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Antimicrobial peptides (APs) are important components of the innate defenses of animals, plants, and
microorganisms. However, some bacterial pathogens are resistant to the action of APs. For example, Proteus
mirabilis is highly resistant to the action of APs, such as polymyxin B (PM), protegrin, and the synthetic
protegrin analog IB-367. To better understand this resistance, a transposon mutagenesis approach was used
to generate P. mirabilis mutants sensitive to APs. Four unique PM-sensitive mutants of P. mirabilis were
identified (these mutants were >2 to >128 times more sensitive than the wild type). Two of these mutants were
also sensitive to IB-367 (16 and 128 times more sensitive than the wild type). Lipopolysaccharide (LPS) profiles
of the PM- and protegrin-sensitive mutants demonstrated marked differences in both the lipid A and O-antigen
regions, while the PM-sensitive mutants appeared to have alterations of either lipid A or O antigen. Matrix-
assisted laser desorption ionization–time of flight mass spectrometry analysis of the wild-type and PM-
sensitive mutant lipid A showed species with one or two aminoarabinose groups, while lipid A from the PM-
and protegrin-sensitive mutants was devoid of aminoarabinose. When the mutants were streaked on an
agar-containing medium, the swarming motility of the PM- and protegrin-sensitive mutants was completely
inhibited and the swarming motility of the mutants sensitive to only PM was markedly decreased. DNA
sequence analysis of the mutagenized loci revealed similarities to an O-acetyltransferase (PM and protegrin
sensitive) and ATP synthase and sap loci (PM sensitive). These data further support the role of LPS modifi-
cations as an elaborate mechanism in the resistance of certain bacterial species to APs and suggest that LPS
surface charge alterations may play a role in P. mirabilis swarming motility.

Antimicrobial peptides (APs), both natural and synthetic,
are of increasing interest as antibacterial agents. These pep-
tides are natural defense mechanisms of many plants, animals,
and microorganisms. Most APs are cationic, amphipathic mol-
ecules of typically 12 to 45 amino acid residues and have a
broad spectrum of activity against bacteria and fungi. In gram-
negative bacteria, APs bind to the negatively charged residues
of the lipopolysaccharide (LPS) of the outer membrane. These
peptides can then transverse the membrane and cause the
formation of pores or solubilization of the inner membrane.

In recent years, these peptides have been isolated from nu-
merous organisms. Based on their structures, APs can be di-
vided into five broad categories (for recent reviews, see refer-
ences 1, 12, and 22). Insect cecropins and amphibian magainins
are the prototypes of the most-studied group, which consist of
linear peptides that form a-helices devoid of cysteine residues.
APs with a high content of one or two amino acids, particularly
proline and glycine, such as insect drosocin and human histatin
I, constitute the second class. The most diverse and widely
distributed group is the cystine-rich peptides. This group in-
cludes the cysteine-stabilized ab (CSab) motif of the insect
defensins and the b-sheet structures of the porcine protegrins
and amphibian tachyplesins. A fourth class of APs recognized
recently consists of macrocyclic peptides with tridisulfide struc-
ture, such as RTD-1 in primates, and macrocyclic peptides

devoid of disulfides, such as AS-48 produced by Enterococcus
faecalis and J25 from Escherichia coli. Although the peptides in
this fourth group share common structures and are positively
charged, they vary considerably in chain length, hydrophobic-
ity, and distribution of charges. The last group consists of
peptides with unique structure, such as polymyxin B (PM),
which possesses a fatty acid attached through an amide linkage
and a seven-member ring structure composed mainly of diami-
nobutyric acid.

Protegrins, as mentioned above, belong to the cysteine-rich
class of APs. This family of APs was originally isolated from
porcine leukocytes, and five native sequences (PG-1 to PG-5)
have been characterized (35, 39) and found to have a broad
spectrum of activity. Protegrins consist of 16 to 18 amino acids
with multiple arginine residues making them highly cationic
and two disulfide bonds forming a b-sheet (2, 18). Synthetic
protegrins, such as IB-367, show improved bactericidal and
fungicidal properties compared to those of native PG-1 under
certain conditions (27).

Both gram-negative and gram-positive bacteria have devel-
oped mechanisms of resistance to these antimicrobial peptides.
The sap genes, which encode proteins similar to those involved
in ATP-binding cassette (ABC) transport systems and K1

transporters, have been shown to be important in AP resis-
tance in Salmonella enterica serovar Typhimurium, Vibrio fis-
cheri, and Erwinia chrysanthemi (8, 26, 29, 30). The outer mem-
brane protein OmpT has been shown to proteolytically cleave
APs in E. coli and S. enterica serovar Typhimurium (14, 36).
Neisseria gonorrhoeae possesses an energy-dependent efflux
pump (mtr), the loss of which resulted in increased suscepti-
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bility to PG-1 and the a-helical human AP LL-37 (32). Fur-
thermore, bacteria including S. enterica serovar Typhimurium,
Proteus mirabilis, Klebsiella pneumoniae, Burkholderia cepacia,
Pseudomonas aeruginosa, and E. coli add covalent modifica-
tions to their LPS, which has been shown or is proposed to
affect AP resistance (5, 9, 10, 19, 28). In S. enterica serovar
Typhimurium, heptaacylated lipid A formed by the PhoP-
PhoQ-regulated addition of palmitate leads to decreased
membrane permeability and increased resistance to (mainly)
a-helical peptides (16, 17). Other LPS additions include the
PmrA-PmrB-regulated modifications of the phosphate groups
of the LPS core and lipid A with phosphoethanolamine and
modification of the 49 (and sometimes the 19) phosphate of
lipid A with aminoarabinose (16, 20, 38, 40). The addition of
phosphoethanolamine and aminoarabinose reduces the elec-
trostatic interactions between the LPS and APs such as PM.
Aminoarabinose LPS modification has been shown to be in-
volved in PM resistance in S. enterica serovar Typhimurium, P.
aeruginosa, and P. mirabilis (5, 10, 15, 24).

P. mirabilis has been identified as the causative pathogen in
many different infections including meningitis in children and
chronic otitis media, a disease characterized by mucopurulent
otorrhea. The most common diseases caused by this organism
are urinary tract infections (primarily catheter induced) and
bladder and kidney stones. The high resistance of P. mirabilis
to APs, such as PM and protegrins, may play a role in the
virulence of this organism at mucosal surfaces. Therefore, we
undertook a transposon mutagenesis approach to identify
genes necessary for resistance to APs in P. mirabilis.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Plasmids and bacterial strains used in
this study are described in Table 1. Cultures were grown at 37°C in Luria-Bertani
(LB) broth or on LB agar plates. For P. mirabilis mutagenesis, the following
antibiotics and concentrations were used: rifampin, 100 mg/ml; chloramphenicol,
175 mg/ml; and PM, 400 mg/ml. For all other work, the antibiotics ampicillin (50
mg/ml) and chloramphenicol (45 mg/ml) were used. All antibiotics (including
gentamicin, nisin, novobiocin, PM, tetracycline, tobramycin, and vancomycin
used in MIC assays) were purchased from Sigma (St. Louis, Mo.). IB-255,
IB-256, IB-332, IB-352, IB-355, and IB-367 were synthesized by IntraBiotics
Pharmaceuticals, Inc.

Mini-Tn5 mutagenesis. P. mirabilis BB2000 was mutagenized with a mini-Tn5
transposon conferring chloramphenicol resistance as previously described (3).
Transconjugates were plated onto agar plates containing rifampin and chloram-
phenicol. Approximately 6 3 103 rifampin- and chloramphenicol-resistant P.

mirabilis colonies were obtained from five separate matings. PM-sensitive mu-
tants were identified by replica plating mini-Tn5 mutants on plates containing
Mueller-Hinton broth (MHB) (10.5 g/liter), 1% agarose, and 400 mg of PM per
ml. This MHB-agarose medium inhibits the swarming motility of P. mirabilis
without affecting the activity of PM. Those mutants unable to grow on the plates
containing PM were further analyzed.

Cloning of mutated genes. To obtain the DNA adjacent to the mini-Tn5
insertion, chromosomal DNA from each mutant was digested with PstI. PstI does
not cut within the mini-Tn5 transposon; therefore, plasmids containing the PstI
fragment of interest were identified by transformation into E. coli DH5a and
selection on plates containing Luria broth, ampicillin, and chloramphenicol.
Approximately 400 bp of sequence was generated using primer JG258 located at
the I-end of the transposon (59-CCATTGCTGTTGACAAAGGG-39). From the
sequence information, primers were designed and used to PCR amplify a frag-
ment of DNA specific for each mutant. The chromosomal DNA region contain-
ing the desired wild-type DNA locus was cloned from a HindIII gene bank. The
correct clone was identified by PCR amplification with the primers that were
used to amplify the probe.

MIC assay. MICs were determined in a liquid medium essentially by the
procedure of Steinberg et al. (34).The peptides (starting concentration 10 times
the final concentration) were diluted (twofold serial dilutions) in 0.1% acetic acid
and 0.02% bovine serum albumin. Eleven microliters of peptide was added to
100 ml of bacterial culture (between 104 and 105 CFU/ml), and the mixture was
incubated at 37°C for 18 h. The MIC was defined as the lowest antimicrobial
concentration at which no visible growth occurred. The peptides synthesized at
IntraBiotics Pharmaceuticals, Inc., undergo rigorous quality control including
amino acid analysis, high-performance liquid chromatography, and bioassays for
potency.

Preparation and analysis of LPS. LPS was prepared by whole-cell microex-
traction using proteinase K digestion (21). LPS profiles were analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 15% acryl-
amide gels. The gels were stained with silver by the method of Tsai and Frasch
(37).

Analysis of lipid A modifications. LPS from the wild type and the PM-sensitive
mutants (JSG945 to JSG948) was isolated by a modified phenol-water technique
(23). Lipid A was extracted from LPS samples with detergent and mild acid by
the method of Caroff et al. (7). For analysis of lipid A by paper chromatography,
1 mg of purified sample was treated with 0.5 N HCl for 18 h at 37°C, lyophilized,
and spotted onto Whatman 3MM filter paper in a 10-ml volume. Samples were
run in a descending fashion in a solvent system of isopropanol-ethyl acetate-
water (7:1:2). Aminoarabinose was detected as an orange spot after staining with
ninhydrin.

Mass spectrometry analysis of lipid A. Lipid A samples were analyzed by
matrix-assisted laser desorption ionization–time of flight (MALDI-TOF) mass
spectrometry. The data were acquired using Perceptive Biosystems’ Voyager DE
mass spectrometer. The accelerating voltage was set at 20,000, with a grid voltage
of 93%, and a guide wire voltage of 0.001. The laser was fired in the negative-ion
mode with delayed extraction of 75 ns. Twenty-five to 50 scans were averaged for
each acquisition. A CMBT (5-chloro-2-mercaptobenzothiazole) matrix was pre-
pared at 20 mg/ml in chloroform-methanol (1:1). Lipid A and matrix solutions
were added to the MALDI sample plate and allowed to dry. The machine was

TABLE 1. Bacteria and plasmids used in this study

Strain or plasmid Relevant genotype or phenotype Reference or source

P. mirabilis
BB2000 (JSG785) Spontaneous Rifr mutant; PMr protegrin resistant 3
JSG945 BB2000 derivative; PMs protegrin sensitive This study
JSG946 BB2000 derivative; PMs protegrin sensitive This study
JSG947 BB2000 derivative; PMs protegrin resistant This study
JSG948 BB2000 derivative; PMs protegrin resistant This study

E. coli DH5a Stratagene

Plasmids
pBluescript KS1 Ampr; cloning vector Stratagene
pUT/mini-Tn5(Cam) Ampr Camr 3
pWSK29 Ampr; cloning vector 11
pWSK30 Ampr; cloning vector 11
pWSK945 Ampr; 4.5-kb clone of the WT region surrounding the JSG945 Tn5 insertion This study
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calibrated with an external standard (angiotensin I) before and after the lipid A
sample was run to ensure no drift had occurred.

Nucleotide sequence accession number. The P. mirabilis JSG945 chromosomal
region containing the transposon-disrupted gene has been submitted to Gen-
Bank data bank under accession number AY029614.

RESULTS

Isolation of PM-sensitive P. mirabilis mutants. In order to
identify loci involved in the innate resistance of P. mirabilis to
APs, P. mirabilis BB2000 was mutagenized with a mini-Tn5
transposon. Mini-Tn5 transposons have been used previously
to mutagenize P. mirabilis, and the insertions in the P. mirabilis
chromosomal DNA were shown to be both random and stable
(3). From replica platings of 6,000 Rifr Camr mini-Tn5 mutants
from five independent matings, four PM-sensitive strains were
identified (JSG945, JSG946, JSG947, and JSG948). All four
strains were shown by Southern blot analysis to contain a single
mini-Tn5 on the chromosome (data not shown).

The MICs of polymyxin and numerous other APs and anti-
biotics for wild-type P. mirabilis and the four mutants were
determined (Table 2). The MICs of polymyxin for the four
mutants showed that the mutants were .2 to .128 times more
sensitive than the wild type. Interestingly, JSG947 and JSG948
are more sensitive to PM on solid agar than in liquid, as these
strains do not grow on plates containing 400 mg of PM per ml,
but their MICs are 1,600 mg/ml (JSG947) and 3,200 mg/ml
(JSG948) in liquid media. Two of the four PM-sensitive mu-
tants (JSG945 and JSG946) were also sensitive to protegrin
analogs (IB-332, -352, -355, and -367) and polyphemusin II
(IB-256). These two mutants were 16 (JSG945) and 128
(JSG946) times more sensitive to the action of the protegrin
analog IB-367 than the parental P. mirabilis strain (JSG785
[BB2000]). IB-367, containing two fewer residues between
both the amino- and carboxy-terminal cystines, was the most-
active peptide tested. There was no significant effect of any of

the peptides tested on the PMs mutants JSG947 and JSG948.
In addition, there was little increased sensitivity of the four
PMs mutants to the antibiotics tobramycin, gentamicin, nisin,
and tetracycline, but all mutants were more sensitive to van-
comycin and novobiocin. Therefore, in general, JSG945 and
JSG946 were sensitive to PM and protegrin analogs, while
JSG947 and JSG948 had reduced resistance only to PM.

The P. mirabilis AP-sensitive mutants have altered LPS pro-
files. Because LPS defects have been shown to result in AP
sensitivity for a number of bacteria, we examined our AP-
sensitive mutants for such defects. Silver-stained SDS-PAGE
profiles (Fig. 1) showed that each mutant contained an LPS
having an O-antigen ladder. Therefore, the PM sensitivity of
these mutants is not due to incomplete formation of the LPS
(rough phenotype). The migration patterns of lipid A-core and
O-antigen regions from strains JSG945 and JSG946 (PM and
protegrin sensitive) were different from those of the parent
strain BB2000, whereas either the O-antigen region of JSG947
or the lipid A-core region of JSG948 appear to be altered.
From this analysis, it is not clear whether the aberrant migra-
tions are due to sugar alterations, lipid A alterations, or dif-
ferent LPS modifications.

Mass spectrometry analysis of lipid A from P. mirabilis
AP-sensitive mutants. We further examined the lipid A region

FIG. 1. LPS SDS-PAGE profiles of the wild-type (WT) P. mirabilis
strain and the AP-sensitive mutants. O-antigen and lipid A-core re-
gions are marked. Note the alterations in the lipid A-core regions of
JSG945, JSG946, and JSG948 and the altered O-antigen banding pat-
terns of JSG945, JSG946, and JSG947.

TABLE 2. MICs of the parent P. mirabilis strain and the four
AP-sensitive mutants

Antimicrobial
compound

MIC (mg/ml)a for strain:

JSG785 JSG945 JSG946 JSG947 JSG948

PM .6,400 20 5 1,600 3,200
IB-367b 100 6.25 0.78 100 100
IB-255c .420 .420 .420 .420 .420
IB-256d 640 80 6.7 640 640
IB-332e .440 440 110 .440 .440
IB-352f .600 150 37.5 600 600
IB-355g 600 38 18.8 150 300
Novobiocin .1,000 250 63 250 125
Tetracycline 31 15 63 31 31
Vancomycin .1,000 250 250 500 500
Gentamicin 1 0.5 0.5 0.75 0.75
Tobramycin 1 0.5 0.5 0.5 0.75
Nisin .2,000 .2,000 .2,000 .2,000 .2,000

a MIC is defined as the lowest concentration of antimicrobial compound that
completely inhibited visually observable bacterial growth.

b IB-367 is a protegrin analog (NH2-RGGLCYCRGRFCVCVGR-CONH2).
c IB-255 is a synthetic analog of polyphemusin (NH2-RRWCYRKCYKGYC

YRKCR-CONH2).
d IB-256 is polyphemusin II (NH2-RRWCRFVCYKGFCYRKCR-CONH2).
e IB-332 is a tachytegrin (NH2-RGGCRLYCRRRFCVVGCR-CONH2).
f IB-352 is a tachytegrin (NH2-RGRVCLRYCRGRFCVRLCFR-CONH2).
g IB-355 is a tachytegrin (NH2-RGGRVCLRYCRGKFCVRLCLR-CONH2).
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of the LPS from each mutant by mass spectrometry. Mass
spectrometry has been used previously to identify the presence
of aminoarabinose in both the core and lipid A of P. mirabilis
and the lipid A of organisms such as S. enterica serovar Typhi-
murium (16, 20, 33, 38). Figure 2A shows the previously pro-
posed structure of P. mirabilis lipid A (33), which has a mo-
lecular weight of 1,960. In the wild-type lipid A spectrum, three
main peaks are observed (Fig. 2B). Peak m/z 1960 is represen-
tative of the proposed lipid A structure, which has aminoarabi-
nose on the 49 phosphate. The peak at m/z 1828 corresponds to
the loss of aminoarabinose (m/z 131) from lipid A, while the
addition of a second aminoarabinose moiety to the structure
results in the peak at m/z 2092. Lipid A from strains JSG947
and JSG948 (PM sensitive) also contains one or two amino-
arabinose moieties (m/z 1960 and 2092), but there may be less
aminoarabinose on the lipid A from these two mutant strains
than in the wild-type strain. Lipid A from JSG945 and JSG946
(PM and protegrin sensitive) is devoid of aminoarabinose (loss
of peaks at m/z 1960 and 2092). Besides the peak at m/z 1880
(which probably reflects the loss of myristate from lipid A at
m/z 2092), the chemical compositions of the other observed
peaks are unknown. Paper chromatography was also per-
formed to examine aminoarabinose addition. These studies
confirmed what was observed for aminoarabinose by mass
spectrometry (data not shown).

DNA sequence analysis of P. mirabilis AP-sensitive mutants.
Chromosomal DNA from each of the four mutants was iso-
lated to clone the DNA flanking the mini-Tn5. The DNA was
digested with PstI (which does not digest within the transpo-
son) to produce fragments containing the mini-Tn5(Cam)
transposon and flanking P. mirabilis chromosomal DNA. Upon
identification of chloramphenicol-resistant clones, a primer
specific to the I-end of the transposon was used to sequence
each of the four plasmid clones. Approximately 400 to 600 bp
of sequence was obtained and used to search the protein and
DNA sequence database.

P. mirabilis JSG945 contains a transposon integration in a
gene whose product is similar to a putative acetyltransferase in
Bacteroides fragilis and the LacA galactoside-O-acetyltrans-
ferase in E. coli. These acetyltransferases belong to the CysE-
LacA-NodL family of acetyltransferases, which acetylate a va-
riety of substrates including antibiotics, sugar moieties, and
serine residues (25). The P. mirabilis O-acetyltransferase iden-
tified in this study and other acetyltransferases of this family
contain highly conserved regions at their carboxy termini (Fig.
3B).

P. mirabilis JSG947 has a transposon integration in a gene
whose product is similar to ATP synthases. The gene contain-
ing the transposon integration in JSG948 encodes a product
homologous to the SapD proteins of bacteria including Salmo-
nella and Erwinia spp. (26, 30). sapD is part of an operon whose
products exhibit similarity to the ABC family of transporters
shown to be important in resistance to APs such as melittin and
protamine. Unfortunately, the gene product disrupted by the
transposon insertion in JSG946 could not be determined, as
the entire pUT delivery plasmid carrying the transposon re-
combined onto the chromosome. However, available data in-
cluding MICs, LPS profiles, and Southern blot analysis (data
not shown) suggest that JSG945 and JSG946 contain insertions
in the same chromosomal region.

A 4.5-kb wild-type clone was identified for the region sur-
rounding the mini-Tn5 in P. mirabilis JSG945. DNA sequence
analysis showed this clone to contain the entire disrupted open
reading frame. The region immediately upstream contained an
open reading frame homologous to the P. aeruginosa WbpS
and Vibrio cholerae WbfR gene products, which are thought to
be involved in LPS O-antigen synthesis. The downstream gene
shows no significant similarity to sequences in GenBank. At-
tempts to use this cloned fragment in complementation exper-
iments were unsuccessful due to the multiple antibiotic resis-
tance of JSG945, resulting in the inability to select for the
transformed plasmid and the relatively high frequency of re-
version of the PM-sensitive phenotype when attempting to
select directly for the complementing phenotype (increased
PM resistance). Although we were unable to perform plasmid
complementation experiments, upon examination of the spon-
taneous revertants, many had lost the chloramphenicol resis-
tance (associated with the transposon) and had regained the
wild-type P. mirabilis lipid A band as assayed by SDS-PAGE
(data not shown). These data suggest that the defect in both
PM resistance and LPS was due to the mini-Tn5 insertion.

P. mirabilis AP-sensitive mutants are defective in swarming
motility. P. mirabilis displays a form of multicellular behavior
called swarming, in which typical vegetative rods differentiate
into long hyperflagellate swarm cells that undergo rapid and
coordinated population migration across surfaces. It was ob-
served that PM- and protegrin-sensitive mutants (JSG945 and
JSG946) were completely unable to swarm, while the PM-
sensitive, protegrin-resistant mutants (JSG947 and JSG948)
exhibited only weak swarming ability (Fig. 4). Therefore, the
LPS defects or other unknown phenotypic effects of the trans-
poson insertions in these mutants abolish or dramatically re-
duce Proteus swarming.

DISCUSSION

In recent years, much interest has been focused on APs as
therapeutic agents, as they are often the first line of defense for
animals, plants, and microorganisms. Both gram-positive and
-negative bacteria possess mechanisms of resistance to the
action of many APs, and one important mechanism of resis-
tance to APs in gram-negative bacteria involves the modifica-
tion of LPS. These modifications include the addition of
charged moieties to the core and lipid A. Alteration of the
acylation status of lipid A has also been shown to affect resis-
tance to APs. Until now, LPS modifications have not been
identified as playing a role in resistance to b-sheet APs. In fact,
although several pathogenic bacteria are relatively resistant to
the effects of b-sheet APs, such as the defensins, until this
study, a b-sheet AP resistance mechanism had not been iden-
tified in any microorganism.

We have identified three P. mirabilis loci that are necessary
for resistance to PM with one also necessary for resistance to
protegrin (IB-367), a b-sheet AP. P. mirabilis JSG948, whose
resistance was decreased only to PM, contained a transposon
insertion in a gene homologous to the sapD locus. In S. enterica
serovar Typhimurium, the sapABCDF operon was found to be
necessary for resistance to some APs, including melittin and
protamine, but strains with mutations in this locus remained
resistant to defensins (b-sheet APs) (13, 29). Similar to what
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was observed in Salmonella, the P. mirabilis sap mutant was
involved in resistance to PM but not the b-sheet AP protegrin.
Thus, this family of transporters appears to be specifically
involved in the resistance to a-helical and other non-b-sheet
peptides. It is not clear why LPS defects (O antigen and pos-
sibly lipid A) were observed in this mutant based on the pre-
dicted roles of these proteins as an ABC transport system. A
possible explanation is that these Sap proteins indirectly affect
the biosynthesis or modification of LPS through interactions
with LPS precursors or other proteins involved in constructing
LPS in the inner membrane.

The gene containing the transposon insertion in P. mirabilis
JSG947 produces a product with similarity to a member of the
A subunit of the F1F0 ATPase. With a deficiency in the ability
to produce ATP by oxidative phosphorylation, this strain may
have less energy reserved to repair cell damage caused by the
APs. However, this does not explain why the AP sensitivity was
selective, because JSG947 is still resistant to the action of
protegrins. Also not clearly explained is why an ATPase mu-
tant would possess defects in LPS, as the O-antigen banding
pattern of this strain was different from that of the wild-type
strain. Interestingly, in two-dimensional gel experiments exam-
ining Salmonella proteins that increased or decreased in abun-
dance by the addition of APs, one of the affected proteins was
also shown to be a subunit of the F1F0 ATPase (31). Therefore,

it appears that proper maintenance of ATP levels in the cell
may be important in resistance to these APs.

It was found that the mutation in P. mirabilis JSG946 was not
formed by just the mini-Tn5 but by the entire delivery plasmid
and transposon. This had been shown to occur at a relatively
high frequency in previous P. mirabilis work with this transpo-
son delivery system (3). Based on the phenotypes of the mu-
tants and the results of Southern blot experiments, JSG945 and
JSG946 appear to contain insertions in the same chromosomal
region. Because there are slight differences in the MICs of
some APs for JSG945 and JSG946, it is possible that the
insertions are in adjacent genes that have slightly different
effects on AP resistance. It is also possible that the insertions
are in different locations in the same gene, which may also have
differential effects on the MICs. Because of the inherent dif-
ficulties in analyzing the insertion site in JSG946 and the sim-
ilarity between the phenotypes of these two strains, only
JSG945 was further characterized.

The transposon insertion in strain JSG945 (which resulted in
a 320- and 16-fold decrease in resistance to polymyxin and
protegrin, respectively) was found to be located in a gene
producing a putative O-acetyltransferase. This putative O-ace-
tyltransferase belongs to the CysE-LacA-NodL family of acety-
lases, which act upon a wide variety of substrates (25). The
putative acetyltransferase identified in this study is necessary

FIG. 3. Analysis of the Tn5-disrupted locus of P. mirabilis JSG945. (A) Approximately 1.5 kb of sequence surrounding the Tn5 insert in JSG945
was obtained from a 4.5-kb fragment. GenBank comparison identified three loci, including the O-acetyltransferase that was disrupted by the Tn5
transposon. WbpS and WbfR are thought to be involved in O-antigen synthesis. orf, open reading frame. (B) PatA, the putative O-acetyltrans-
ferase, is a member of the CysE-LacA-NodL family of acetyltransferases. This and other acetyltransferases of this family are aligned in one highly
conserved amino-terminal region to show protein sequence homology. Groups of amino acids with strong similarity are boxed, and amino acids
that are 100% conserved within the aligned sequences are indicated by white lettering on a black background.
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for the addition of aminoarabinose to lipid A in P. mirabilis, as
JSG954 LPS was shown by mass spectrometry and paper chro-
matography to be devoid of aminoarabinose. Several genes
have been isolated in S. enterica serovar Typhimurium that are
necessary for the addition of aminoarabinose to lipid A (15),
but none of these genes appear to be acetyltransferases. The
mechanism by which this acetylation is needed for aminoarabi-
nose addition is unknown, but it is possible that (i) this inser-
tion has caused a polar effect on the transcription of down-
stream genes that are necessary for the biosynthesis or addition
of aminoarabinose, (ii) acetylation of the O antigen is neces-
sary before aminoarabinose can be added to the LPS, or (iii)
this gene product is not an O-antigen acetylase but is involved
in the biosynthesis or addition of aminoarabinose to LPS. S.
enterica serovar Typhimurium mutants devoid of aminoarabi-
nose on lipid A remain resistant to b-sheet APs, but the loss of
aminoarabinose (and likely O acetylation) from the LPS of P.
mirabilis renders it sensitive to the b-sheet AP protegrin. Thus,
O acetylation may be the LPS modification necessary for re-
sistance to b-sheet APs in P. mirabilis. These data represent
the first identification of a nonregulatory bacterial gene and a
potential mechanism necessary for resistance to a b-sheet AP.

It was observed that P. mirabilis JSG945 and JSG946 (PM
and protegrin sensitive) were unable to swarm on agar sur-
faces. In addition, the swarming abilities of JSG947 and
JSG948 (PM and protegrin sensitive) were severely defective.

It had been previously observed in P. mirabilis that mutations
in the O antigen of the LPS, creating rough mutants, altered
swarming motility (4). The O antigen was also shown to be
necessary for Myxococcus xanthus S motility (6). Because all of
our mutants display alterations in lipid A or O antigen of the
LPS, we hypothesize that a smooth, properly modified LPS is
necessary for swarming motility in P. mirabilis. Because ami-
noarabinose is positively charged, alterations in LPS modifica-
tion with this molecule may affect the surface charge necessary
for cell-cell or cell surface interactions important in swarming
motility.

Because APs represent a unique class of antibiotics, they are
currently being tested as such in humans for a number of
indications. However, before this type of treatment becomes
common, it is important to understand how microorganisms
resist the action of APs. This study adds to the growing list of
resistance mechanisms identified in various gram-negative or-
ganisms implicating LPS modifications as a major focal point.
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FIG. 4. Swarming motility of the parental P. mirabilis strain and the AP-sensitive mutants. Agar plates inoculated in a single vertical line with
P. mirabilis wild-type (WT) strain (JSG785 [BB2000]) or the AP-sensitive mutants. While the wild-type strain swarmed across the agar surface in
a typical wavelike pattern, the mutants were either completely defective (JSG945 and JSG946) or severely defective (JSG947 and JSG948; note
the blebs of swarming from the inoculum) in swarming ability.
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