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Microcin )25 (MccJ25) is a 21-residue plasmid-encoded ribo-
somally synthesized lariat-protoknot antibacterial peptide that
targets bacterial RNA polymerase. Mcc]25 consists of an 8-res-
idue cycle followed by a 13-residue tail that loops back and
threads through the cycle. We have performed systematic muta-
tional scanning of Mcc]25, constructing and analyzing more
than 380 singly substituted derivatives of MccJ25. The results
define residues important for production of MccJ25 (compris-
ing synthesis of Mcc]25 precursor, processing of Mcc]25 precur-
sor, export of mature MccJ25, and stability of mature Mcc]25),
inhibition of RNA polymerase, and inhibition of bacterial
growth. The results show that only a small number of residues
(three in the cycle and one in the threaded segment of the tail)
are important for MccJ25 production. The results further show
that only a small number of additional residues (two in the cycle
and four in the threaded segment of the tail) are important for
inhibition of transcription. The results open the way for design
and construction of more potent MccJ25-based inhibitors of
bacterial growth.

Microcins are a class of small (<10 kDa) ribosomally synthe-
sized peptide antibiotics produced by Enterobacteriaceae (1).
Some microcins undergo dramatic post-translational modifica-
tions by dedicated maturation machinery (2). Post-translation-
ally modified microcins have unusual structures and target
important cellular enzymes. The object of this study, microcin
J25 (MccJ25),? is a 21-amino acid peptide that inhibits the activ-
ity of Gram-negative bacterial RNA polymerase (RNAP) and
that inhibits growth of Gram-negative bacteria (primarily or
exclusively Gram-negative enterics) (3, 4). MccJ25 has an
unusual lariat-protoknot (“threaded lasso”) structure, consist-
ing of an eight-amino acid cycle with backbone-side chain lac-
tam bond between the a-amino group of Gly' and the y-car-
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boxyl group of Glu®, followed by a 13-amino acid tail that loops
back and threads through the cycle (5-7). The threaded tail is
trapped within the cycle by the aromatic side chains of MccJ25
residues Phe'® and Tyr?°, which straddle the cycle (5—8). The
unusual lariat-protoknot structure of MccJ25 results in excep-
tionally high thermal stability and exceptionally high resistance
to denaturation by chaotropes and organic solvents (4, 8).

Mcc]25 is produced by bacteria containing a plasmid-borne
mcjABCD biosynthetic gene cluster (9). Mature MccJ25 is pro-
duced from a 58-amino acid ribosomally synthesized precursor,
McjA, the product of the mcjA gene (9). Amino acid residues
that become part of Mcc]25 are located in the C-terminal por-
tion of McjA. The maturation of McjA is catalyzed by McjB and
McjC, the products of the mcjB and mcjC genes (10). McjC is
homologous to amidotransferases of the asparagine-synthe-
tase/glutamine-hydrolase class, which catalyze transfer of
ammonia or an amine from an amide donor to a carboxyl
acceptor; McjC thus probably participates in formation of the
lactam bond between Gly' and Glu® (5-7). McjB is a putative
protease and may participate in cleavage of the McjA precursor
(11). McjD, the product of the mcjD gene, mediates the export
of mature MccJ25 from the producing cells and also mediates
resistance to MccJ25 of producing cells (9, 10).

Mutations that confer resistance to MccJ25 in nonproducing
cells map to the rpoB and rpoC genes (12, 13), which encode the
RNAP B and B’ subunits, respectively. RNAP purified from
such rpoB or rpoC mutant cells is resistant to MccJ25 in vitro,
establishing that RNAP is the functional cellular target of the
drug (12). Amino acid substitutions in RNAP that lead to
MccJ25 resistance involve residues located in the RNAP sec-
ondary channel, which mediates entry of transcription sub-
strates, NTPs, to the RNAP active center. It has been proposed
that MccJ25 inhibits transcription, at least in part, by binding
within and obstructing the RNAP secondary channel, interfer-
ing with entry of NTPs (12—14). This proposal has received
support from biochemical, kinetic, and single-molecule analy-
ses as well as from structural modeling (13, 14).

The fact that MccJ25 is produced from a ribosomally synthe-
sized precursor enables one to exploit the power of genetic
engineering in order to produce a library of MccJ25 mutants
that can be screened for desired biological properties. Here, we
report the results of such an effort. We present an essentially
complete collection of point mutations in the MccJ25 coding
portion of the mcjA gene, and we determine the effects of amino
acid substitutions resulting from these point mutations on pro-
duction of MccJ25 (comprising synthesis of Mcc]25 precursor,
processing of MccJ25 precursor, export of mature MccJ25, and
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stability of mature MccJ25), on ability to inhibit bacterial RNAP
in vitro, and on ability to inhibit the bacterial growth in culture.
Our results establish that, despite the unusual lariat-protoknot
structure of Mcc]25, only three wild-type amino acid side
chains of MccJ25 are strictly essential for production of
Mcc]25. In addition, our results define amino acid side chains
of MccJ25 important for inhibition of bacterial RNAP and
for inhibition of bacterial growth. The fact that only a small
number of wild-type side chains of Mcc]25 are strictly essen-
tial for production of Mcc]25 suggests that it should be pos-
sible to construct substituted Mcc]25 derivatives with higher
potencies and/or broadened specificities in further rounds of
mutagenesis.

EXPERIMENTAL PROCEDURES

Mutagenesis—Plasmid pTUC202, which carries the Mcc]25
biosynthetic gene cluster (9), was used as the template for site-
directed mutagenesis. Mutagenesis was performed with the
QuikChange site-directed mutagenesis kit (Stratagene) in the
presence of 6% DMSO. For each targeted codon, a pair of
~40-nt oligonucleotide primers introducing all possible substi-
tutions in the first and the second position and specific substi-
tution to G or C into the third position of the codon were used.
Mutagenized plasmid DNA was introduced by transformation
into MAX Efficiency DH5«a-competent cells (Invitrogen). Cells
were plated on LB agar plates containing 200 ug/ml chloram-
phenicol and cultured overnight at 37 °C. Plasmids were pre-
pared from individual transformants, sequences were deter-
mined, and clones with desired substitutions were selected.

MccJ25 Derivatives—Transformants of Escherichia coli
strain DH5« (Invitrogen) harboring the pTUC202 derivative of
interest were cultured for 18 h at 37 °C in 500 ml of M9 minimal
medium (15) containing 1 mM thiamine, 2% glucose, and 200
pg/ml chloramphenicol. The culture supernatant was obtained
by centrifugation for 30 min at 4 °C at 4000 X g, and 500 ml of
the culture supernatant was loaded onto a 35-ml Sep-Pak C8
cartridge (Waters) prewashed with 5 volumes of 100% acetoni-
trile and 20 volumes of 0.1% trifluoroacetic acid. After loading,
the cartridge was washed with 20 volumes of 0.1% trifluoroace-
tic acid and was eluted successively with 5, 10, 20, and 30%
acetonitrile in 0.1% trifluoroacetic acid. Fractions containing
Mcc]25 derivatives (typically the fraction with 30% acetonitrile)
were concentrated by lyophilization, dissolved in 1.5% triflu-
oroacetic acid, and loaded onto a 3-ml C18 cartridge (Waters),
prewashed with 5 volumes of 100% acetonitrile and 20 volumes
of 0.1% trifluoroacetic acid. The cartridge was washed succes-
sively with 20 volumes of 10 and 20% acetonitrile in 0.1% trif-
luoroacetic acid and was eluted successively with 23, 25,27, and
29% acetonitrile with 0.1% trifluoroacetic acid. Fractions con-
taining MccJ25 derivatives (typically fractions with 27 or 29%
acetonitrile) were concentrated by lyophilization and dissolved
in water with 0.1% trifluoroacetic acid. Typical yields were ~1
mg/liter of cultured medium.

Culture Supernatants—Transformants of E. coli strain
DH5a harboring pTUC202 derivatives were cultured overnight
at 37 °C in 5 ml of M9 minimal medium (15) containing 1 mm
thiamine, 2% glucose, and 200 ug/ml chloramphenicol. Culture
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supernatants were prepared by centrifugation for 10 min at4 °C
at 4000 X gand were stored at —20 °C.

Analysis of Production—To 90 ul of culture supernatant
(prepared as above) was added 10 ul of 1% trifluoroacetic acid.
The sample was loaded onto a C18 ZipTip (Millipore) pre-
equilibrated per instructions of the manufacturer, and was
eluted in 5 ul of 50% acetonitrile in 0.1% trifluoroacetic acid.
Samples were analyzed by matrix-assisted laser desorption ion-
ization (MALDI) mass spectrometry on a PE Biosystems DE-
PRO mass spectrometer in a positive mode using a-cyanohy-
droxycinnamic acid as matrix. Mass spectra of culture
supernatants of cells harboring wild-type pTUC202 exhibited a
MALDI-mass spectrometry peak corresponding to mature
MccJ25 (m/z = 2108 [M + H™]) that exceeded the background
by ~100 times. Mass spectra of culture supernatants of cells
harboring pTUC202 mutants that exhibited unequivocal peaks
with expected m/z values (2002-2237 [M + H "], depending on
sequence of the mutant) that exceeded the background by at
least 3 times were scored as positives.

Analysis of Inhibition of RNAP—The fluorescence-detected
abortive initiation assay of Ref. 13 was adapted for high
throughput analysis of inhibition of RNAP by culture superna-
tants containing Mcc]25 derivatives. Assays were performed in
Corning black flat-bottom 96-well plates (Corning Glass). To
each well, was added, successively, 43 ul of culture supernatant
(prepared as above), 1 ul of 5 um E. coli RNAP holoenzyme, 1 ul
of 1 um promoter DNA fragment (DNA fragment lacUV5-12
of Ref. 16), 1 ul of 1 M Tris-HCI (pH 8.0), and 0.5 ul of 1 M
MgCl,. Following 15 min at 37 °C, 0.5 ul of 1 mg/ml heparin
(Sigma) and 0.5 wl of 2.5 mm (y-AmNS)UTP (Molecular
Probes, Inc.) were added. Following a further 2-min incubation
at 37 °C, RNA synthesis was initiated by the addition of 2.5 ul of
10 mMm ApA (Sigma), and fluorescence emission intensity was
monitored for 15 min at 37 °C using a GENios Pro multimode
scanner (TECAN, Inc.). The reaction rate was determined from
the quantity of (y-AmNS)UTP consumed within time ¢, as in
Ref. 17),

Rate = (y-AmNS)UTP consumed/t
= [(y-AmMNS)UTP,|(F, — Fo)/(12.4 X Fo)t (Eq. 1)

where (y-AmNS)UTP,, is the quantity of (y-AmNS)UTP at
time 0, F, is the fluorescence emission intensity at time 0, and F,
is the fluorescence emission intensity at time £ Reaction rates
with culture supernatants containing Mcc]25 derivatives were
compared with reaction rates of positive controls (culture
supernatants from cells harboring pTUC202) and of negative
controls (culture supernatants from nontransformed DH5«a
cells). Since assays are performed using unfractionated culture
supernatants, results depend on quantities of MccJ25 deriva-
tives in culture supernatants as well as on intrinsic inhibitory
activities of MccJ25 derivatives. Therefore, assays must be con-
sidered as qualitative, plus-or-minus assays. In this work, all
culture supernatants exhibiting unequivocally above-back-
ground inhibitory activities (i.e. inhibitory activities >20% of
the inhibitory activity of wild-type MccJ25) are scored as posi-
tives. Results reported are based on at least two independent
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mutagenesis in this work; see “Results.”)

determinations (with full agreement among determinations in
>95% of cases).

Analysis of Inhibition of Bacterial Growth—E. coli strain
DH5a or Shigella flexneri clinical isolate BK 12440 (provided by
Dr. B. Kreisworth, Public Health Research Institute Inc., New-
ark, NJ) were cultured overnight at 37 °C in 5 ml of M9 medium
(15). Aliquots (50 ul; ~1 X 10° cells) were mixed with 3 ml of LB
top agar (0.8% LB agar) at 45 °C and were applied as overlays to
plates containing 25 ml of standard LB agar. After hardening of
overlays, 5-ul drops of culture supernatants containing MccJ25
derivatives (prepared as above) or purified MccJ25 were depos-
ited on surfaces of overlays, drops were allowed to dry, plates
were incubated for 5-8 hat 37 °C, and plates were examined for
the presence of growth inhibition zones. Results with culture
supernatants containing MccJ25 derivative were compared
with results of positive controls (culture supernatants from
cells harboring pTUC202) and of negative controls (culture
supernatants from nontransformed DH5a cells). For each
derivative, microbiological tests were performed at least three
times, with no conflicting results between the tests. Since most
assays are performed using unfractionated culture superna-
tants, results depend on quantities of Mcc]25 derivatives in cul-
ture supernatants as well as on intrinsic inhibitory activities of
Mcc]25 derivatives. Therefore, these assays must be considered
as qualitative, plus-or-minus assays. In this work, all culture
supernatants exhibiting unequivocally inhibitory activities
(determined as the presence of anabiosis haloes) are scored as
positives.

RESULTS

Systematic Mutational Scan of MccJ25—W'e constructed all
possible single-amino acid substitutions of residues 1-7 and
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FIGURE 1. Effects of single-amino acid substitutions in MccJ25 on production, maturation, export, and
stability of MccJ25. Data are presented for 380 single-amino acid substitution derivatives of MccJ25, compris-
ing all possible substitutions at positions 1-7 and 9-21. The sequence of MccJ25 is shown at the bottom. The
heights of bars indicate the percentage of tested amino acid substitutions that do not prevent production,
maturation, export, and stability of MccJ25. Letters within bars list amino acid substitutions that do not prevent
production, maturation, and stability of MccJ25. (Position 8 (gray bar) was not subjected to saturation

9-21 of MccJ25. These residues
comprise seven of eight residues of
the MccJ25 cycle and all 13 residues
of the MccJ25 tail. In addition, we
constructed one substitution of res-
idue 8 of MccJ25, the side chain of
which forms the lactam bond that
defines the Mcc]25 cycle (5-7) and
which previously has been shown
not to tolerate nonconservative sub-
stitutions, constructing a conserva-
tive substitution of Glu (which con-
tains a side chain 8-carboxyl) by Asp
(which contains a side chain B-car-
boxyl). In total, we constructed and
analyzed 381 single-amino acid sub-
stitutions of MccJ25.

Substitutions were constructed
by mutagenesis of the mcjA gene,
which encodes the Mcc]25 pre-
cursor (9), on a plasmid-borne
mcjABCD biosynthetic gene clus-
ter (9), followed by expression of
the mutant mcjABCD biosynthetic
gene cluster (see “Experimental
Procedures”).

Determinants for Production, Maturation, and Stability of
MccJ25—To assess effects of substitutions on production of
Mcc]25 (comprising synthesis of Mcc]25 precursor, processing
of MccJ25 precursor, export of mature Mcc]25, and stability of
mature MccJ25), we prepared culture supernatants of cells har-
boring substituted mcjABCD biosynthetic gene clusters, and we
assayed culture supernatants for the presence of substituted
mature MccJ25 by use of MALDI-MS. We tested 381 single-
amino acid substitutions of Mcc]25, comprising all possible sin-
gle-amino acid substitutions at residues 1-7 and 9-21 of
Mcc]25 and one single-amino acid substitution at residue 8 of
Mecc]25.

Unequivocal mass ions corresponding to expected masses of
mutant mature MccJ25 derivatives were detected for 242 of the
381 tested mutants (64%; Fig. 1). It is striking that such a high
fraction, nearly two-thirds, of mutant MccJ25 derivatives is
competent for production, maturation, export, and stability.

The results indicate that wild-type side chains are strictly
essential for production/maturation/export/stability only for
three residues of MccJ25 (i.e. the two residues that form the
lactam bond that defines the MccJ25 cycle (Gly* and Glu®) and
one adjacent residue (Gly?)) (Fig. 1 and data not shown). For
these residues, no tested substitutions are compatible with pro-
duction/maturation/export/stability. The results indicate that
the wild-type side chain is important, albeit not strictly essen-
tial, at one residue (i.e. the distal aromatic residue of the pair of
aromatic residues proposed to trap the threaded segment of
the MccJ25 tail within the MccJ25 cycle: Tyr?°) (Fig. 1). For
this residue, only two tested substitutions, Tyr*° > Phe®® and
Tyr*® > Ile*°, are compatible with production/maturation/
export/stability. Interestingly, the proximal aromatic residue of
the pair of aromatic residues proposed to trap the threaded
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FIGURE 2. Effects of single-amino acid substitutions in MccJ25 on inhibition of RNAP. Data are presented
for 242 single-amino acid substitution derivatives of MccJ25, comprising all substitutions shown to be compe-
tent for production/maturation/export/stability (see Fig. 1). The sequence of MccJ25 is shown at the bottom.
The heights of bars indicate the percentage of tested amino acid substitutions that do not prevent inhibition of
RNAP by MccJ25. Letters within bars list amino acid substitutions that do not prevent inhibition of RNAP by
MccJ25. (Positions 1, 2, and 8 (gray bars) were not analyzed, since no single-amino acid substitution derivatives
at these positions were shown to be competent for production/maturation/export/stability (see Fig. 1).)

segment of the MccJ25 tail within the Mcc]25 cycle, Phe'?, is
considerably much more tolerant of substitution (with eight
substitutions being tolerated; Fig. 1).

Wild-type side chains at residues 11-14, located within the
loop segment of the Mcc]25 tail, are totally (positions 11-13) or
nearly totally (position 14) dispensable for MccJ25 production/
maturation/export/stability, consistent with previous results
indicating that these residues can be deleted, substituted, or
chemically modified without loss of function (13, 18).*

In summary, the results for production/maturation/export/
stability indicate that there is a strict requirement for wild-type
side chains at and adjacent to the site of proteolytic cleavage of
the MccJ25 precursor (residues 1 and 2), at and adjacent to the
site of cyclization of the Mcc]25 precursor (residues 1,2, and 8),
and at the distal aromatic residue that locks the threaded seg-
ment of the Mcc]25 threaded tail within the MccJ25 cycle. Side
chains of the N-terminal half of the MccJ25 tail, the segment
that forms the loop of the Mcc]25 tail, are unimportant. Per-
haps surprisingly, side chains of three of eight residues within
the MccJ25 cycle also are relatively unimportant.

Determinants of MccJ25 for Inhibition of RNAP—To assess
the effects of substitutions on inhibition of RNAP by Mcc]25,
we prepared culture supernatants of cells harboring substi-
tuted mcjABCD biosynthetic gene clusters, and we assayed
culture supernatants for the ability to inhibit RNAP in vitro.
We tested 242 single-amino acid substitutions of Mcc]25,
comprising all single-amino acid substitutions found to be
compatible with production/maturation/export/stability of
Mcc]25 (see above). The results indicate that 155 of the 242
substituted MccJ25 derivatives competent for production/

4 ). Mukhopadhyay and R. H. Ebright, unpublished results.
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maturation/export/stability also
are competent for inhibition of
RNAP (64%; Fig. 2).

The results indicate that the wild-
type side chain of one residue of
Mcc]25 is strictly essential for inhi-
bition of RNAP (i.e. the wild-type
side chain of the residue immedi-
ately following the Mcc]J25 cycle
(Tyr®)) (Fig. 2). For this residue, no
tested substitutions are compatible

4 with inhibition of RNAP. The
G A results indicate that the wild-type
H||E c A . . . .o .
L1 ullp D side chains of five additional resi-
"N" g i-i |E| 2 dues are important, albeit not
QR P 0 N strictly essential (i.e. the wild-type
L4 & v : ‘\‘ ; - side chains of two residues within
¥ 1 6 F ¥ the MccJ25 cycle (Gly* and Pro’),
15 16 17 18 19 20 21 one residue nearly immediately fol-

lowing the MccJ25 cycle (Phe'?),
and the proximal aromatic residue
of the pair of aromatic residues pro-
posed to trap the threaded segment
of the MccJ25 tail within the MccJ25
cycle (Phe'?)) (Fig. 2). For each of
these residues, <40% of tested sub-
stitutions, typically substitutions conservative with respect to
size and/or conservative with respect to polarity, are compati-
ble with inhibition of RNAP. We infer that the wild-type side
chains of these residues (Gly®*, Pro’, Tyr®, Phe'?, and Phe'®) are
likely to make direct interactions with RNAP in the RNAP-
MccJ25 complex. We note that the wild-type side chains of
these residues all are hydrophobic and in three cases are aro-
matic, and we suggest that RNAP-Mcc]25 interactions involve
predominantly hydrophobic interactions.

Wild-type side chains at residues 11-15, located within the
loop segment of the Mcc]25 tail, are totally, or nearly totally,
dispensable for inhibition of RNAP, consistent with previous
results indicating that these residues can be deleted, substi-
tuted, or chemically modified without loss of function (13, 18).*

Determinants of MccJ25 for Inhibition of Bacterial Growth—
To assess effects of substitutions on inhibition of bacterial
growth by MccJ25, we prepared culture supernatants of cells
harboring substituted mcjABCD biosynthetic gene clusters,
and we assayed culture supernatants for the ability to inhibit
bacterial growth in culture. We tested 155 single-amino acid
substitutions of Mcc]25, comprising all single-amino acid sub-
stitutions found to be compatible with production/maturation/
export/stability of MccJ25 and compatible with inhibition of
RNAP by Mcc]25 (see above).

The results indicate that 70 of the 155 MccJ25 derivatives
competent for production/maturation/export/stability and
competent for inhibition of RNAP also are competent for inhi-
bition of bacterial growth (45%) (Fig. 3). We infer that the 70
Mcc]25 derivatives are able to permeate bacterial cells in order
to inhibit RNAP inside bacterial cells.

The results indicate that wild-type side chains of six residues
of Mcc]25 are strictly essential for permeation into bacterial
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FIGURE 3. Effects of single-amino acid substitutions in MccJ25 mutants on permeation into bacterial cells
and inhibition of bacterial growth. Data are presented for 155 single-amino acid substitution derivatives of
MccJ25, comprising all substitutions shown to be competent for production/maturation/export/stability and
competent for inhibition of RNAP (see Figs. 1 and 2). The sequence of MccJ25 is shown at the bottom. The
heights of bars indicate the percentage of tested amino acid substitutions that do not prevent permeation into
bacterial cells and inhibition of bacterial growth. Letters within bars list amino acid substitutions that do not
prevent permeation into bacterial cells and inhibition of bacterial growth. Letters in boldface type denote amino
acid substitutions that result in apparent inhibitory activities higher than that of wild-type MccJ25. (Positions 1,
2,8,and 9 (gray bars) were not analyzed, since no single-amino acid substitution derivatives at these positions
were shown to be competent for production/maturation/export/stability and competent for inhibition of

RNAP (see Figs. 1 and 2).)

TABLE 1
Properties of superfunctional MccJ25 derivative [Gly'*MccJ25
Mcc)25 derivative Inhibition of RNAP (IC,)*

M
Mcc]25 2.5
[Gly"*]Mcc)25 2.5
Inhibition of bacterial growth
MccJ25 derivative (inhibition zone diameter)”
E. coli DH5« S. flexneri BK 12440
mm
Mcc]25 3*x1 8§+ 15
[Gly"*]Mcc]25 9+1 13+ 1.7

“1Cs, is the concentration of MccJ25 derivative resulting in 50% inhibition of RNAP.
» Mean results of three independent measurements with S.D. values are presented.

cells in order to inhibit RNAP inside bacterial cells: i.e. the wild-
type side chains of two residues within the MccJ25 cycle (Gly*
and Pro”), the two residues immediately following the MccJ25
cycle (Tyr® and Phe'?), and the pair of aromatic residues pro-
posed to trap the threaded segment of the MccJ25 tail within
the MccJ25 cycle (Phe'® and Tyr*°) (Fig. 3). For each of these
residues, no tested substitution is compatible with permeation
into bacterial cells. Wild-type side chains of six additional res-
idues of MccJ25 are important for permeation into bacterial
cells in order to inhibit RNAP inside bacterial cells: three resi-
dues of the MccJ25 cycle (Ala®, His®, and Val®), two residues of
the MccJ25 tail (Gly'* and Ser'®), and the MccJ25 C-terminal
residue (Gly*') (Fig. 3). For each of these residues, <40% of
tested substitutions are compatible with permeation into bac-
terial cells.
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The apparent inhibitory activi-
ties, as estimated from the diame-
ters of growth inhibition zones,
differed for different substituted
Mcc]25 derivatives; 37 substitu-
tions resulted in apparent inhibi-
tory activities less than or compa-
rable with that of wild-type
MccJ25 (10 substitutions in the
Mcc]25 cycle and 27 substitutions
in the MccJ25 tail; substitutions in

A normal type in Fig. 3), whereas 12
:; substitutions resulted in apparent
N inhibitory activities higher than
L

M that of wild-type MccJ25 (12 sub-
g ol e stitutions at residues 13 and 15 in
S|R|T the MccJ25 tail; substitutions in
WiTIVIia A boldface type in Fig. 3). In princi-
T P I S F Y G

ple, these differences in apparent
inhibitory activities may reflect
differences in quantities of MccJ25
derivatives in culture superna-
tants or may reflect differences in
intrinsic inhibitory activities (for
example, differences in potencies
of inhibition of RNAP and/or dif-
ferences in efficiencies of entry
into bacterial cells). As a first step
to distinguish between these pos-
sibilities, we purified [Gly'*]MccJ25, a substituted MccJ25
derivative that exhibited higher apparent inhibitory activity
than wild-type Mcc]25, and we assessed the ability of purified
[Gly'®*]Mcc]25 to inhibit RNAP and to inhibit bacterial growth
(Table 1). The results indicate that purified [Gly'®*]Mcc]25
exhibits a potency of inhibition of RNAP comparable with that
of purified wild-type MccJ25 (top of Table 1) and exhibits a
potency of inhibition of bacterial growth higher than that of
purified wild-type MccJ25 (both in assays with E. coli and in
assays with a clinical isolate of S. flexneri; bottom of Table 1).
We infer that [Gly'*]MccJ25 has a higher intrinsic inhibitory
activity with respect to bacterial growth than Mcc]25, most
likely attributable to a higher efficiency of entry into bacterial
cells.

IS 16 17 18 19 20 21

DISCUSSION

In this work, we report the results of structure-activity anal-
ysis of MccJ25 using a comprehensive panel of MccJ25 point
mutants obtained from saturation mutagenesis.

Of the 381 single-amino acid substitutions analyzed, 242
were shown to be compatible with production of MccJ25 (com-
prising synthesis of MccJ25 precursor, processing of MccJ25
precursor, export of mature MccJ25, and stability of mature
MccJ25) (Fig. 1). Inspection of the lariat-protoknot (threaded
lasso) covalent structure of MccJ25 suggests that the residues
that form the lactam linkage of the Mcc]25 cycle and at least one
of the two aromatic residues that lock the threaded Mcc]25 tail
within the MccJ25 cycle may be critical for production of
Mcc]25, whereas residues in the loop segment of the Mcc]25
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FIGURE 4. Locations of residues important for production/maturation/
export/stability of MccJ25 and for inhibition of RNAP by MccJ25.
Shown are locations of residues shown here to be important for production/
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tail may be less critical. Our findings support these expecta-
tions. The residues that form the lactam linkage (Gly* and Glu®)
and one immediately adjacent residue (Gly?) are the sole resi-
dues for which no non-wild-type side chains are tolerated in
production of MccJ25, and the distal aromatic residue of the
pair of aromatic residues that lock the threaded MccJ25 tail
within the MccJ25 cycle (Tyr) is the sole additional residue for
which nearly no non-wild-type side chains are tolerated. In the
three-dimensional structure of MccJ25 (5-7), these residues
form a discrete, continuous surface determinant on one face of
Mcc)25 (Fig. 4, black residues). We propose that the MccJ25
maturation machinery (McjB and McjC; see Refs. 9 and 11)
recognizes and interacts with this surface determinant during
processing of MccJ25 precursor.

Of the 242 substituted Mcc]25 derivatives competent for
production of Mcc]25, 155 substituted Mcc]25 derivatives also
are competent for inhibition of RNAP in vitro (Fig. 2). The
residue immediately following the MccJ25 cycle (Tyr®) is the
sole residue for which no non-wild-type side chain is tolerated
in inhibition of RNAP; two residues of the MccJ25 cycle (Gly*
and Pro’), one residue nearly immediately following the
MccJ25 cycle (Phe'®), and the proximal aromatic residue of the
pair of aromatic residues that lock the threaded Mcc]25 tail
within the MccJ25 cycle (Phe'®) are the sole additional residues
for which <40% of non-wild-type side chains are tolerated. In
the three-dimensional structure of MccJ25 (5-7), these resi-
dues form a discrete, continuous surface determinant on one
face of Mcc]25 (Fig. 4, red residues), the face opposite the face
with the determinant for production of Mcc]25 (Fig. 4, red res-
idues and black residues). We propose that the surface determi-
nant comprising Gly4, Pro’, Tyrg, Phe'®, and Phe'® of MccJ25
makes direct interactions with RNAP in the RNAP-Mcc]25
complex (a proposal consistent with the provisional model for
the structure of the RNAP-MccJ25 complex in Ref. 13). We
note that the wild-type side chains of Gly*, Pro’, Tyr®, Phe'®,
and Phe'® of Mcc]J25 all are hydrophobic and in three cases are
aromatic, and we suggest that RNAP-MccJ25 interactions
involve predominantly hydrophobic interactions.

Of the 155 substituted Mcc]25 derivatives competent for
production of MccJ25 and competent for inhibition of RNAP
by MccJ25 in vitro, 70 substituted Mcc]25 derivatives also are
competent for inhibition of bacterial growth by MccJ25 in cul-
ture and thus apparently are competent to permeate bacterial
cells in order to inhibit RNAP inside bacterial cells (Fig. 3).

Two residues of the MccJ25 cycle (Gly* and Pro”), one resi-
due nearly immediately following the MccJ25 cycle (Phe'?), and
the pair of aromatic residues that lock the threaded MccJ25 tail
within the MccJ25 cycle (Phe'® and Tyr?°) are the sole residues
for which no non-wild-type side chains are tolerated in perme-
ation into bacterial cells. Three residues of the MccJ25 cycle
(Ala3, His®, and Val®), and three residues of the MccJ25 tail
(Gly', Ser'®, and Gly*") are the sole additional residues at

maturation/export/stability of MccJ25 (residues 1, 2, 8, and 20; black) and for
inhibition of RNAP by MccJ25 (residues 4, 7, 9, 10, 17, and 19; red) on the
three-dimensional structure of MccJ25 (see Ref. 5; see also Refs. 3 and 4).
A, stereoviews in solvent-accessible surface representation. B, stereoviews in
stick representation.
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which <40% or fewer of tested substitutions are compatible
with permeation into bacterial cells (Fig. 4). The residues at
which substitutions affect the ability to permeate bacterial cells
do not form a single surface determinant (possibly reflecting
the fact that, during permeation of MccJ25 into bacterial cells,
MccJ25 makes successive interactions with import complexes
in the cell outer membrane and with import complexes in the
cell inner membrane; see Refs. 19 and 20).

In summary, our results show that only a small number of
wild-type side chains of Mcc]25 are strictly essential for
MccJ25 production and function. Therefore, despite its
small size and complex structure, MccJ25 can be regarded as
an attractive platform for engineering antibacterials with
higher potencies and/or broadened specificities by further
rounds of mutagenesis.
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