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Microcin C (McC), a peptide-nucleotide Trojan horse antibiotic, targets aspartyl-tRNA synthetase. We
present the results of a systematic mutational study of the 7-amino-acid ribosomally synthesized peptide
moiety of McC. Our results define amino acid positions important for McC maturation and cell uptake and
processing and open the way for creation of more potent McC-based inhibitors.

The microcins are a class of small (<10 kDa) antibiotics
produced from ribosomally synthesized peptide precursors (1).
Genes responsible for microcin production are usually plasmid
borne (2). Plasmids carrying microcin structural genes also
provide immunity to the microcin produced. Some microcins
are heavily modified by dedicated maturation enzymes that are
also encoded by genes carried on plasmids that harbor micro-
cin structural and immunity genes (9).

Posttranslationally modified microcins have highly unusual
structures; they also inhibit important cellular processes, such
as replication, transcription, and translation (3). The subject of
this study, microcin C (McC) (Fig. 1A), is a heptapeptide
containing a modified AMP covalently attached to its C ter-
minus through an N-acyl phosphoramidate linkage (6, 8). The
nucleotide part of McC is additionally modified by a propyl-
amine group attached to the phosphate. The peptide moiety of
McC is encoded by mccA, which is 21 bp long and is one of the
shortest genes known (5). The last codon of the mccA gene,
AAC, codes for asparagine. However, mature McC contains an
aspartate at this position. Apparently, conversion of the aspar-
agine specified by mccA to aspartate occurs during posttrans-
lational maturation of the MccA peptide.

The mechanism of McC function has recently been deter-
mined (7). McC is specifically processed inside a sensitive cell,
and the product of this processing, modified aspartyl-adeny-
late, strongly inhibits translation by preventing the synthesis of
aminoacylated tRNA“”*P by aspartyl-tRNA synthetase. Un-
processed McC has no effect on the aminoacylation reaction.
On the other hand, processed McC, while active against aspar-
tyl-tRNA synthetase in vitro, has no effect on McC-sensitive
cells. Thus, Mcc belongs to the so-called Trojan horse type of
inhibitors (10); the peptide moiety allows McC to enter sensi-
tive cells, where an unidentified peptidase(s) performs suicidal
McC processing that liberates the inhibitory aminoacyl nucle-
otide part of the drug. The fact that the peptide part of McC
is encoded by a gene makes it amenable to structure-activity
analysis by standard genetic engineering techniques. While the
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initiating codon of mccA cannot be mutated without affecting
MccA translation, mutations in the remaining six codons can
be used to study the effects of amino acid substitutions on McC
maturation, cell uptake, processing inside the cytoplasm, and
inhibition of the target enzyme. Here, we report the results of
a study in which a panel of 114 mccA point mutants (6 mccA
codons X 19 non-wild-type amino acid positions per codon)
was created and analyzed.

The mccA mutations were created by standard site-specific
mutagenesis of the previously described pUHAB plasmid con-
taining the entire cluster of mcc genes (4). Each mutation was
confirmed by DNA sequencing. Every mccA point mutation
plasmid was transformed into Escherichia coli DH5a cells, and
equal amounts of transformants were spotted on M63 minimal
salt agar plates supplemented with 0.2% yeast extract (7).
DHS5a cells producing wild-type McC and cells harboring a
vector plasmid without mcc genes were used as controls. After
a 12-h incubation at 37°C, spots of cells harboring plasmids
with individual mccA mutations were overlaid with M63 soft
agar containing McC-sensitive E. coli B cells. After overnight
growth at 37°C, the appearance of growth inhibition zones
around spots of cells carrying mcc genes was recorded. Clear
cell-free growth inhibition zones were easily discernible on the
turbid background of an E. coli B cell lawn. The results of this
analysis are shown schematically in Fig. 1B. Robust growth
inhibition zones were observed around DHS5a cells harboring
28 mccA point mutations. The sizes of the inhibition zones
were equal to or larger than (see below) the sizes of the growth
inhibition zones produced by cells harboring wild-type pUHAB.
In all 28 cases, matrix-assisted laser desorption ionization mass
spectrometric analysis of cultured media revealed the presence
of expected mass ions corresponding to mutant microcins (data
not shown).

Mass spectrometric analysis of cultured media was also con-
ducted for cells that did not produce inhibition zones. Mass
ions corresponding to four mutants, R2Y, R2H, A6M, and
AGF, were detected. Since there were no growth inhibition
zones around cells producing these mutant microcins, the mu-
tants were likely to be functionally defective or insufficient
amounts were produced or both. Mass spectrometric analysis
of cultured media from cells harboring the remaining mutant
mccA plasmids did not reveal the presence of mass ions cor-



VoL. 189, 2007

A

iMet-Arg-Thr-Gly-Asn-Ala-+»

1 2 3
Leu Ala
Ile Tle
val  val
Met Met
Thr Ser
Gly Trp
Cys Gly
Pro  Pro
Phe Phe
Asn  Tyr
Gin  His
Lys  Asn
Asp  Gln
Glu  Lys
Arg
Asp
Glu

4
Leu
Cys

Tyr
Lys
Glu

NOTES 2115

HzN

> 6 3
Trp Leu Ala
Gly Ile Leu
Cys Val Ile
Pro Thr Val
Phe Trp Met
Tyr Gly Ser
His Pro  Thr
Gin Tyr Trp
Lys His Gly
Arg  Asn Cys
Asp  Lys Pro
Glu Arg Phe

Asp  Tyr
Glu His
Gin
Lys
Arg
Asp
Glu

FIG. 1. Summary of the structure-activity analysis of a panel of 114 mutants with mccA point mutations. (A) Structure of McC. (B) Point
substitutions obtained in this study are shown above (mature McC produced) or below (no mature McC produced) the MccA peptide sequence.
Cells producing McC with the substitutions indicated by an olive background resulted in growth inhibition zones that were comparable to the
growth inhibition zones produced by cells producing wild-type McC. Cells producing McC with substitutions indicated by a cyan background did

not produce growth inhibition zones on lawns of McC-sensitive cells.

responding to the mutant microcins (or in fact any mass ions
different from those found in control mass spectra obtained
with culture medium of cells harboring the vector plasmid).
Apparently, the corresponding substitutions in mccA com-
pletely eliminated maturation of the MccA peptide into McC.
An alternative possibility, that the absence of microcin in the
medium was caused by accumulation of mutant microcins in
the cells, is unlikely, for one would expect at least some such
cells to be very sick due to poisoning of their aspartyl-tRNA
synthetase by accumulated processed McC. However, cells that
did not produce McC mutants were healthy (data not shown).

Moreover, mass spectrometric analysis of cytoplasmic extracts
of such cells did not reveal mass ions corresponding to mutant
microcins (data not shown).

The diameters of the growth inhibition zones around cells
producing the N5A, NSL, and G4V mutants were consistently
twofold larger than the diameters of the growth inhibition
zones around cells producing wild-type McC. This effect may
have been due to altered antibacterial activities of the mutant
microcins; alternatively, the amounts of mutant microcins pro-
duced may have differed from the amounts of McC produced
by cells harboring wild-type mcc genes. To determine which of
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FIG. 2. Antibacterial activities of McC mutants with activities
lower than the wild-type activity. Drops of solutions containing differ-
ent concentrations of wild-type or mutant microcins were spotted on
lawns of McC-sensitive E. coli B cells. The plates were incubated
overnight, and the diameters of growth inhibition zones were deter-
mined.

these possibilities was true, mutant microcins were purified (7)
and equal volumes of solutions containing various concentra-
tions of wild-type or mutant microcins were deposited on sen-
sitive cell lawns. The cells were allowed to grow, and the
diameters of growth inhibition zones were determined. Each of
the apparently more active mutants produced zones that were
the same size as the zones produced by wild-type McC. Thus,
reproducible twofold-larger growth inhibition zones observed
for cells producing these microcins suggest that production
levels increased at least fourfold (since the zone diameter is
determined by diffusion of the drug). The reasons for this effect
were not investigated further but may include increased syn-
thesis of the MccA peptide due to altered codon composition
of the mutant mccA genes or increased efficiency of maturation
of mutant MccA or both.

As indicated above, no growth inhibition zones were de-
tected around cells producing the R2Y, R2H, A6F, and A6M
mutants. Mutant microcins were purified, and their abilities to
produce growth inhibition zones on lawns of sensitive bacteria
were examined (Fig. 2). As Fig. 2 shows, the diameters of the
zones produced by the R2Y, R2H, and A6M mutants were at
least twofold less than the diameters of the zones produced by
identical amounts of wild-type McC. The A6F mutant pro-
duced no zones (small, turbid zones were apparent when so-
lutions containing high [200 wM] concentrations of mutant
microcin were added to sensitive cell lawns [data not shown]).

The partially active mutants could be defective in cell uptake
or processing inside the cell or both. To distinguish between
these possibilities, the abilities of purified mutant microcins to
inhibit tRNA“*P aminoacylation in cell extracts (7) were inves-
tigated. Prior to the addition of a radioactively labeled reaction
substrate, '*C-labeled aspartic acid, microcins were preincu-
bated with cell extracts for 60 min. Preliminary experiments
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FIG. 3. Inhibition of the tRNA”*P aminoacylation reaction by McC
mutants with activities lower than the wild-type activity. Different
amounts of purified wild-type or mutant microcins were incubated with
E. coli B cell extracts for 60 min, and this was followed by the tRNAA*P
aminoacylation reaction.

showed that wild-type McC was completely processed under
these conditions (see Fig. 4). The results (Fig. 3) showed that
R2Y and A6M McC were only slightly less active than wild-
type McC in inhibition of the tRNA*P aminoacylation reac-
tion (the differences were less than twofold). Approximately
fourfold-higher concentrations of the A6F mutant than of the
wild-type McC were required to obtain 50% inhibition of the
tRNA“*P aminoacylation reaction. Considering that the A6F
mutant was severely defective in growth inhibition zone for-
mation (compared to the R2Y and A6M mutants), the results
suggest that the A6F substitution strongly interferes with cell
uptake. The amount of the R2H mutant needed to obtain 50%
inhibition of the tRNA”*P aminoacylation reaction was ~80
times larger than the amount of the wild-type McC needed.
Since the structure (and the potency) of processed McC was
not affected by substitutions in the second position of MccA,
the R2H substitution likely affected the rate of McC process-
ing. To confirm that this was indeed the case, wild-type or
mutant RZH McC was incubated with cell extracts for different
amounts of time (to allow processing), and this was followed by
the tRNA®*P aminoacylation reaction (note that the time
needed to complete the tRNAP aminoacylation reaction is
less than 30 s [our unpublished observations| and thus is neg-
ligible compared to the processing time). The results (Fig. 4)
show that wild-type McC completely inhibited the aminoacy-
lation reaction after 30 min of processing. In contrast, the
mutant McC required a 140-min preincubation with cell ex-
tract to block tRNA”*P aminoacylation. This effect was not due
to nonspecific inactivation of aspartyl-tRNA synthetase in the
extract during preincubation since robust aminoacylation of
tRNA“*P was observed in extracts incubated for 140 min with-
out McC (Fig. 4). Thus, the R2H substitution decreased the
rate of processing at least fourfold. Since in the growth inhi-
bition assay the R2ZH mutant had the same activity as the R2Y
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FIG. 4. McC R2H mutant processing rate is lower than the wild-
type McC processing rate. Wild-type or R2H McC (13 wM) was incu-
bated with E. coli B cell extracts for different amounts of time, and this
was followed by the tRNA”*P aminoacylation reaction.

and A6M mutants, it is possible that the R2H substitution
actually increased cell uptake. However, an alternative possi-
bility, that even the low processing rate was sufficient for ef-
fective inhibition of sensitive cell growth, cannot be excluded.

Analysis of the distribution of active and partially active
McC mutants with mutations along the length of the MccA
peptide revealed several noteworthy features. First, active mu-
tants were obtained for each of the mccA codons subjected to
mutagenesis, with the notable exception of the last codon. The
latter result is definitely a setback since alteration of the last
McC amino acid was expected to generate mutants with al-
tered specificity (i.e., mutants targeting aminoacyl-tRNA syn-
thetases other than aspartyl-tRNA synthetase). Particularly
surprising is the fact that the N7D mutation, which introduced
an aspartate found in mature McC instead of encoded aspar-
agines, was not produced. The results show that the amide
group of the Asn’ side chain is essential for McC maturation
and are consistent with the idea that this amide group is in-
corporated into the modified nucleotide moiety of mature
McC to become part of either the phosphoamidate linkage or
the propylamine group.

The fourth position of McC appears to be most permissive;
only six amino acid substitutions in this position were not
tolerated. The reasons why a particular substitution is or is not
tolerated in this position or in other positions of MccA are
difficult to determine based on known physicochemical prop-
erties of amino acids. For example, Lys and Glu are not tol-
erated in the fourth position, while their chemical counter-
parts, Arg and Asp, respectively, are acceptable. For the fifth
position, the functional substitutions include nonaromatic hy-
drophobic amino acids (Val, Ile, Leu, Ala, and Met) and polar
amino acids (Ser and Thr). However, Gln, which is most sim-
ilar to Asn found in the wild-type sequence, is not tolerated.
The situation is similar for other positions; for example, sub-
stitution of wild-type Arg? for Lys is not permitted, while Trp
and Tyr (but not Phe) are acceptable. Position 6 is particularly
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interesting since the penultimate peptide bond between Ala®
and Asp’ in mature McC must be hydrolyzed to release pro-
cessed McC. It appears that the peptidase(s) responsible for
cleavage is not very specific with respect to the amino acid N
terminal of the scissile bond (in addition to wild-type Ala, Phe,
Cys, Met, Gln, and Ser are tolerated) or, alternatively, that the
cleavage is specified by the C-terminal Asp residue. On the
other hand, analysis of the processing-defective R2H mutant
revealed that McC residues that are far from the processing
site can significantly affect the rate of McC digestion by the
peptidase.

From a practical standpoint, functional substitution of nat-
ural McC residues for Cys (T3C and A6C) may allow prepa-
ration of McC derivatives containing, for example, cross-link-
able probes at these positions that can be used to study McC
uptake and processing. Likewise, functional R2ZW and G4W
mutants can be used in experiments in which the interaction
of McC with cellular machinery is measured by fluorescent
methods.

In summary, our results revealed that of 114 point substitu-
tions in the MccA peptide, 28 did not significantly alter the
biological activity of McC and therefore are unlikely to have a
strong effect on McC maturation, cell export, cell intake, pro-
cessing, and inhibitory functions. Four additional substitutions
did not affect McC maturation but appeared to interfere with
uptake or processing. Thus, approximately 30% of the point
substitutions in the MccA peptide resulted in functional or
partially functional mature microcin. This is an unusually high
number for such a small peptide, indicating that the informa-
tional content of the MccA peptide is relatively low (and,
consequently, the sequence requirement for McC maturation,
uptake, and processing is relatively relaxed). It is therefore
likely that functional McC mutants having double or even
triple substitutions in the peptide moiety are possible.

Functional substitutions were obtained in every MccA posi-
tion mutated except the last (seventh) position. There appears
to be no simple chemical rule that explains why a particular
substitution in MccA is or is not permissive. The asparagine
residue encoded by the seventh codon of mccA is apparently
strictly required for maturation of McC, a peptide-nucleotide.
Enzymological studies of McC maturation process are needed
to determine if mature McC derivatives with substitutions at
the seventh position can be created. Such derivatives are of
considerable interest as they should target aminoacyl-tRNA
synthetases other than aspartyl-tRNA synthetase. Total chem-
ical synthesis provides an alternative approach for preparation
of McC derivatives with altered specificity. A list of acceptable
substitutions in the MccA peptide generated in our work
should facilitate chemical synthesis of microcins with altered
specificity by allowing workers to select functional peptide se-
quences that can be efficiently conjugated with the nucleotide
moiety of McC.
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