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Escherichia coli microcin B (Ec-McB) is a posttranslationally modified antibacterial peptide containing multiple oxazole and
thiazole heterocycles and targeting the DNA gyrase. We have found operons homologous to the Ec-McB biosynthesis-immunity
operon mcb in recently sequenced genomes of several pathovars of the plant pathogen Pseudomonas syringae, and we produced
two variants of P. syringae microcin B (Ps-McB) in E. coli by heterologous expression. Like Ec-McB, both versions of Ps-McB
target the DNA gyrase, but unlike Ec-McB, they are active against various species of the Pseudomonas genus, including human
pathogen P. aeruginosa. Through analysis of Ec-McB/Ps-McB chimeras, we demonstrate that three centrally located unmodified
amino acids of Ps-McB are sufficient to determine activity against Pseudomonas, likely by allowing specific recognition by a
transport system that remains to be identified. The results open the way for construction of McB-based antibacterial molecules

with extended spectra of biological activity.

icrocins were originally defined as low-molecular-weight

(<10-kDa) ribosomally synthesized antibacterial peptides
produced by some naturally occurring strains of Escherichia coli
(1). Microcinogenic E. coli strains harbor plasmids carrying clus-
tered genes responsible for microcin synthesis and self-immunity
of the producing cell. Some microcins contain highly unusual
structures introduced into the ribosomally synthesized peptide
precursor (promicrocin) by special enzymes (2, 3).

Bioinformatics analysis revealed that clusters of genes ortholo-
gous to microcin biosynthesis/self-immunity genes are wide-
spread in bacteria (4, 5), while functional studies confirmed that
ribosomally synthesized antibacterial peptides, including peptides
with extensive posttranslational modifications, are commonly
produced by diverse bacteria (6). Escherichia coli microcin B (Ec-
McB), a DNA gyrase inhibitor, is a founding member of a diverse
class of natural products referred to as TOMMs (thiazole-oxazole-
modified microcins) (7). The thiazole and oxazole heterocycles of
TOMNMs are derived from cysteine and serine residues of precur-
sor peptides.

E. coli cells producing microcin B contain plasmids carrying a
7-gene mcb operon. The mcbA gene encodes a precursor peptide;
the mcbBCD genes encode subunits of the microcin B synthase, an
enzyme responsible for the synthesis of oxazole and thiazole het-
erocycles (8, 9); the mcbEF genes encode an export pump; and
mcbG encodes a pentapeptide repeat protein that binds to a mic-
rocin B target, the DNA gyrase, rendering it resistant to microcin
B inhibition (10). The microcin B precursor, the 69-amino-acid-
long McbA, contains an N-terminal leader (amino acids 1 to 26)
that is recognized by the McbBCD complex. After binding to the
leader, the McbBCD synthase moves in the C-terminal direction,
converting the GlySer and GlyCys McbA dipeptides into oxazole
and thiazole heterocycles, respectively (9). Two McbA tripeptides,
GlySerCys and GlyCysSer, are converted into oxazole-thiazole
and thiazole-oxazole bis-heterocycles (site A and site B), thought
to be important for microcin B activity (11). E. coli McbA contains
an additional centrally located GlyCysSer tripeptide that can be
converted to a fused heterocycle (site C) but is present mostly in
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the form of a single thiazole heterocycle with a C-terminally lo-
cated backbone ester bond connecting residues 51 and 52 (12).
After completion of backbone modifications, the leader peptide is
cleaved off (13), and mature 3,093-Da microcin B containing
eight heterocycles is exported from the producing cell.

While microcin B targets the DNA gyrase, the targets of most
TOMMs are unknown. Some of these compounds, like streptoly-
sin S, function as bacteriolysins (14) and may therefore target cell
membranes. In this work, we characterize a TOMM encoded by an
mcb-like operon from Pseudomonas syringae pv. glycinea B076, a
plant pathogen responsible for bacterial blight of soybean (15).
We demonstrate that the P. syringae microcin B (Ps-McB)-like
compound also targets the DNA gyrase but, unlike the E. coli
counterpart, inhibits the growth of not just E. coli but also P.
syringae and Pseudomonas aeruginosa. By analyzing chimeric mi-
crocins, we map the main determinant of extended bioactivity of
P. syringae microcin B to a centrally located unmodified tripep-
tide, which is apparently specifically recognized by cell uptake
machinery present in Pseudomonas. We propose that site-specific
genetic modification of microcin B-like compounds may open the
way for construction of DNA gyrase poisons with extended spec-
tra of biological activity.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The E. coli strains used in
this work were DH5a [F~ endAl glnV44 thi-1 recAl relAl gyrA96 deoR
nupG &80dlacZAM15 A(lacZYA-argF)U169 hsdR17(r,~ my ") N7],
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BL21(DE3) {F~ ompT gal dem lon hsdSB(ry~ my ) N(DE3 [lacl
lacUV5-T7 gene 1 ind1 sam7 nin5])}, CSH50 NsfiA::lacZ (a CSH50 [16] N
lysogen carrying a transcriptional sfiA::lacZ fusion [13]), XL1-Blue (Strat-
agene) {endAl gyrA96(Nal') thi-1 recAl relAl lac glnV44 F'[:Tnl0
proAB™ lacl® A(lacZ)M15] hsdR17(r~ my ")}, and MG1655 (F~ N~ ilvG
rfb-50 rph-1). An MG1655 derivative harboring the gyrB gene encoding a
W-to-R change at position 751 (gyrB W751R) (ML751) was provided by
Anthony Maxwell (John Innes Centre). Derivatives of the XL1-Blue strain
lacking ompF and sbmA were constructed by using the \ red system ac-
cording to the method of Datsenko and Wanner (17). The source of P.
aeruginosa strain PAO1 was described previously (18). P. syringae pv.
glycinea strain B076, P. syringae pv. tomato strain DC3000, P. syringae pv.
syringae strain B728a, and P. syringae pv. phaseolicola strain 1448a were
obtained from the Zhao laboratory collection (19-21).

Bacteria were grown in LB rich medium or in M9 minimal medium
supplemented with the appropriate carbon source. MacConkey lactose
plates (1.35% agar) were prepared according to the manufacturer’s in-
structions (BBL).

Molecular cloning procedures. A 5.3-kb DNA fragment containing
the entire P. syringae mcb operon was amplified from P. syringae pv. gly-
cinea B076 chromosomal DNA by using primers PsOp_Nco_F (5'-CCA
TGGAGAATGACTACATCTCCGAG) and PsOp_Bgl R (5'-TAATAAG
ATCTCTCCCCAGACCCCTTCTT). The fragment was cloned into the
pJet 1.2 blunt-end cloning vector (Thermo Scientific), the resulting plas-
mid was digested with Ncol and Bglll, and P. syringae mcb DNA was
recloned into pBAD His/B, yielding plasmid pBAD Ps-McbABCDEFG.
Plasmids pBAD Ps-McbABCDEF and pBAD Ps-McbABCD were con-
structed in the same way, using primer pair PsOp_Nco_F and PsOp_
dG_R (5'-TAGATCTTTAATTTTCTTCCAGTACCGTGG) and primer
pair PsOp_Nco_F and PsOp_dEFG_R (5'-TAATAAGATCTTTACGGA
AAGGGGACCATGT), respectively.

A 5.1-kb DNA fragment containing the entire E. coli mcb operon was
amplified from plasmid pPY113 (22) by using primers EcOp_NcoF (5'-T
CCATGGAATTAAAAGCGAGTGAATTTG) and EcOp_XhoR (5'-TAA
TATCTCGAGTTATCCCCCTACAACCACT) and cloned into pJet 1.2.
The resulting plasmid was digested with Ncol and Xhol, and the mcb
fragment was recloned into pBAD His/B, yielding plasmid pBAD Ec-McB.

Plasmids pBAD Ps-McB I, pBAD Ps-McB II, pBAD Ps-McB III, pBAD
Ec-McbA 1, pBAD Ec-McbA II, and pBAD Ec-McbA III expressing chi-
meric mcbA genes were generated by using the splicing by overlapping
extension (SOE) PCR method (23).

Coding regions of P. syringae pv. glycinea B076 gyrA and gyrB genes
were amplified from chromosomal DNA by using primer pair PsS_
GyrA_FNde (5'-TAATACATATGGGCGAACTGGCCAAA) and PsS_
GyrA_RBam (5'-TAATAGGATCCTTAGTTCTGCGGTTCGTCTTCG)
and primer pair PsS_GyrB_FNde (5'-TAATACATATGAGCGAAAACC
AAACGTA) and PsS_GyrB_RBam (5'-TAATAGGATCCTTAGAAGTC
CAGGTTGGACACTG), respectively. Amplified fragments were digested
with Ndel and BamHI and cloned into pET19 to yield pET19 Ps-gyrA and
pET19 Ps-gyrB.

Microcin purification and HPLC analysis. A culture (10 ml) of the
producing strain was grown overnight in LB medium supplemented with
100 pg/ml ampicillin and used to inoculate 1 liter of M9 minimal medium
supplemented with 0.4% sodium succinate and 100 pg/ml ampicillin.
Cells were grown until the cultures reached an optical density at 600 nm
(ODgqp) 0f 0.6 and induced with arabinose (10 mM). The induced culture
was grown for 24 h at 30°C. Cells were pelleted by centrifugation for 10
min at 4,000 X g, resuspended in 50 ml of 100 mM acetic acid—1 mM
EDTA, and boiled for 10 min. The resulting suspension was centrifuged at
10,000 X g, and the supernatant was loaded onto a SepPack C, cartridge
(Thermo-Scientific), which was extensively washed with 10% acetoni-
trile—0.1% trifluoroacetic acid (TFA). Microcin-containing fractions
were eluted in 8 ml of 30% acetonitrile—0.1% TFA, vacuum dried, redis-
solved in dimethyl sulfoxide (DMSO) and applied onto an XTerra C
high-performance liquid chromatography (HPLC) column (Waters) in
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10% DMSO-0.1% TFA. The column was equilibrated in 0.1% TFA. The
bound material was eluted with a linear gradient of acetonitrile in 0.1%
TFA (from 0 to 50% acetonitrile in 30 min). Absorbance of eluting mate-
rial was monitored at 254 nm. Different forms of microcins were eluted
between 12 and 16 min. Individual peaks were collected, vacuum dried,
resuspended in DMSO to a final concentration of ~1 mM, and stored at
—20°C. The concentration of purified microcin stocks dissolved in
DMSO was measured according to methods described previously by
Sinha Roy et al. (11).

MALDI-MS and MS/MS analyses. Mass spectra were recorded on an
Ultraflextreme matrix-assisted laser desorption ionization—tandem time
of flight (MALDI-TOF-TOF) mass spectrometer (Bruker Daltonik)
equipped with an Nd laser (355 nm). The MH™ molecular ions were
measured in the reflector mode; the accuracy of the monoisotopic mass
peak measurement was 0.005%. Aliquots (1 1) of HPLC fractions were
mixed on a steel target with 0.5 pl of a 2,5-dihydroxybenzoic acid (Al-
drich) solution (20 mg/ml in 30% acetonitrile plus 0.5% TFA), and drop-
lets were left to dry at room temperature. Fragment ion spectra were
generated by laser-induced dissociation in lift mode; the accuracy of the
mass peak measurement was 70 ppm for parent ions and 1 Da for daugh-
ter ions. The correspondence of the found masses to microcin peptides
and to tandem mass spectrometry (MS/MS) peptide fragments was re-
vealed manually with the help of GPMAW4.04 software (Lighthouse
Data). A Mascot MS/MS ion search was carried out at a home server
without specifying the kind of proteolysis and listing Ser-oxazole and
Cys-thiazole as variable modifications.

Determination of antibiotic activity in vivo. Microcin stock samples
were diluted to 20 to 200 wM with 50% acetonitrile, and 2-pl drops were
deposited onto freshly made lawns of bacteria to be tested. Ciprofloxacin
(20 M) dissolved in water was used as a positive control. The lawns were
prepared by overlaying LB agar plates with 5 ml of a 0.6% agar solution in
distilled water containing 100 .l of the culture to be tested grown over-
night in LB medium. Plates were incubated at room temperature over-
night.

Purification of DNA gyrase. Cultures (5 ml) of E. coli BL21(DE3)
carrying pET19 Ps-gyrA or pET19 Ps-gyrB were grown overnight in LB
medium supplemented with 100 pg/ml ampicillin and were used to inoc-
ulate 0.5 liters of LB medium containing 100 pg/ml ampicillin. Cells were
grown at 37°C until an ODy, of 0.6 was reached and were induced by
adding IPTG (isopropyl-B-p-thiogalactopyranoside) to 0.2 mM. Induced
cultures were grown for 16 h at 22°C. Cells were collected by centrifuga-
tion for 10 min at 4,000 X g, and the pellet was suspended in 15 ml of lysis
buffer [20 mM Tris-HCI (pH 8), 200 mM (NH,),SO,, 20 mM imidazole,
10% glycerol]. Lysozyme was added to a final concentration of 1 mg/ml,
and the mixture was incubated on ice for 30 min. Cells was disrupted by
sonication and centrifuged at 15,000 X g for 30 min. The supernatant was
applied onto a 0.5-ml Ni* " -nitrilotriacetic acid (NTA) agarose (Qiagen)
column equilibrated in lysis buffer. The column was washed extensively
with wash buffer [20 mM Tris-HCI (pH 8), 200 mM (NH,),SO,, 50 mM
imidazole, 10% glycerol], and proteins were eluted with elution buffer [50
mM Tris (pH 8.0), 200 mM (NH,),SO,, 10% glycerol, 300 mM imida-
zole].

Recombinant E. coli DNA gyrase subunits were purified by an analo-
gous Ni?"-NTA chromatography procedure followed by Mono Q ion-
exchange chromatography, as described previously (24).

Gyrase cleavage assay. DNA cleavage assays were carried by using a
method based on that described by Heddle et al. (25). Reaction mixtures
contained 35 mM Tris-HCI (pH 7.5), 24 mM KCl, 4 mM MgCl,, 2 mM
dithiothreitol (DTT), 1.75 mM ATP, 6.5% glycerol, 1.8 mM spermidine,
0.1 mg/ml albumin, 12.5 nM relaxed pUC19 plasmid DNA, 200 nM E. coli
or P. syringae DNA gyrase, and various concentrations of ciprofloxacin,
Ec-McB, or Ps-McBs (in DMSO). DMSO was added to control reaction
mixtures to a final concentration of 3%. Reaction mixtures were incu-
bated for 1 h at 25°C, and reactions were terminated by the addition of
SDS (to 0.2%) and proteinase K (to 0.1 mg/ml) to the mixtures, followed
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FIG 1 Cluster of E. coli mcb gene homologs in P. syringae. (A) The E. coli mcbABCDEFG gene cluster is schematically presented at the top, with each gene of the
cluster indicated by an arrow (not drawn to scale). The mcbBCD genes code for microcin B synthase, the mcbEF genes code for the microcin B efflux pump, and
mcbG codes for a self-immunity protein. Thin arrows indicate known E. coli mcb promoters (31). The homologous operon found in some strains of P. syringae
is shown below. The extent of similarity and identity between the E. coli and P. syringae homologs ranges from 63% and 46% (for the product of mcbC) to 45%
and 25% (for the product of mcbG), respectively. Hairpin-like structures between mcbA and mcbB indicate putative transcription terminators located in
noncoding regions (2). (B) Alignment of mcbA gene products from E. coli (Ec-McbA), P. syringae pv. glycinea (GenBank accession number NZ_AEGG01000085),
and P. syringae pv. aesculi (accession number ACXS01000133) (single-letter amino acid codes). The degree of background shading indicates identity in all three
(dark gray) or just two (lighter gray) of the aligned polypeptides. Hyphens indicate gaps. Ec-McbA di- and tripeptides converted into heterocycles (and
homologous residues in P. syringae polypeptides) are indicated by black letters. Tripeptides converted to fused cycles (site A and site B) are boxed and labeled
below the alignment. An Ec-McbA tripeptide converted into the auxiliary site C fused cycle is boxed and labeled above the alignment. The cleavage sites between
the leader and the core parts of modified Ec-McbA and Ps-McbAs are highlighted above and below the alignment, correspondingly.

by incubation at 37°C for another 30 min. Equal volumes of gel-loading
buffer (40% sucrose, 100 mM Tris-HCI [pH 7.5], 1 mM EDTA, 2 mg/ml
bromophenol blue) and chloroform were added to each reaction mixture.
Reaction mixtures were vortexed for 1 min and centrifuged at 16,000 X g
for 1 min. Samples were loaded onto a 1% agarose gel in TAE (40 mM Tris
acetate, 1 mM EDTA) with 1 pg/ml ethidium bromide.

RESULTS

Bioinformatics identification of E. coli mcb gene homologs in
Pseudomonas syringae. When we used the sequence of E. coli
McbB (P23184), a component of the McB synthase, as a queryina
BLASTP search of NCBI NR database with default parameters,
several previously unreported highly similar sequences (E values
of 10~ *! or lower) were revealed. For comparison, the E value for
the McbB homolog from Pseudomonas putida KT2440, which is
the next closest homolog of E. coli McbB (2), is 10™"". The new
McbB homologs are 35% identical and 56% similar to E. coli
McbB and are all encoded by different pathovars of Pseudomonas
syringae. Inspection of the genomic context of mcbB homologs
from P. syringae revealed the presence of an entire set of E. coli mcb
gene homologs, mcbA to mcbG (Fig. 1A).

The putative P. syringae McbA peptide contains a full comple-
ment of GlySer and GlyCys dipeptides as well as the site A and site
B tripeptides (Fig. 1B). However, instead of the site C tripeptide
GlyCysSer present in E. coli McbA, the putative P. syringae McbA
peptide contains a GlyCysGly tripeptide that can be converted to
only a single thiazole cycle.

Analysis of McbA sequences encoded by different P. syringae
pathovars reveals that they are identical to each other except for
amino acid position 60, which is occupied by a threonine in strains
of P. syringae pv. glycinea and a proline in strains of P. syringae pv.
aesculi (Fig. 1B). Certain P. syringae strains, for example, P. syrin-
gae pv. tomato DC3000 or pv. syringae B728a, do not carry the mcb
operon (see Table S1 in the supplemental material).

We were interested in determining whether the #mcb operon of
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P. syringae is active, i.e., capable of producing an McB-like mole-
cule. Patches of P. syringae pv. glycinea B076 cells were grown on
LB or M9 minimal medium plates and overlaid with P. syringae
strains lacking mcb or with microcin B-sensitive E. coli lawns. Af-
ter overnight growth, no growth inhibition zones around the
points of P. syringae pv. glycinea B076 growth were detected. In
contrast, E. coli cells producing microcin B, which were used as a
control, readily inhibited the growth of microcin B-sensitive E.
coli but had no effect on the growth of P. syringae, which is resis-
tant to microcin B (see also below).

We also attempted to identify secreted modified P. syringae
McbA peptides by mass spectrometric analysis of P. syringae pv.
glycinea BO76 cultured medium. Since we did not know the leader
peptide cleavage site, if any, in the P. syringae McB precursor pep-
tide, we could not confidently predict the mass of the mature
compound. Cells producing E. coli McB secrete not just the ma-
ture form of the peptide but also maturation derivatives contain-
ing less than the “normal” complement of 8 heterocycles (11).
Since formation of a heterocycle leads to a loss of 20 Da, mass
spectrometric analysis of cultured medium of McB-producing E.
coli cells revealed a characteristic series of mass peaks differing
from each other by 20-Da increments (7). Inspection of mass
spectra failed to reveal such peak series within a 1- to 5-kDa mass
range in cultured medium of P. syringae pv. glycinea B076. Despite
the apparent absence of production of bioactive P. syringae pv.
glycinea B076 mcb operon products, real-time PCR analysis re-
vealed that every gene of the mcb operon is transcribed at a level
comparable to that of an essential housekeeping gene, gyrA (data
not shown).

Heterologous production of P. syringae microcin B in E. coli.
Since we failed to detect endogenously produced P. syringae McB
under our conditions, expression of the P. syringae mcb operon in
E. coli, a heterologous host, was attempted. The entire operon was
cloned into the E. coli expression vector under the control of the
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FIG 2 Characterization of P. syringae microcin B produced in a surrogate E. coli host. (A) HPLC chromatogram showing the final stage of purification from E.
coli cells co-overexpressing the P. syringae mcb operon. The two peaks labeled Ps-McB1 and Ps-McB2 are absent from the control purification from cells lacking
a P. syringae mcb operon co-overexpression plasmid. Insets show parts of MALDI-MS mass spectra of material from HPLC peaks. The m/z values for major mass
peaks as well as +20-Da minor mass peaks are indicated. (B) MS/MS fragmentation spectra of Ps-McB2 (top) and Ps-McB1 (bottom). Both peptides fragmented
well at peptide bonds and formed b- and y-ion series. The y-ion series was complete except for the absence of fragmentation products of peptide bonds
incorporated into the heterocycles and conjugated peptide bonds lying directly downstream from some cyclized residues. These bonds were previously observed
to resist fragmentation (32). (C) Structures of Ec-McB and of Ps-McB1 and Ps-McB1 as revealed by MS/MS analysis. The serine residue in the centrally located
SN dipeptide in Ec-McB (highlighted with a dark gray background) undergoes an S-N shift in about 90% of Ec-McB molecules produced (12).

inducible araPy,, promoter, with the start codon of mcbA posi-
tioned at an optimal distance from a consensus Shine-Dalgarno
sequence present in the vector. Cultured medium of arabinose-
induced E. coli cells carrying the complete P. syringae mcb operon
was subjected to a purification procedure developed for E. coli
McB (11). Cultured medium from cells carrying an empty vector
plasmid was used for control mock purification. During the final
stage of reverse-phase HPLC, two prominent peaks were detected
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in material from P. syringae mcb-containing cells that were absent
from the control (Fig. 2A). Mass spectrometric analysis revealed
that the early-eluting major peak contained a primary mass ion of
m/z 2,302.8 [MH™] as well as a minor +20-Da mass ion of m/z
2,322.8 [MH"]; the later-eluting peak contained a primary mass
ion of m/z2,822.0 [MH "] and additional +20- and +40-Da mass
ions (Fig. 2A). MS/MS spectra of the 11/z 2,302.8 and 2,822.0 mass
ions are presented in Fig. 2B. Analysis of the fragmentation spec-
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FIG 3 In vivo and in vitro activity of Ps-McB. (A) Two-microliter drops of solutions containing 50 wM Ec-McB, Ps-McB1, or Ps-McB2 or 20 uM
ciprofloxacin (cfx) were deposited onto lawns of wild-type E. coli XL1-Blue cells or isogenic mutants lacking sbmA or ompF. After overnight growth at
room temperature, diameters (in mm) of growth inhibition zones were determined. Mean values and standard deviations obtained from three indepen-
dent experiments are shown. (B) Experiment performed as described for panel A, using wild-type E. coli MG1655 or MG1655 carrying a W751R
substitution in gyrB (which makes cells partially resistant to Ec-McB) or carrying a plasmid expressing E. coli mcbG. (C) E. coli CSH50 tester cells
containing an sfiA::lacZ fusion were transformed with plasmids co-overexpressing the indicated sets of mcb genes and plated onto MacConkey agar plates
in the absence (top) or the presence (bottom) of the inducer. The results of overnight growth at 30°C are shown. (D) Plasmid pUC19 was incubated with
E. coli or P. syringae gyrase in the absence or in the presence of the indicated inhibitors present at a concentration of 6 uM (lanes 6 to 8) or 30 uM (lanes
2t05). The reaction products were resolved by agarose gel electrophoresis and revealed by ethidium bromide staining. “OC” stands for the relaxed circular

form, “L” stands for linearized plasmid, and “SC” stands for supercoiled plasmid.

trum peak series using a Mascot MS/MS ion search identification
procedure was consistent with structures of cleaved and post-
translationally modified P. syringae McbA peptides shown in Fig.
2C (identification scores of 234 and 150, respectively; scores of
>76 indicate identity or extensive similarity [P < 0.05]). Mascot
search files are presented in Tables S2 and S3 in the supplemental
material.

As can be seen, both forms of modified P. syringae McbA have
identical N termini (correspond to Leu®® of P. syringae McbA).
The N termini correspond to a proteolytic event at the junction
point between the predicted leader part of P. syringae McbA (Fig.
1) and the core part containing cyclizable di- and tripeptides. Both
compounds contain eight heterocycles (four of which are present
in two fused heterocycles) but differ in their C termini. Material
from the minor HPLC peak has a C terminus matching that of the
predicted sequence of P. syringae McbA. We refer to this form as
Ps-McB1. Material from the major HPLC peak, which is referred
to as Ps-McB2, is a C-terminally truncated variant ending at Ser®’.
We refer to E. coli McB as Ec-McB. As noted above, the McbA
peptide encoded by P. syringae pv. aesculi contains a proline in-
stead of a threonine at position 60 (Fig. 1B). We introduced an
appropriate change (P60T) into cloned P. syringae pv. glycinea
mcbA and observed that E. coli cells expressing the altered P. sy-
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ringae mcb operon also produced two forms of fully modified
Ps-McB (data not shown).

Ps-McBs are biologically active and target the DNA gyrase.
Chromatographically pure Ps-McB1 and Ps-McB2 were prepared,
and their biological activity was determined by monitoring
growth inhibition zones on lawns of various tester strains (see
Materials and Methods). The results are presented in Fig. 3A and
B. Ps-McB1 was active against E. coli K-12 MG1655 and XL1-Blue
strains, but its activity was significantly lower than the activity of
equal amounts of Ec-McB (Fig. 3A and B). No activity of either
Ec-McB or Ps-McB1 was detected on XL1-Blue cells lacking sbmA
(Fig. 3A), an inner membrane transporter responsible for Ec-McB
transport (26). Deletion of ompF, a gene coding for an outer mem-
brane porin that participates in Ec-McB transport, diminished the
sensitivity of XL1-Blue cells to both Ec-McB and Ps-McB1 (Fig.
3A). Thus, Ec-McB and Ps-McBl1 enter E. coli cells through the
same pathway.

No growth inhibition zones were formed by Ps-McB1 on lawns
of MG1655 cells carrying a DNA gyrase with a Trp-to-Arg change
at position 751 of the GyrB subunit (gyrB™*7>'4"¢) (Fig. 3B) that
renders cells partially resistant to Ec-McB (25). Expression of E.
coli (Fig. 3B) or P. syringae (data not shown) mcbG from plasmids
decreased the sensitivity of MG1655 cells to Ec-McB and made
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FIG 4 Species specificity of McB action. (A) Two-microliter drops of solutions containing 200 wM Ec-McB, Ps-McB1, and Ps-McB2 were deposited onto lawns
of E. coli BL21(DE3) or P. aeruginosa PAOL. After overnight growth at room temperature, diameters of growth inhibition zones were determined. Mean values
and standard deviations obtained from three independent experiments are shown. (B) Genetic constructs expressing the chimeric microcins shown on the left
were prepared by swapping elements marked I, II, and III of E. coli and P. syringae microcins. Compounds containing the entire complement of heterocycles
(molecular masses of compounds determined by MALDI-MS are shown in the middle and correspond to compounds with a full complement of heterocycles)
were purified, and 2-pl drops of solutions containing 200 wM each compound were deposited onto lawns of E. coli MG1655 or P. aeruginosa PAO1. After
overnight growth at room temperature, diameters of growth inhibition zones were determined. Mean values and standard deviations obtained from three

independent experiments are shown on the right.

them resistant to Ps-McB1 at the concentrations used (Fig. 3B).
The results thus suggest that Ps-McB1 targets E. coli DNA gyrase.

While Ps-McB2 was inactive against E. coli MG1655, a K-12
strain, at the concentrations used, it inhibited the growth of E. coli
BL21(DE3) (Fig. 4A) and XL1-Blue (Fig. 3A), also a K-12 strain.
While BL21(DE3) may be hypersensitive to Ec-McB and Ps-McBs
due to increased expression of ompF (27), the heightened sensitiv-
ity of XL1-Blue to Ps-McB2 remains unexplained. Results ob-
tained with Ps-McB variants carrying a proline at position 60 were
identical to those reported in Fig. 3A and B (data not shown).

A plasmid carrying the P. syringae mcb operon under the con-
trol of the inducible araPy,, promoter as well as its derivatives
lacking the mcbG gene, coding for a pentapeptide immunity pro-
tein, or both mcbG and mcbEF, which code for an export pump,
were introduced into E. coli CSH50 sfiA::lacZ reporter cells (13)
carrying a genomic fusion of the LexA-dependent sfiA promoter
to the lacZ gene. When CSH50 sfiA::lacZ cells undergo the SOS
response caused by accumulation of double-stranded-DNA
breaks, they form red colonies on MacConkey agar indicator
plates due to the relief of LexA-dependent inhibition of sfiA::lacZ
fusion transcription. In the presence of arabinose, CSH50 sfiA::
lacZ cells carrying a plasmid with a complete P. syringae mcb
operon formed white colonies and cells carrying a plasmid with
mcbABCDEF genes formed pink colonies, while cells carrying the
mcbABCD plasmid formed purple colonies (Fig. 3C). A similar
result was obtained when CSH50 sfiA::lacZ carrying E. coli mcb
operon plasmids was tested (data not shown). The results thus
indicate that the P. syringae mcb operon encodes a substance that
promotes the SOS response in E. coli when the mcbEF and/or
mcbG gene is disrupted.

To show directly that Ps-McB inhibits the DNA gyrase, its ef-
fects on plasmid DNA cleavage reactions catalyzed by DNA gyrase
from E. coli or P. syringae were investigated. When DNA gyrase is
incubated with relaxed plasmid DNA in the presence of ATP and
inhibitors such as ciprofloxacin or Ec-McB, a trapped intermedi-
ate of the gyrase-catalyzed reaction, linearized plasmid DNA, is
accumulated (28). Electrophoretic analysis of the products of E.
coli or P. syringae DNA gyrase-catalyzed reactions conducted in
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the presence of 6 uM Ec-McB revealed the appearance of small
amounts of linearized plasmid (Fig. 3D, compare lanes 6 and 1). A
higher concentration of Ec-McB (30 wM) resulted in stronger ac-
cumulation of the linear DNA band (Fig. 3D, compare lanes 3 and
6). The linear DNA band observed in reaction mixtures contain-
ing 30 wM ciprofloxacin was much more prominent (Fig. 3D, lane
2), in agreement with previously reported data showing that fluo-
roquinolones are more effective inhibitors of E. coli DNA gyrase
than Ec-McB (25). Importantly, the reactions conducted in the
presence of either Ps-McB1 or Ps-McB2 were indistinguishable
from those performed in the presence of matching concentrations
of Ec-McB (Fig. 3D, compare lanes 7 and 8 with lane 6 and lanes 4
and 5 with lane 3). We therefore conclude that both forms of
Ps-McB inhibit DNA gyrase in vitro and are approximately as po-
tent as Ec-McB.

Species specificity of Ps-McB action. A P. syringae strain with
the mcb operon (P. syringae pv. glycinea B076), two strains lacking
mcb (P. syringae pv. tomato DC3000 and pv. syringae B728a), and
P. aeruginosa PAO1 were tested for susceptibility to Ps-McB1, Ps-
McB2, and Ec-McB (Fig. 4A) in plate lawn growth inhibition as-
says. E. coli BL21(DE3) cells were used as a control. Ciprofloxacin
inhibited the growth of all bacteria tested. Ec-McB inhibited the
growth of E. coli but was inactive against all Pseudomonas bacteria
tested. In contrast, both Ps-McBs inhibited the growth of P.
aeruginosa and P. syringae strains lacking the mcb operon to the
same extent, while only Ps-McB1 demonstrated activity against E.
coli K-12 MG1655. P. syringae pv. glycinea B076 was resistant to
both forms of Ps-McB. We therefore conclude that Ps-McBs, while
less potent inhibitors of the growth of E. coli than Ec-McB, are
efficient inhibitors of the growth of certain pseudomonads.

Comparison of Ec-McB and Ps-McB1 revealed three areas of
difference (Fig. 1B and 2C). First, Ec-McB contains an N-terminal
VGIG(G), sequence before the first fused heterocycle, while Ps-
McBs contain just an LG dipeptide. Second, Ec-McB contains an
S°>N** dipeptide between a thiazole heterocycle and the second
(site B) fused heterocycle, while Ps-McBs contain a G*G*G*®
tripeptide. Finally, the C-terminal tail after the last heterocycle in
Ec-McB is GSHI, while it is GTSAPDHYV in Ps-McB1 (GTS in
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Ps-McB2). In principle, any one of these differences or their com-
bination can be responsible for the extended range of Ps-McB
action. To identify the determinant(s) of the species specificity of
MCcB action, E. coli mcb and P. syringae mcb operon-based plas-
mids expressing chimeric mcbA genes were prepared. The chime-
ric variants created are schematically indicated in Fig. 4B. Three E.
coli mcb-based plasmids expressing Ec-McbA variants containing
(i) a VG dipeptide instead of the N-terminal VGIG(G), sequence,
(i) a GGG instead of S>*N*?, and (iii) C-terminal GTSAPDHV
instead of GSHI were created. In addition, three P. syringae mcb-
based plasmids expressing Ps-mcbA variants encoding (i) N-ter-
minal VGIG(G), instead of LG, (ii) SN instead of G**G**G*®, and
(iii) C-terminal GSHI instead of GTSAPDHYV were made. Com-
pounds produced by cells carrying each of these plasmids were
purified by using a standard Ec-McB purification procedure
(11), and mass spectrometric analysis confirmed that in all
cases, hybrid McBs with the full complement of heterocycles
were produced (Fig. 4B). In the case of Ec-McB with a GTSA
PDHV C-terminal tail from Ps-McbA, only one form, corre-
sponding to Ps-McB1, was produced.

Equal amounts of chimeric compounds were placed onto
lawns of P. aeruginosa PAO1 and E. coli MG1655 cells, and growth
inhibition zones were recorded. A Ps-McB-based compound with
C-terminal amino acids from E. coli McB was as active against P.
aeruginosa as the parent compound and was a more potent inhib-
itor of E. coli than Ps-McB (in fact, this compound was at least as
active as Ec-McB). Conversely, the E. coli McB-based compound
with a C-terminal tail from Ps-McB1 remained inactive against P.
aeruginosa and was less active against E. coli than Ec-McB. The
results thus suggest that C-terminally unmodified extensions can
significantly modulate the activity levels against E. coli but do not
contribute to the species specificity of McB action.

Ec-McB with a VG dipeptide instead of the N-terminal
VGIG(G), sequence was indistinguishable from wild-type Ec-
McB. Thus, although the N-terminal polyglycine sequence ap-
pears to be important for Ec-McB maturation in vitro (29), it is
dispensable for activity, as was also recently suggested by Collin et
al. (30). Furthermore, since removal of the N-terminal polygly-
cine sequence does not allow the Ec-McB-based molecule to in-
hibit Pseudomonas, it follows that it is not involved in the species
specificity of McB action. Interestingly, a Ps-McB-based molecule
containing the N-terminal VGIG(G), sequence behaved as Ec-
McB. The result suggests that the N-terminal extension of Ec-McB
blocks the ability of Ps-McB to inhibit Pseudomonas, ether directly
(by blocking the interaction of the hybrid molecule with machin-
ery responsible for transport inside Pseudomonas cells) or indi-
rectly (by masking a Ps-McB determinant of interaction with the
transport machinery).

Ps-McB carrying a Ser-Asn dipeptide instead of G*G*°G*® lost
the ability to inhibit either E. coli MG1655 or P. aeruginosa [how-
ever, this compound still inhibited the growth of the more sensi-
tive E. coli BL21(DE3) cells (data not shown)]. Most importantly,
Ec-McB with three glycines instead of S>>N°’ retained the ability to
efficiently inhibit the growth of E. coli MG1655 and simultane-
ously acquired the ability to inhibit P. aeruginosa. We conclude
that the presence of the central GGG tripeptide is both necessary
and sufficient for inhibitory activity of McB-like compounds
against Pseudomonas.
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DISCUSSION

In this work, we characterized microcin B-like compounds en-
coded by some P. syringae strains. While the mcb genes are tran-
scribed in P. syringae, we failed to detect production of microcin
B-like compounds. On the other hand, the resistance of P. syringae
pv. glycinea B076, but not of P. syringae lacking mcb, to Ps-McB
suggests that there may be enough mcbEFG of P. syringae pv. gly-
cinea B0O76 products expressed to account for resistance.

Production of two Ps-McB variants was readily observed when
the plasmid-borne P. syringae mcb operon was introduced into a
heterologous expression host, E. coli. The compounds produced
in E. coli contain the full complement of heterocycles and inhibit
DNA gyrase—either from E. coli or from P. syringae—in vitro.
Ps-McBs enter E. coli through the same route as E. coli McB, but
their antibacterial activity is lower, probably due to decreased up-
take efficiency. In the case of Ec-McB, the N terminus of the ma-
ture compound is formed upon cleavage between the leader and
the modified core part of the molecule and requires the products
of the E. coli tldD and tldE genes, which probably encode pro-
teases. The fact that the N terminus of heterologously expressed
Ps-McB is also located at the junction site between the leader and
the core part suggests that E. coli TIdD/E may be involved in the
cleavage of the modified Ps-McbA precursor. The tldD and tldE
genes are highly conserved in eubacteria and archaea and are pres-
ent in P. syringae. P. syringae T1dD and TIdE may be involved in
Ps-McB maturation. However, since the specificity of these pro-
teins is unknown, it is possible that the N termini of naturally
produced Ps-McBs are different from those produced in surrogate
hosts.

The uncertainty about their N termini notwithstanding, the
heterologously produced Ps-McBs are biologically active and in-
hibit the growth of P. syringae strains lacking the mcb operon and
of the human pathogen P. aeruginosa. Ec-McB is inactive against
these organisms. The species specificity of McB action resides in
the centrally located region of the peptide, occupied by Ser’* and
Asn®® in Ec-McB and Gly", Gly"®, and Gly*® in Ps-McBs. Since
both Ec-McB and Ps-McB are equally active against E. coli or P.
syringae DNA gyrase in vitro, it follows that Ec-McB is unable to
enter Pseudomonas. Pseudomonas genomes do not encode a rec-
ognizable homolog of SbmA (data not shown), which in E. coli is
essential for sensitivity to Ec-McB. Another unrelated inner mem-
brane transporter(s) is therefore responsible for Ps-McB importin
Pseudomonas. Apparently, this transporter specifically recognizes
the three consecutive glycines in the central part of Ps-McB but is
unable to recognize Ser>* and Asn* of Ec-McB, thus making Pseu-
domonas cells resistant to the latter. Since bioinformatics analysis
is unable to pinpoint a Pseudomonas transporter responsible for
Ps-McB sensitivity, its identification must await the results of ge-
netic analysis. The system of Ps-McB production in the heterolo-
gous E. coli host described here allows the production of ample
amounts of biologically active Ps-McB, which should facilitate the
identification of the transport system. Bacteria of the Pseudomo-
nas genus are surprisingly well endowed with operons coding for
microcin B-like compounds. In addition to the Ps-McBs studied
here, closely related operons have been detected in fully or par-
tially sequenced genomes of P. putida KT2440 (2), P. fluorescens A506
(GenBank accession number CP003041), P. fluorescens NZ052 (ac-
cession number NZ_AJXH00000000), P. fluorescens BS2 (accession
number NZ_AMZG00000000), P. pseudoalcaligenes KF707 (acces-
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sion number AJMR01000000), and P. tolaasii NCPPB 2192 (acces-
sion number AJXK01000000). These operons contain a clearly rec-
ognizable cluster of mcbABCDEF genes but lack the distal mcbG
gene, encoding the McB self-immunity protein. The McbA pro-
peptides differ significantly from E. coli or P. syringae McbA poly-
peptides; in particular, they do not contain GlySerCys and Gly-
CysSer tripeptides, which are modified into oxazole-thiazole and
thiazole-oxazole fused heterocycles, respectively, thought to be
important for activity of Ec-McB (11). Characterization of com-
pounds encoded by these operons and their targets and entry
pathways as well as physiological analysis of microcin-like
compound production are currently ongoing in our labora-
tory.
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