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The heptapeptide-nucleotide microcin C (McC) targets aspartyl-tRNA synthetase. Upon its entry into a
susceptible cell, McC is processed to release a nonhydrolyzable aspartyl-adenylate that inhibits aspartyl-tRNA
synthetase, leading to the cessation of translation and cell growth. Here, we surveyed Escherichia coli cells with
singly, doubly, and triply disrupted broad-specificity peptidase genes to show that any of three nonspecific
oligopeptidases (PepA, PepB, or PepN) can effectively process McC. We also show that the rate-limiting step
of McC processing in vitro is deformylation of the first methionine residue of McC.

Microcins are a class of antibacterial agents produced by
Escherichia coli and its close relatives (1, 2, 14). Microcins are
characterized by their small size (�10 kDa) and narrow spec-
ificity of antibacterial action. Microcins are produced from
ribosomally synthesized peptide precursors. Microcins B, C,
and J are heavily modified by dedicated maturation enzymes
(6, 14). The object of this study, microcin C (McC), is a hep-
tapeptide with a covalently attached C-terminal-modified
AMP (9, 12). The peptide moiety of McC is encoded by the
21-bp-long mccA gene, the shortest bacterial gene known (7,
8). Mature McC (Fig. 1) has a molecular mass of 1,178 Da and
contains formylated N-terminal methionine, a C-terminal as-
partate instead of an asparagine encoded by the mccA gene,
and an AMP residue attached to the � carboxyl group of the
C-terminal aspartate through an N-acyl phosphoramidate link-
age. The phosphate group is additionally modified by a pro-
pylamine group.

McC is processed inside sensitive cells, and the product of
such processing, a nonhydrolyzable analog of aspartyl-adeny-
late (Fig. 1), strongly inhibits translation by preventing the
synthesis of aminoacylated tRNAAsp by aspartyl-tRNA syn-
thetase (Asp-RS) (11). Whereas unprocessed McC has no ef-
fect on the aminoacylation reaction, processed McC has no
effect on the growth of sensitive cells at concentrations at
which intact McC efficiently inhibits growth (11). Thus, McC is
a Trojan horse inhibitor (15): the peptide moiety is required
for the entry of unprocessed McC into sensitive cells, where it
must be processed by peptidases to release the inhibitory ami-
noacyl nucleotide part of the drug.

Cells that are unable to process McC should become resis-

tant to it. E. coli K-12 encodes three broad-specificity oligopep-
tidases, peptidase A, B, and N (13). Since any one of these
peptidases is potentially involved in McC processing, resistance
mutations due to defective processing are expected to be dif-
ficult to find. Indeed, a recent analysis of McC-resistant E. coli
generated by random transposon-mediated mutagenesis failed
to reveal mutants defective in processing. Instead, numerous
intake mutations due to lesions in the YejABEF transporter
were identified (15). To identify peptidases that are involved in
McC processing, we therefore systematically created mutants
with single, double, and triple disruptions of the pepA, pepB,
and pepN genes, coding for peptidases A, B, and N, respec-
tively, of the McC-sensitive E. coli K-12 strain BW28357 cells
(5), and tested the resultant mutants for their ability to grow in
the presence of McC. We found that all singly and doubly
disrupted mutants were viable, that they showed no visible
growth anomalies on rich medium at 37°C and that they were
as sensitive to McC as the parental strain was (data not shown
and Fig. 2). Thus, none of the three broad-specificity pepti-
dases appears to be solely responsible for McC processing
inside the cell. The �pepA �pepB �pepN triple mutant was also
viable, with no visible growth anomalies on rich medium at
37°C (Fig. 2). However, this strain was fully resistant to McC
(Fig. 2), suggesting that no processing takes place when all
three broad-specificity peptidases are inactivated.

To prove that McC processing is affected in the �pepA
�pepB �pepN cells, cytoplasmic extracts from the wild-type
and the various mutant cells were prepared, and their abilities
to perform tRNAAsp aminoacylation in the presence of McC
were tested. As expected, the wild-type cell extracts were
highly active in tRNAAsp aminoacylation, which is catalyzed by
Asp-RS, but the reaction was blocked upon addition of McC
(Fig. 3). Similar results were obtained with extracts prepared
from cells lacking one or two of the three broad-specificity
peptidases (Fig. 3). However, extracts prepared from the triple
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mutant cells were unaffected by McC (Fig. 3). At the same
time, the aminoacylation reaction in triple-mutation cell ex-
tracts was readily inhibited by a processed McC analog, syn-
thetic aspartyl-sulfamoyl-adenosine (DSA [3]), indicating that

FIG. 1. The structure of McC. The chemical structure of McC, a peptide-nucleotide, is shown at the top. The N-terminal formyl group is circled,
and the peptide bond that must be cleaved to yield processed McC is shown by an arrow. Processed McC, an inhibitor of Asp-RS, is shown below.
The synthetic Asp-RS inhibitor DSA is shown at the bottom of the figure.

FIG. 2. Cells lacking peptidases A, B, and N are McC resistant. The
growth of the indicated cells in the presence or in the absence of 10
�g/ml of McC is shown. The results presented are representative of
those obtained from three independent experiments.

FIG. 3. Asp-RS inhibition in extracts of peptidase mutants. S30
extracts of the indicated cells were prepared and incubated with or
without 2 �g/ml DSA or McC for 20 min to allow processing of the
latter, and the tRNAAsp aminoacylation reaction was carried out. The
amounts of aminoacylated tRNAAsp (measured as the incorporation of
[C14]Asp in trichloroacetic acid-precipitable material) are shown (see
reference 12 for experimental details).
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Asp-RS in these enzymes is still subject to inhibition by non-
hydrolyzable aspartyl-adenylates. We therefore conclude that
the lack of inhibition seen with reaction mixtures containing
extracts of triple-mutation cells and intact McC is due to the
lack of processing of McC in these extracts.

The results presented above argue strongly that any one of
the three broad-specificity peptidases, peptidase A, B, or N, is
able to cleave the ultimate peptide bond of McC, which is a
prerequisite for processed McC production. Moreover, be-
cause all three peptidases are known to cleave only N-terminal
residues of the peptides (13), peptidase A, B, or N will also be
able to remove other McC amino acids. The N-terminal amino
acid in mature McC is a formylated methionine found in all
ribosomally synthesized polypeptides encoded by open reading
frames with the initiating codon ATG. Neither of the three
peptidases is able to remove formylated methionine (13). The
formyl group of Met1 is removed by a specialized essential
enzyme, peptide deformylase (PDF) (17). Deformylated Met1

can next be removed by methionine aminopeptidase (MAP),
also an essential enzyme (17). The activity of MAP depends on
the nature of the penultimate amino acid (the so-called N-end
rule [18, 19]). In the case of McC, deformylated methionine
can conceivably also be removed by broad-specificity oligopep-
tidases.

Mass spectrometric analysis of McC produced by wild-type
E. coli cells reveals a major peak with a molecular mass of
1,178 Da that corresponds to the formylated molecule shown
in Fig. 1B. However, a minor peak of 1,150 Da is also present.
The 28-atomic-unit difference likely corresponds to the loss of
the formyl group from the N-terminal methionine of McC (Fig.
1). Nuclear magnetic resonance analysis confirmed this notion
(data not shown). Interestingly, the mass spectrometric analy-
sis of McC samples purified from the cultured medium of cells
containing the McC overproduction plasmid (7) but lacking
peptidases A, B, and N revealed a single mass peak of 1,150
Da, corresponding to that of deformylated McC; no 1,178-Da
peak was detected. The reason for the apparently very efficient
deformylation of McC in triple-mutation cells is unknown;
perhaps there exists a feedback loop that links the activity of
PDF with the activity of peptidases in the cell. To determine
the effect of the formyl group on McC processing, the reaction
of tRNAAsp aminoacylation was repeated (using the wild-type
cell extracts) in the presence of equal amounts of formylated or
deformylated McC (Fig. 4). In contrast to reactions shown in
Fig. 3, residual aminoacylation activity was monitored over
time, which allows one to determine the appearance of pro-
cessed McC in the extract. Inhibition of tRNAAsp aminoacy-
lation by formylated McC occurred after a distinctive lag of
�20 min, the time required for processing (10). In contrast,
reactions containing deformylated McC were inhibited much
sooner (with a lag time of less than 10 min). Thus, the results
are consistent with the idea that a delay in the processing time
of formylated McC, compared to that of deformylated McC, is
due to the action of PDF.

To determine if MAP is involved in the removal of deformy-
lated Met1 from McC, we incubated the wild-type and de-
formylated microcins with the wild-type or triple-mutation cell
extracts for a time sufficient to allow complete processing and
then followed their fate with mass spectrometry. The results
showed, as expected (11), that both the formylated and the

deformylated microcin peaks disappeared in wild-type cell ex-
tracts. In contrast, in the mutant cell extracts, deformylated
McC remained intact, and no additional peaks (for example,
corresponding to a product of methionine removal by MAP)
were seen. On the other hand, incubation of the formylated
McC led to the accumulation of a 1,150-Da peak, the product
of deformylation. On the basis of these results, we conclude
that MAP is not involved in McC processing, presumably be-
cause the Arg residue in the second position of McC makes the
removal of Met1 inefficient (19). Instead, the removal of de-
formylated Met1 and further processing of the peptide moiety
of McC are carried out by peptidases A, B, and N.

Since deformylated McC is processed faster, we were inter-
ested in determining whether it would be a more potent cell
growth inhibitor than formylated McC produced by wild-type
cells. Surprisingly, deformylated McC (at concentrations up to
100 �M) failed to produce growth inhibition zones on the
lawns of McC-sensitive cells. In contrast, formylated McC pro-
duced clear inhibition zones at concentrations of 10 �M or
less. We therefore conclude that the N-terminal formyl group
has a dramatic effect on McC uptake.

In this work, we demonstrate that any one of the three
broad-specificity peptidases encoded by the E. coli genome can
perform the suicidal act of McC processing. We also show that
deformylation of the N-terminal methionine by PDF is a rate-
limiting step in McC processing in wild-type cell extracts. On
the other hand, it appears that facilitated transport of McC in
the cell requires the N-terminal formyl group, since the in vivo
activity of DSA was comparable to that of deformylated McC
(data not shown). The results therefore suggest that YejABEF,
the ABC transporter responsible for the transport of McC
inside the cell, is able to specifically recognize N-terminal
formyl groups of the peptides it transports.

From the point of view of using McC as a platform for the
generation of antibacterial compounds, the observed lack of
specificity in processing is welcome news, for it appears that if

FIG. 4. The rate of McC processing depends on the presence of the
N-terminal formyl group. S30 extracts of the indicated cells were pre-
pared and incubated with or without 2 �g/ml formylated (McC) or
deformylated (def-McC) McC to allow processing for the indicated
amounts of time, and the tRNAAsp aminoacylation reaction was car-
ried out. The amounts of aminoacylated tRNAAsp (measured as the
incorporation of [C14]Asp in trichloroacetic acid-precipitable material)
are shown (see reference 11 for experimental details). Control reaction
mixtures contained water instead of McC.
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McC can find its way into a bacterial cell cytoplasm, it will be
processed with the release of inhibitory aspartyl-adenylate, for
almost every bacterium known encodes at least one nonspecific
peptidase (and every bacterium encodes Asp-RS, which is the
target of processed McC).

The availability of peptidase mutants described in this paper
makes it possible to screen rapidly for the involvement of
various peptidases in processing Trojan horse inhibitors whose
activation requires the hydrolysis of peptide bonds (4, 16). For
example, we used the panel of our mutants to show that only
the �pepA �pepN and �pepA �pepB �pepN strains are resis-
tant to albomycin, a Trojan horse inhibitor that targets Ser-RS
(4). Thus, PepA and PepN are jointly required for albomycin
processing. Curiously, previous work suggested that PepN
alone is sufficient for albomycin processing (4). The reasons for
this apparent discrepancy are unknown.
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