulation of
complexes containing cleaved DNA is ultimately respon-
sible for the antibiotic action of MccB17.

Microcin B17 does not appear to interact with free
gyrase, nor does it increase gyrase affinity for DNA
(Pierrat and Maxwell, 2005). The MccB17-stabilized
complex can be reversed by heating and therefore is not
covalent. In vitro, DNA fragments longer than 150 bp are
needed for efficient inhibition of DNA gyrase function by
MccB17 (Pierrat and Maxwell, 2005). However, because
the C-terminal DNA wrapping domain of GyrA is not
needed for MccB17 inhibition (Pierrat and Maxwell, 2005),
the requirement for long DNA fragments probably indi-
cates that the passage needs to be initiated before
MccB17 can manifest its inhibitory activity (i.e. MccB17
may inhibit strand passage by interacting with the gate
region of the gyrase).

Clinically important quinolines also target gyrase and
stabilize a covalent complex between the gyrase and
cleaved DNA (Heddle et al., 2001 and references therein).
Unlike MccB17, quinolines efficiently block the supercoil-
ing reaction and the cleaved complex accumulates even
in the absence of ATP (Heddle et al., 2001). While cells
harbouring the gyrB mutation that leads to MccB17 resis-
tance are sensitive to quinolines, some quinoline-resistant
gyrase mutants with substitutions in the A subunit of the
gyrase show weak level of MccB17 resistance in vitro
(Heddle et al., 2001), suggesting that the two drugs might
have partially overlapping binding sites. However, a sys-
tematic mutagenesis of gyrase genes is needed to map
the MccB17 interaction site and to test this conjecture.
The only spontaneous gyrB mutation that leads to
MccB17-resistance substitutes Trp751 in the C-terminal
domain of the B subunit for Arg (Vizan et al., 1991).
Limited site-specific mutagenesis of the corresponding
codon of gyrB reveals that not every substitution of this
position leads to MccB17 resistance (del Castillo et al.,
2001). In the presence of DNA, the C-terminal domain of

the B subunit is protected from limited proteolysis by
quinolines. MccB17 also protects this domain, but only in
the presence of both DNA and ATP (Pierrat and Maxwell,
2005), lending further support to the idea that the binding
sites of the two drugs overlap. However, the strict require-
ment of ATP (and DNA) for MccB17 binding and function
might indicate that quinolines and MccB17 act at different
stages of the gyrase functional cycle.

The McbC dehydrogenase is highly similar to TfxC, a
protein involved in biosynthesis of trifolitoxin, a peptide
antibiotic produced by some strains of Rhizobium legumi-
nosarum bv. trifolii (Scupham and Triplett, 2006). Like
MccB17, trifolitoxin contains a fused thiazole–oxazole
heterocycle and is produced from a longer ribosomally
synthesized precursor. However, with the exception of
TfxC, trifolitoxin biosynthesis genes products do not have
any similarity to the mcb genes. The cellular target of
trifolitoxin is also unknown at present.

Bioinformatic analysis of publicly available sequences
reveals the presence of a complete set of MccB17 matu-
ration and export genes in Pseudomonas putida (Fig. 4),
suggesting that an mcbA may also be present. Indeed, an
ORF coding for a 69-amino-acid glycine-rich peptide is
found appropriately positioned upstream of the mcbB
homologue (Fig. 4). The putative MccB17 from P. putida
contains numerous GlySer and GlyCys dipeptides that
can be converted to oxazole and thiazole heterocycles
respectively. However, tripeptides that could be converted
to fused heterocycles are absent. Given the reported sig-
nificance of fused heterocycles for MccB17 activity, one
has to wonder how the P. putida MccB17 homologue
(assuming it targets DNA gyrase) acts. Clearly, further
studies of this interesting system are warranted.

Microcin C7-C51

Microcin C7-C51 is a heptapeptide containing a modified
adenosine monophosphate covalently attached to its
C-terminus through an N-acyl phosphoramidate linkage
(Guijarro et al., 1995; Fig. 5). The nucleotide part of
MccC7-MccC51 is additionally modified by a propylamine
group attached to the phosphate. The peptide moiety of
MccC7-MccC51 is encoded by a 21 bp mccA gene, one of
the shortest genes known (González-Pastor et al., 1994).
Although the last residue of peptide moiety of MccC7-
MccC51 is an aspartic acid, the last codon of mcjA codes
for an asparagine (Fig. 5).

Microcin C7-C51 is specifically processed inside the
target cell (Metlitskaya et al., 2006). The product of such
processing is a structural analogue of aspartyl-adenylate,
an intermediate of the reaction catalysed by aspartyl–tRNA
synthetase (Fig. 5). Processed MccC7-MccC51 prevents
the synthesis of aminoacylated tRNAAsp by aspartyl–tRNA
synthetase in vitro, which in turn leads to inhibition of
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translation (Metlitskaya et al., 2006). Unprocessed
MccC7-MccC51 does not have any effect on the aminoa-
cylation reaction. Conversely, processed MccC7-MccC51,
while active against aspartyl–tRNA synthetase in vitro,
does not have any effect on MccC7-MccC51-sensitive
cells. However, overproduction of aspartyl–tRNA syn-
thetase protects cells from MccC7-MccC51, proving that
aspartyl–tRNA synthetase is indeed the target of the drug.
Thus, MccC7-MccC51 is a Trojan-horse inhibitor: the
peptide moiety allows MccC7-MccC51 to enter sensitive
cells, where an as-yet-unidentified peptidase(s) performs a
suicidal act of MccC7-MccC51 processing that liberates
the inhibitory aminoacyl-nucleotide part of the drug.

The mechanism of the MccC7-MccC51 action made it
attractive to try to generate derivatives with altered
C-terminal amino acids in the peptide part, for such com-
pounds should target aminoacyl–tRNA synthetases other
than the aspartyl–tRNA synthetase targeted by the wild-
type MccC7-MccC51. However, saturating mutagenesis of
the mccA gene failed to generate mature MccC7-MccC51
with substitutions in the last position (Kazakov et al., 2007).
Even an Asn7 to Asp substitution that introduces an amino
acid found in mature MccC7-MccC51, instead of geneti-
cally encoded Asn, prevented production of mature micro-
cin. The result might indicate that the amide group of the

Asn7 side-chain is incorporated into the modified nucle-
otide moiety of MccC7-MccC51 to become part of either
the phosphoramidate linkage or the propylamine group.

The mcc genes are transcribed from a single promoter
(Fomenko et al., 2003). The first gene, mccA, encodes the
pro-MccC7-MccC51 heptapeptide. The second gene,
mccB, is homologous to E1 ubiquitin-activating enzymes
that covalently attach AMP to proteins. Therefore, MccB
might attach AMP to pro-MccC7-MccC51. The product of
mccD is homologous to protein methylases. Cells lacking
functional mccD produce antibiotically active derivative
that, according to mass spectrometry, lacks the aminopro-
pyl group present in MccC7-MccC51 (Fomenko et al.,
2003; T. Kazakov and K. Severinov, unpubl. obs.). Thus,
MccD is responsible for the transfer of propylamine on the
phosphate group of modified pro-MccC7-MccC51 synthe-
sized by MccB. MccE is a two-domain protein, with the
N-terminal domain being similar to decarboxylases, while
the C-terminal domain being similar to Riml, an acetylase
of ribosomal proteins. The mccE gene appears to be
required for both the production of mature MccC and
immunity towards it (Fomenko et al., 2003). The mecha-
nisms of MccE action in either of these processes remain
undefined. However, none of the MccE functions are criti-
cal because E. coli cells with disrupted mccE produce an

A

B

Fig. 4. A cluster of MccB17 biosynthesis genes homologues from P. putida.
A. Genetic organization of the E. coli mcb locus and a cluster of homologous genes from P. putida is compared with matching colours
indicating homologous genes. Thin arrows above and below the E. coli mcb genes indicate promoters. The cluster of genes coding for
trifolitoxin, a thiazole-containing peptide antibiotic produced by some strains of Rhizobium leguminosarum, is shown at the bottom.
Homologous genes are indicated by matching colours. In this figure and in Figs 2A and 6A, genes coding for microcin precursors and genes
coding for immunity pumps are indicated in red and blue, respectively, to indicate common functions (in the absence of evolutionary
relationship). Other matching colours between Figs 2A, 4A and 6A do not imply any evolutionary or functional similarity of the genes. The
product of the tfxB gene is highly similar to McbC; other trifolitoxin biosynthesis genes are not related to the mcb genes. Accession numbers
for nucleotide sequences from the NCBI Entrez database are indicated for each locus. Numbers after the P. putida sequence accession
number indicate the start and end point coordinates of the locus.
B. Sequence comparison of E. coli pro-MccB17 with a homologue from P. putida and trifolitoxin precursor. Di- and tripeptides that are modified
by the McbBCD synthetase in E. coli pro-MccB17 and likely modification sites in the P. putida peptide are highlighted in red. The proteolysis
sites in E. coli pro-MccB17 and trifolitoxin are indicated by arrows.
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MccC7-MccC51 derivative that is antibiotically active
(Fomenko et al., 2003, T. Kazakov and K. Severinov,
unpubl. obs.). Thus, mccB and mccC are the only two
genes required for MccC7-MccC51 production and
immunity.

Paired genes encoding mccB and mccC homologues
could be identified in several organisms (Fig. 6A). In some
cases, the mccBC pair is followed by additional genes
homologous to other known MccC7-MccC51 maturation
genes (mccDEF in Yersinia pseudotuberculosis, mccDE in
Synechococcus sp. CC9605). In both of these organisms,
the two domains of the MccE homologue are encoded by
separate genes (Fig. 6A). The clustering of essential

MccC7-MccC51 maturation (mccB) and immunity (mccC)
genes suggests that genes coding for pro-MccC7-MccC51
might be located nearby. Indeed, analysis of upstream
sequences reveals appropriately positioned ORFs encod-
ing, in most cases, heptapeptides with terminal aspar-
agines (Fig. 6B). The candidate mccA genes are preceded
by plausible Shine-Dalgarno sequences and, in most
cases, are separated from the mccB homologue by
~100 bp of non-coding DNA that contains putative tran-
scription terminators, as is also the case with the E. coli
mcc genes. In all cases, putative pro-MccC7-MccC51
heptapeptides contain residues (italicized in Fig. 6B)
that, when introduced in E. coli pro-MccC7-MccC51 as

Fig. 5. Maturation, structure and processing
of MccC7-MccC51, a peptide-nucleotide. The
amino acid sequence of pro-MccC7-MccC51,
the product of the mccA gene, is presented at
the top in three-letter code, with the chemical
structure of the terminal amino acid, Asn,
shown. Mature MccC7-MccC51, whose
peptide moiety contains a terminal Asp
(chemical structure shown), and processed
MccC7-MccC51 are shown below.
Aspartyl-adenylate, an intermediate of the
aminoacylation reaction catalysed by
aspartyl–tRNA synthetase, is shown at the
very bottom.
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point substitutions, disrupt MccC7-MccC51 maturation
(Kazakov et al., 2007). Thus, either the candidate pro-
MccC7-MccC51 peptides co-evolved with cognate matu-
ration proteins, or multiple substitutions compensate each
other. It is noteworthy that with one exception (see below),
no plausible pro-MccC7-MccC51 heptapeptides with ter-
minal encoded residues other than Asn were found. This
agrees well with the results of structure–activity analysis of
E. coli MccC7-MccC51, which show that the C-terminal
Asn is the only residue that allows mature MccC7-MccC51
production (Kazakov et al., 2007).

In Bartonella quintana, an mccA-like ORF (MDHIGFN) is
located upstream of non-functional mccB and mccC homo-

logues each disrupted by stop codons and frameshifting
deletions. In closely related Bartonella henselae, the mccB
and mccC homologues are intact, but the candidate mccA
ORF encodes an octapeptide MDYRNINA. A trivial expla-
nation of this observation is that mccA of B. henselae is not
functional and thus the mcc cluster is inactivated in both
Bartonella species. A more interesting possibility is that the
C-terminal alanine of the pro-MccC7-MccC51 octapeptide
is removed prior to maturation or that B. henselae MccC7-
MccC51 targets alanyl–tRNA synthetase.

In Synechococcus spp. CC9605 and RS9916, and in
Y. pseudotuberculosis, no candidate mccA heptapeptide
ORFs could be found upstream of apparently functional

Fig. 6. Evolutionary conservation of gene
clusters coding for possible MccC7-Mcc51
homologues.
A. Genetic organization of predicted mcc loci.
Block arrows denote genes, with arrows
pointing the directions of transcription.
Homologous genes are indicated by matching
colours. A thin arrow above the representation
of E. coli mcc genes indicates a promoter.
Putative intrinsic transcription terminators are
also indicated. Accession numbers for
proteins sequences from the NCBI Entrez
database are indicated for each genome. For
pseudogenes in the B. quintana genome,
Entrez gene identifiers are given. The mccF
gene is found in the MccC7 gene cluster
(González-Pastor et al., 1995) but not in the
otherwise virtually identical MccC51 cluster
(Fomenko et al., 2003).
B. Candidate pro-MccC7-MccC51 peptides.
The E. coli pro-MccC7-MccC51 sequence
is shown at the top. Candidate
pro-MccC7-MccC51 peptides and their origins
are listed below. Accession numbers for
proteins (where available) or nucleotide
sequences from the NCBI Entrez database
are indicated for each genome. Numbers after
nucleotide sequence accession numbers refer
to the start and end co-ordinates of a coding
segment; ‘compl’ indicates reverse direction of
translation. In candidate pro-MccC7-MccC51
heptapeptides, amino acids that, when
introduced into corresponding positions of
E. coli pro-MccC51, abolish maturation are
italicized.

A

B
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mccBCE clusters. In Y. pseudotuberculosis, a 13-codon-
long ORF with a terminal Asn codon may code for a
pro-MccC7-MccC51-like polypeptide (Fig. 6B). In Syn-
echococci, two (CC9605) and three (RS9916) direct
repeats, each encoding 56- to 57-amino-acid polypep-
tides, are present in front of the mcc-biosynthesis/
resistance genes homologues (Fig. 6). The ORFs are
sufficiently similar between the two Synechococcus strains
to infer homology. Notably, the C-terminal amino acids of
these peptides are asparagines, and the C-terminal hep-
tapeptides are almost identical between the two species:
(L/I)W(A/Q)DMMN, suggesting that the products of these
ORFs might be subject to modification by MccB homo-
logues and act as microcins.

Concluding remarks

With the exception of MccB17, the first post-translationally
modified microcin to be studied by modern biochemical
methods, research conducted in recent years has
increased our understanding of post-translationally modi-
fied microcin structure and function. Bioinformatic analy-
ses indicate that peptides structurally similar to low-
molecular-weight post-translationally modified microcins
first identified in E. coli might be produced by a variety of
bacteria. Future research should illuminate the biochemi-
cal and physiological functions of these compounds.
Bioinformatics will also be helpful in establishing structure–
activity relationship of these interesting molecules.

Notes

In two recent articles, Duquesne et al., 2007 and Clarke
et al. (2007) report the establishment of an in vitro
maturation systems for MccJ25 that opens the way for
future mechanistic analysis of threaded-lasso peptide
generation.
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