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Surface-Localized Spermidine Protects the Pseudomonas aeruginosa
Outer Membrane from Antibiotic Treatment and Oxidative Stress

Lori Johnson, Heidi Mulcahy, Uliana Kanevets, Yan Shi, and Shawn Lewenza

Department of Microbiology, Immunology and Infectious Diseases, University of Calgary, Calgary, Alberta, Canada

Extracellular DNA acts as a cation chelator and induces the expression of antibiotic resistance genes regulated by Mg?™ levels.
Here we report the characterization of novel DNA-induced genes in Pseudomonas aeruginosa that are annotated as homologs of
the spermidine synthesis genes speD (PA4773) and speE (PA4774). The addition of sublethal concentrations of DNA and
membrane-damaging antibiotics induced expression of the genes PA4773 to PA4775, as shown using transcriptional lux fusions
and quantitative RT-PCR. Exogenous polyamine addition prevented DNA- and peptide-mediated gene induction. Mutation of
PA4774 resulted in an increased outer membrane (OM) susceptibility phenotype upon polymyxin B, CP10A, and gentamicin
treatment. When the membrane-localized fluorescent probe C,,-BODIPY>81/>°1 was used as an indicator of peroxidation of
membrane lipids, the PA4774::lux mutant demonstrated an increased susceptibility to oxidative membrane damage from H,O,
treatment. Addition of exogenous polyamines protected the membranes of the PA4774::lux mutant from polymyxin B and H,0,
treatment. Polyamines from the outer surface were isolated and shown to contain putrescine and spermidine by using high-
performance liquid chromatography and mass spectrometry. The PA4774::lux mutant did not produce spermidine on the cell
surface, but genetic complementation restored surface spermidine production as well as the antibiotic and oxidative stress resis-
tance phenotypes of the membrane. We have identified new functions for spermidine on the cell surface and propose that poly-
amines are produced under Mg?*-limiting conditions as an organic polycation to bind lipopolysaccharide (LPS) and to stabilize

and protect the outer membrane against antibiotic and oxidative damage.

Pxeudomonas aeruginosa is a Gram-negative opportunistic
pathogen that is able to cause chronic infections, including
wound infections, otitis media, chronic sinusitis, and lung infec-
tions in persons with cystic fibrosis (CF) (29, 53, 56). Chronic
infections are proposed to be caused by bacterial biofilms, and
there is strong evidence to suggest that P. aeruginosa grows as a
biofilm in the lungs during chronic infections in CF patients (11,
46, 53). P. aeruginosa is also a major cause of hospital-acquired
infections, many of which are due to biofilm colonization of med-
ical implant devices or respirators (14). This opportunistic patho-
gen possesses high levels of intrinsic antibiotic resistance due to
reduced outer membrane permeability, drug inactivation, drug
efflux, and mechanisms involving target site mutation (17, 20).
However, P. aeruginosa surface-adherent biofilms are 4- to 2,500-
fold more resistant to various antimicrobial agents than free-
floating planktonic cultures (1, 7,49, 51). Biofilms are multicellu-
lar, surface-associated, microbial communities encased in an
extracellular matrix that displays a complex three-dimensional
structure and has increased resistance to antimicrobials, environ-
mental stresses, and the host immune response (3, 12, 25). Bacte-
ria growing in a biofilm can evade the host immune response and
antibiotic therapy, complicating the treatment process and lead-
ing to the development of chronic infections (11, 46, 53).
Gram-negative bacteria possess an outer membrane (OM),
which functions as a permeability barrier to extracellular com-
pounds. The asymmetric outer membrane is composed of lipo-
polysaccharides (LPS) in the outer leaflet and phospholipids in the
inner leaflet. LPS is stabilized by the binding of divalent cations
such as Mg?* and Ca?*, which bind neighboring LPS molecules
such that displacement of the cations results in destabilization and
major disruptions of the cell membrane integrity, ultimately lead-
ing to cell death (19). One mechanism of antibiotic resistance
involves modifications of LPS that reduce the binding and pene-
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tration of cationic antimicrobial peptides. The aminoarabinose
LPS modification operon arnBCADTEF-ugd is controlled by the
PhoPQ and PmrAB cation-sensing two-component systems and
is regulated in response to Mg?* levels in planktonic cultures (43,
44). Under Mg?*-limiting conditions, this operon is required for
antimicrobial peptide resistance (37). Strains with spontaneous
polymyxin B resistance mutations in pmrB that constitutively pro-
duced aminoarabinose-modified LPS were isolated (47), and in
these strains, aminoarabinose addition to the phosphates of the
lipid A core masks the negative charges and reduces the binding of
cationic antimicrobial peptides to the outer membrane. More re-
cently, polymyxin B-resistant clinical isolates of P. aeruginosa with
specific regulatory mutations that demonstrated increased expres-
sion of PhoPQ and PmrAB-controlled genes, including the arn
operon, were described (59).

In a study to identify biofilm-specific antibiotic resistance de-
terminants in P. aeruginosa, Mah et al. described the ndvB gene
that was upregulated in biofilms and was required for the produc-
tion of periplasmic cyclic glucans, which bind aminoglycosides
and prevent their entry into the cytoplasm (41). We recently re-
ported a novel property of DNA as a divalent metal cation chela-
tor, likely due to its highly anionic charge from phosphates in the
deoxyribose backbone (49). At high concentrations, DNA is toxic
and chelates cations from the OM, leading to major disruptions of
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FIG 1 Schematic view of PA4773 to PA4775. PA4773 to PA4775 are located immediately upstream of pmrAB. The locations of the mini-Tn5-lux transposon
mutants are indicated (the black triangle indicates a nontranscriptional Jux fusion; white triangles indicate transcriptional [ux fusions), along with the locations
of the promoters and the PmrA binding site, located 67 bp upstream of the start codon of PA4773. Primer pair locations used for gRT-PCR are indicated by the
small arrows below the diagram. The putative promoters (P1, P2, and P3) were determined on the basis of transcript length analysis, as shown in Fig. S1 in the

supplemental material.

both inner and outer membranes and death, similar to the cation-
chelating activity of EDTA (49). However, the addition of sub-
lethal levels of DNA to planktonic cells mimics a DNA-rich bio-
film and induces the arn operon, resulting in high levels of
resistance to antimicrobial peptides and aminoglycosides (49). As
extracellular DNA accumulates in the biofilm matrix, we pro-
posed that this outer membrane permeability mechanism of resis-
tance is another example of a biofilm-induced resistance mecha-
nism (49).

In previous studies examining the PhoPQ and PmrAB regu-
lons, we identified the PA4773-PA4775 gene cluster, located im-
mediately upstream of pmrAB, which is induced under Mg?*-
limiting conditions (Fig. 1) and is regulated primarily by PmrAB
(37,43, 44). The genes PA4773 and PA4774 show significant sim-
ilarity to the polyamine synthesis genes speD (52%) and speE
(56%) of Escherichia coli. SpeD converts S-adenosylmethionine
(SAM) to decarboxylated SAM (dSAM), which is used as a sub-
strate with putrescine to synthesize spermidine by SpeE (40, 62).
P. aeruginosa contains speD (PA0654) and speE (PA1687), in ad-
dition to their respective homologs PA4773 and PA4774. PA4775
is annotated as a hypothetical protein of unknown function with a
PSORT-predicted signal peptide and one predicted transmem-
brane domain.

Polyamines are hydrocarbons containing two or more amine
groups and are therefore polycationic. In bacteria, spermidine and
putrescine are the predominant cytoplasmic polyamines; cadav-
erine is found in lesser quantities, and the presence of spermine is
controversial (60). These molecules are universal, being found in
some combination in all cellular life forms (60). Their ubiquitous
nature has made defining their exact role within cells difficult.
Research is widely available to suggest that they are essential for
optimal cell growth and viability, and additionally, they have been
linked to microbial pathogenesis, biofilm formation, escape from
phagolysosomes, bacteriocin production, toxin activity, and anti-
biotic resistance (60, 66). Polyamines are frequently associated
with the negatively charged nucleic acids (and proteins) in the
cytoplasm and have been shown to protect DNA from oxidative
damage (16).

Here, we report that PA4773 to PA4775 are induced by the
cation-chelating activity of extracellular DNA. We provide evi-
dence that PA4773 and PA4774 constitute an inducible pathway
of spermidine synthesis in P. aeruginosa as a replacement for di-
valent metal cations and have identified novel functions of poly-
amines in protecting bacterial membranes from antibiotic and
oxidative damage.
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MATERIALS AND METHODS

Bacterial strains and growth conditions. All strains and plasmids used
are listed in Table 1. P. aeruginosa PAO1 was used as the wild-type strain.
The mini-Tn5-/ux transposon mutants in PA4773 to PA4775 were previ-
ously isolated and shown not to have polar effects on the downstream
regulatory pmrAB genes, as previously published (see Fig. S1 in the sup-
plemental material) (37, 43). Unless otherwise stated, cultures were rou-
tinely grown at 37°C in BM2 defined minimal medium with either high (2
mM) or low (0.02 mM) MgSO,. BM2 growth medium includes the fol-
lowing components: 0.1 M HEPES (pH 7), 7 mM ammonium sulfate, 20
mM sodium succinate (pH 6.7), 10 uM iron sulfate, 1,600 uM phosphate
buffer (pH 7.2), 1.62 uM manganese sulfate, 2.45 uM calcium chloride,
13.91 uM zinc chloride, 4.69 uM boric acid, and 0.67 uM cobalt chloride
(48). When added, the source of extracellular DNA was fish sperm DNA
(USB).

Gene expression assays. Gene expression was performed in a high-
throughput format using 96-well microplates as previously described
(49). Briefly, overnight cultures were grown in BM2 defined medium
supplemented with 2 mM or 0.02 mM Mg2* and extracellular DNA as
indicated, diluted 1/1,000 into 150 wl of culture medium in 96-well black
plates with a transparent bottom (9520 Costar; Corning Inc.), and over-
laid with 50 ul of mineral oil to prevent evaporation. Microplate plank-
tonic cultures were incubated at 37°C in a Wallac Victor® luminescence
plate reader (Perkin-Elmer), and optical density at 600 nm (ODy,) (to
assess growth) and luminescence (counts per second [CPS]) (to assess
gene expression) readings were taken every 20 min throughout 18 h of
growth.

Preparation of surface polyamines. Mid-log-phase cultures (100 ml)
were grown under inducing conditions (0.02 mM Mg?™). Cells were col-
lected by centrifugation (10 min, room temperature [RT], 5,000 X g) and
normalized to equivalent cell numbers for all strains. Cells were resus-
pended in 1 ml of 1 M NaCl dissolved in 10 mM HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) buffer (pH 7.4) and in-
cubated for 10 min at 37°C shaking. After incubation, cells were
centrifuged three times (10 min, RT, 5,000 X g) to remove whole cells, and
the supernatant, which now contained the surface-washed polyamines as
previously described (31), was collected.

Measurement of XylE activity. XylE assays were performed as previ-
ously described with minor modifications (43). Twenty-five-milliliter
cultures of P. aeruginosa phoQ::xylE (43) were grown to mid-log phase.
Cells were collected and subjected to a 1 M NaCl wash, a 50 mM KH,PO,
(pH 7.5) buffer wash, or a 50 mM KH,PO, (pH 7.5) buffer wash contain-
ing 10% acetone followed by sonication, which lysed cells and released the
enzyme XylE (catechol 2,3-dioxygenase) from the cytoplasm. XylE assays
were performed after the addition of 0.3 mM catechol in 50 mM potas-
sium phosphate buffer to 100 ul of lysates or culture washes. The conver-
sion of catechol to 2-hydroxymuconic semialdehyde was measured every
5 min over the course of 1 h by measuring A,,s with a Wallac Victor?
luminescence plate reader (Perkin-Elmer), and the XylE activity was mea-
sured as a change in absorbance.
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TABLE 1 Bacterial strains used in this study®

Polyamines Contribute to Membrane Protection

Strain or mutation Genotype Reference or source
Strains
PAO1 Wild-type P. aeruginosa R. E. Hancock
PA4773 PA4773 transposon mutant, nontranscriptional fusion, 98_FE1 37
PA4773-4:lux Intergenic PA4773-PA4774 transposon mutant, and transcriptional fusion, 11_A9 43
PA4774::lux PA4774::lux transposon mutant and transcriptional fusion, 38_F9 37
PA4775:lux PA4775::lux transposon mutant and transcriptional fusion, 50_F5 37
PA4774::lux PA4774::lux chromosomally complemented with PA4773-PA4775 integrated into This study
attTn7 site
PA4773-4::lux phoQ::xylE Double mutant; transcriptional fusion PA4773-4::lux in a phoQ::xylE 43
mutant background
PA4773-4::lux pmrB::xylE Double mutant; transcriptional fusion PA4773-4::lux in a pmrBuxylE 43
mutant background
PA3553:lux PA3553::lux transposon mutant and transcriptional fusion, 53_D10 37
Plasmids
pUCP22 Ampr, multicopy broad-host-range expression vector 64a
pCR2.1-TOPO PCR cloning vector, Amp® Invitrogen
pUCI8T-mini-Tn7T-Gm Gm* on mini-Tn7T; mobilizable; for gene insertion in Gm?® bacteria 10
pTNS2 Helper plasmid for integration into the att site 10
pUCI18T-mini-Tn7T-PA4773-PA4775 pUCI18T-mini-Tn7 containing PA4773-PA4775 genes, including native upstream This study

promoter

@ Abbreviations: Amp*, ampicillin resistance; Gm?, gentamicin resistance; Gm®, gentamicin sensitive.

HPLC-UV-mass spectrometry (MS) analysis of polyamines. Poly-
amines were analyzed as their dansyl chloride derivatives in reversed-
phase high-performance liquid chromatography (HPLC) with modifica-
tions of previously established methods (15, 31, 32). The dansylation
reaction mixture consisted of 100 ul of NaCl-washed cell surface extract,
100 wl of 0.5 M NaHCO;-Na,CO; buffer (pH 9.4), and 100 ul of 20
mg/ml dansyl chloride. After incubation for 60 min at 60°C with shaking,
methylamine (30 wl of 0.5 mol/liter) was added to the reaction mixture to
consume the excess dansyl chloride. The solutions were vortexed, incu-
bated for an additional 30 min at 60°C, centrifuged for 10 min at 13,400 X
¢ and finally transferred into new vials.

HPLC separation was performed with an Agilent 1200 SL HPLC sys-
tem with a Luna C 4 (2) reverse-phase column (50 by 2 mm) (Phenome-
nex, Torrance, CA), thermostated at 30°C, with a buffer gradient system
composed of 0.1% formic acid in water as mobile phase A and 0.1%
formic acid in acetonitrile as mobile phase B at a flow rate of 0.20 ml/min.
To 2 wl of sample solution, 9 ul of 0.1% formic acid in water was added,
and 10 ul of this solution was injected onto the column. After injection,
the column was washed with 95% mobile phase A and 5% mobile phase B
for 2 min to effectively remove salts. Elution of the analytes was done by
using a linear gradient from 5% to 95% mobile phase B over a period of 25
min. UV absorbance was monitored at 340 nm to detect dansyl-labeled
compounds. Mass spectra were acquired in positive-mode ionization us-
ingan Agilent 6220 accurate-mass time-of-flight (TOF) HPLC/MS system
(Santa Clara, CA) equipped with a dual sprayer electrospray ionization
source, with the second sprayer providing a reference mass solution. Mass
spectrometric conditions were as follows: drying gas, 10 liters/min at
325°C; nebulizer, 20 1b/in?; mass range, 100 to 1,000 Da; acquisition rate,
~1.03 spectra/s; fragmentor, 120 V; skimmer, 60 V; capillary, 3,200 V; and
instrument state, 2-GHz extended dynamic range. Mass correction was
performed for every individual spectrum using peaks at m/z 121.05087
and 922.00979 from the reference solution. Data acquisition was per-
formed using the Mass Hunter software package (version B.02.01.)
HPLC-UV-MS data were analyzed by using Agilent Mass Hunter qualita-
tive analysis software (version B.03.01) using a targeted approach.

Construction of chromosomally complemented strain. Initial at-
tempts to express single genes from pUCP plasmids were unsuccessful due
to increased toxicity, as determined by live/dead staining (data not
shown), when these genes were expressed individually in high-copy plas-
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mids. Therefore, we cloned PA4773, PA4774, and PA4775 with their na-
tive upstream promoter and integrated them into the chromosome at the
neutral attTn7 sites using the mini-Tn7 integration system as previously
described (9). The genes were PCR amplified using the primers
P4773FBamHI and P4775RBamHI and cloned into the TA cloning vector
pCR2.1 (Invitrogen). The insert was BamHI excised and subcloned into
the BamHI-digested pUC18T-mini-Tn7T-Gm plasmid (9). The P. aerugi-
nosa PA4774:lux mutant strain was transformed simultaneously with
pUCI18T-mini-Tn7-PA4773-PA4775 and the helper plasmid pTNS2 (10)
via electroporation. Transformants were selected on LB agar containing
50 wg/ml gentamicin, and positive clones were confirmed by PCR. The
gentamicin resistance cassette was subsequently removed following the
protocol by Choi and Schweizer, using Flp-mediated excision (9).

Outer membrane permeability assay. Outer membrane permeability
in response to polymyxin B treatment was assessed as previously de-
scribed, using a PTI Quantamaster spectrofluorimeter (39). Briefly, P.
aeruginosa strains were grown in BM2 with 0.02 mM Mg?* to mid-log
phase (ODg,, = 0.5), washed and resuspended in 5 mM HEPES buffer
(pH 7.2) containing 5 mM glucose and 0.5 mM carbonyl cyanide
m-chlorophenylhydrazone (CCCP), and held at room temperature until
testing was completed, which was within 2 h. Twenty microliters of 1-N-
phenylnaphthylamine (NPN; 0.5 mM stock) was added to one milliliter of
culture (ODg,, = 0.5), and baseline NPN fluorescence was recorded for
up to 50 s before the addition of 6.4 pg/ml (final concentration) poly-
myxin B or 20 ug/ml gentamicin. Fluorescence measurements were taken
until the counts/s reached a steady state (generally within 150 s). To mon-
itor NPN fluorescence, the excitation/emission wavelengths were set to
350 nm and 420 nm, respectively, both with 5-nm slit widths. To comple-
ment the OM permeability phenotypes, control polyamines (Sigma) were
exogenously added to the cultures at various concentrations, and cultures
were incubated for 10 min prior to challenge with antibiotics.

Quantitative reverse transcription (RT)-PCR. Bacterial cultures of P.
aeruginosa PAO1 and the PA4773, PA4773-4::lux, and PA4774::lux mu-
tants were grown in BM2 medium containing 2 mM or 0.02 mM Mg?* or
2 mM Mg?" supplemented with 0.75% DNA to an ODy, of 0.25 to 0.30.
Cells were then treated with RNAprotect bacterial reagent (Qiagen) ac-
cording to the manufacturers’ instructions and harvested by centrifuga-
tion prior to storage at —80°C. Total RNA was extracted using an RNeasy
RNA isolation minikit (Qiagen) and treated with DNase using DNAfree
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TABLE 2 Primer sequences

Primer 5'-3" sequence”

P4773FBamHI CCGGATCCGTATCCACCAGCCGTACCTG
P4775RBamHI CCGGATCCTCAGTGATTCCACAATTCCC
PA3552rtF GTAGCGGCATCCATTTCATC

PA3552rtR CATCGACGTTTCTCCAGGAT

PA4773rtF CAGTGGATCGAGGAAAGCAT

PA4773rtR GTACTCCGGCCAGGTATGG

PA4774rtF TTCTACGAGCTGCTGCATTC

PA4774rtR GACCTGGGAGAAGACACTGC

PA4775rtF GTACCGCTGGCCGTCAAC

PA4775rtR GTCTTCGCTCAGCTCGATG

pmrArtF CACCAGGTGACCCTGTCC

pmrArtR CGTAGAGGCTCTGCTCCAGT

proCrtF CAGGCCGGGCAGTTGCTGTC

proCrtR GGTCAGGCGCGAGGCTGTCT

@ Restriction sites are underlined.

(Ambion), and cDNA was synthesized with a high-capacity cDNA syn-
thesis kit (ABI Biosystems). Prokaryotic gene expression was measured by
using iQ SYBR green supermix (Bio-Rad) and bacterial primers specific to
PA3553, PA4773, PA4774, PA4775, pmrA, and the proC housekeeping
gene (58). Primer sequences are given in Table 2. For quantitative RT-
PCR (qRT-PCR), quantification and melting curve analyses were per-
formed with an iQ5 real-time pcr system (Bio-Rad) according to the man-
ufacturer’s instructions. Each reaction was done in triplicate, and
standard deviations were used to calculate a range of activation (fold)
using the 272ACT method (38).

BODIPY>8V/591 microscopy. Overnight cultures were subcultured
and grown to mid-log phase in low-Mg?* (0.02 mM) BM2 medium at
37°C. Cells were then stained with 2 uM C,,-BODIPY>8!/>%! for 10 min
prior to treatment with 5 mM H,0O, for 10 min. Cells were visualized on
1% agarose beds with a Leica DMI4000 B inverted microscope equipped
with an ORCA R2 digital camera and Metamorph software for image
acquisition. The excitation and emission filters were 555/25 and 605/52
for red fluorescence and 490/20 and 525/36 for green fluorescence.

Membrane lipid peroxidation assay. Overnight cultures were subcul-
tured and grown to mid-log phase in low-Mg?* (0.02 mM) BM2 medium
at 37°C. Cells were concentrated to 1 X 10° CFU/ml and stained with 2
UM C,,-BODIPY>81/591 which was incubated at room temperature to
allow membrane incorporation. Cells (1 X 108 CFU/well) were added to
96-well black microplates with transparent bottoms (9520 Costar; Corn-
ing Inc.), and an initial fluorescence reading taken using a Wallac Victor?
plate reader (Perkin-Elmer) with emission filters set to 632 nm for red and
535 nm for green. After time zero readings, H,O, was added (5 to 25 mM),
and red and green fluorescence readings were taken every 5 min over the
course of 2 h.

Statistical analysis. Statistical analysis was performed on the data us-
ing the unpaired Student’s ¢ test to calculate significant differences be-
tween PAO1 and mutant strains.

RESULTS

The Mg?*-regulated genes PA4773to PA4775 areinduced by the
cation-chelating activity of extracellular DNA. Previous work
has shown PA4773 to PA4775 to be strongly induced by limiting
(0.02 mM) Mg?* and repressed under high (2 mM)-Mg?* condi-
tions (37, 43, 44). This result was confirmed using the PA4773-4::
lux, PA4774::lux, and PA4775::lux strains, which are transcrip-
tional lux fusions and transposon insertion mutants (Fig. 2A).
Purified PmrA-Hisg has been shown to bind the PA4773 pro-
moter, which contains a PmrA binding site (Fig. 1) (44). PA4773
to PA4775 are also induced by the addition of sublethal doses of
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antimicrobial peptides under high-Mg?* conditions, as shown
with the PA4774::lux strain (Fig. 2B) (43).

We recently showed that DNA is a cation chelator and induces
the expression of the arnBCADTEF-ugd antimicrobial peptide re-
sistance operon (49). To determine if PA4773 to PA4775 are also
induced by the presence of extracellular DNA, we measured the
expression of lux transcriptional fusions to each gene using a sys-
tem where extracellular DNA was added to BM2 medium contain-
ing high levels of Mg?* (2 mM). The addition of exogenous DNA
to planktonic cultures induced expression of each of the transcrip-
tional reporters PA4773-4::lux, PA4774::lux, and PA4775::lux, in a
concentration-dependent manner (Fig. 2C). In this experiment,
there are very low levels of expression without exogenous DNA, as
the high concentration of Mg?* (2 mM) represses expression of
PA4773 to PA4775 (Fig. 2A). The DNA-mediated induction can
be prevented by the addition of excess 5 mM Mg2*, indicating that
itis the cation-chelating activity of extracellular DNA that induces
expression of these genes (Fig. 2D). DNA-mediated induction can
also be prevented by addition of excess spermidine (Fig. 2D).

As the lux reporter strains used to measure promoter activity
also had mutations in these genes, quantitative RT-PCR was per-
formed with wild-type PAO1 to show that limiting Mg?* and
exogenous DNA both induced the expression of PA4773 and
PA4774. The expression of PA4773 and PA4774 was induced 6- to
17-fold by extracellular DNA and induced up to 800-fold by lim-
iting Mg?* (Fig. 2E). PA3552 is the first gene in the arn operon and
was included as a positive control, as it is known to be both low-
Mg?* and DNA regulated (Fig. 2E) (49). Induction of the arn
genes and PA4773 to PA4775 is highest in the presence of 20 uM
Mg?*, and the addition of high concentrations of DNA (0.5 to
1%) to medium containing 2 mM Mg?* cannot mimic the effects
of 20 uM Mg?*. The highest level of DNA induction is compara-
ble to gene expression in 500 uM Mg?"*, indicating that DNA can
chelate up to 75% of the Mg?* in the medium (data not shown).

Expression of PA4773-4::lux was monitored under limiting
Mg?* conditions in a single PA4773-4::lux mutant, as well as in a
double PA4773-4::lux phoQ::xylE mutant and a double PA4773-
4::lux pmrB:xylE mutant. PA4773-4::lux expression was highly in-
duced even when phoQ was inactivated, but no induction was seen
when pmrB was inactivated in the double mutant (Fig. 3A). These
data indicate that the PmrAB two-component system is required
for the expression of PA4773-4::lux under limiting Mg?* condi-
tions, while the known cation-sensing system PhoPQ is not. As the
expression of PA4773-4::lux is Mg?* regulated, this result suggests
that the downstream genes pmrAB are expressed and functional,
despite the upstream transposon insertion.

To confirm that transposon insertions in the PA4773, PA4773-
4::lux, and PA4774::lux mutants do not cause polar effects on the
downstream genes pmrAB, we examined the expression of each of
the genes PA4773, PA4774, PA4775, and pmrA in PA4773,
PA4773-4::lux, and PA4774::lux mutant backgrounds relative to
their expression in PAO1 (Fig. 3B to E). Figure 3B shows that
PA4773 is not expressed in a PA4773 mutant, indicated by the
~300-fold repression in the mutant relative to the wild-type
strain, and PA4773 expression is unaffected by downstream inser-
tions. The expression of PA4774 is also repressed in a PA4773 mutant
(120-fold) relative to PAQOL, indicating that the upstream insertion
has a polar effect on the PA4774 gene (Fig. 3C). However, there is a
greater loss of expression of PA4773 than of PA4774 in a PA4773
mutant (300-fold versus 120-fold), which suggests that although
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FIG 2 The Mg?*-regulated genes PA4773 to PA4775 are induced by membrane-damaging antibiotics and extracellular DNA. (A) Expression of PA4773-4::lux,
PA4774::lux, and PA4775::lux in low (0.02 mM) and high (2 mM) Mg2* concentrations. (B) The effects of sub-MIC concentrations of colistin (1.25 ug/ml) and
polymyxin B (PxnB) (1.25 ug/ml) on PA4774::lux expression were measured under noninducing conditions (BM2 medium with 2 mM Mg?*). Growth was not
affected at these peptide concentrations (data not shown). (C) Effects of increasing concentrations of extracellular DNA (0.5% DNA; 5 mg/ml) added to BM2
medium with 2 mM Mg?™ on PA4773-4::lux, PA4774::lux, and PA4775::lux expression. (D) DNA-mediated induction of PA4774::lux with 1% DNA (10 mg/ml)
was neutralized with excess Mg?* (5 mM), or excess spermidine (Spd) (1.25 mM). Maximum levels of gene expression at 8 h are shown, where gene expression
(in counts per second [CPS]) was normalized to growth (ODy,). Each experiment was performed at least three times, and representative data are shown. The
values shown are the averages from at least three technical replicates with standard deviations. (E) Quantitative RT-PCR was used to measure expression of
PA3552, PA4773, and PA4774 in wild-type PAO1 cultured to mid-log phase (OD, 0.25 to 0.3) in BM2 with 0.02 mM Mg2* or 2 mM Mg?* with or without 0.75%
DNA. The level of gene expression is presented as fold change relative to BM2 with 2 mM Mg?*. Values are means and standard errors of the means from triplicate
qPCR experiments on RNA isolated from three independent experiments.

3E) in PA4773, PA4773-4::lux, and PA4774::lux mutants indicates
that the expression of PA4775 and pmrA is unaffected by upstream
transposon insertions.

Polyamines are functionally interchangeable with divalent
metal cations. The divalent metal cation Mg?* binds to LPS in the

there is a polar effect, there is residual expression and not a complete
loss of PA4774 expression. Expression of PA4774 is also repressed in
the PA4773-4::lux (180-fold) and PA4774::lux (40-fold) mutants, as is
to be expected (Fig. 3C). The low level of repression observed for
PA4775 (1.5- to 3.8-fold) (Fig. 3D) and pmrA (0.3- to 1.7-fold) (Fig.
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and pmrA gene expression in PA4773, PA4773-4::lux, and PA4774::lux mutants. The level of gene expression is represented as fold change relative to PAO1. All
strains were cultured to mid-log phase in BM2 with 0.02 mM Mg?*. Values are means and standard errors of the means from triplicate QPCR experiments on

RNA isolated from three independent experiments.

outer membrane and acts to stabilize LPS (19). The induction of
the putative polyamine synthesis genes PA4773 and PA4774 by
Mg?* limitation or by DNA suggests that P. aeruginosa produces
its own replacement cation to adapt to the Mg?* limitation. DNA-
mediated induction can be prevented by excess Mg?™ but also by
addition of excess spermidine (Fig. 2D). The MIC of spermidine is
32 mM, and there were no effects on growth when spermidine was
exogenously supplied to cultures at the concentrations used (data
not shown). This result suggests that both divalent metal cations
and polyamines can bind and neutralize extracellular DNA.
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In growth medium with limiting Mg?*, the addition of excess
Mg?* cations (Fig. 4A) or excess polyamines (spermidine, pu-
trescine, and spermine) (Fig. 4B) represses expression of PA4774::
lux. Similarly, the polymyxin B-mediated induction of PA4774:
lux can also be reduced by the addition of excess 2 mM spermidine
(Fig. 4C). These two observations suggest that polyamines are
functionally interchangeable and can compete with antimicrobial
peptides for cation binding sites in the outer membrane. As an ad-
ditional control, we showed that expression of the arnBCADTEF-
ugd operon (PA3553::lux), a second example of a Mg? " -regulated
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h are shown, where gene expression (in counts per second [CPS]) was normalized
to growth (ODyg,). Each experiment was performed at least three times, and rep-
resentative data are shown. The values shown are the averages from at least three
technical replicates with standard deviations.

operon, can also be prevented by the addition of exogenous diva-
lent metal cations (Fig. 4A) or exogenous polyamines (spermi-
dine, putrescine, and spermine) (Fig. 4B). The polymyxin
B-mediated induction of PA3553::lux is also repressed by the ad-
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dition of exogenous spermidine (Fig. 4C). These data support the
hypothesis that polyamines can function as organic cations and
perform a role similar to that of the divalent metal cations.

Spermidine and putrescine are both localized to the outer
membrane of Pseudomonas aeruginosa. Although polyamines
are generally found in the cytoplasm, they have also been identi-
fied in the outer membrane and LPS of Salmonella enterica serovar
Typhimurium and Escherichia coli (31). While the functions of
polyamines in the cytoplasm are well studied, their function in the
outer bacterial membrane is poorly understood. We employed the
method described by Koski et al. (32) to isolate surface-associated
polyamines and labeled them by derivatization with dansyl chlo-
ride. P. aeruginosa was grown under limiting Mg?* conditions to
induce expression of PA4773 to PA4775 for surface polyamine
isolation and characterization. Cells were washed with 1 M NaCl
to remove any noncovalently attached, surface-associated poly-
amines. Dansyl chloride-labeled polyamines from the NaCl-
washed cells were analyzed by HPLC-UV-MS in order to detect all
the dansylated compounds.

Figure 5 shows the extracted ion chromatograms (EIC) for the
dilabeled putrescine and trilabeled spermidine. Dilabeled pu-
trescine was observed in the mass spectrometer at a retention time
of ~21.7 min as the single-charged species at m/z 555.2085 =+
0.0010 (95% confidence level) (theoretical m/z 555.2094) and the
double-charged species at m/z278.1087 % 0.0002 (theoretical m/z
278.1083). Trilabeled spermidine was observed in the mass spec-
trometer at a retention time of ~25.5 min as the single-charged
species at m/z 845.3168 = 0.0045 (theoretical m/z 845.3183), the
double-charged species at m1/z423.1629 * 0.0014 (theoretical m/z
423.1628), and the triple-charged species at m/z 282.4447 *+
0.0003 (theoretical m/z 282.4443).

MS characterization of surface polyamines was performed
with wild-type PAO1, the PA4773 and PA4774::lux mutants, and a
strain in which PA4774::lux was chromosomally complemented,
referred to here as the PA4774::lux. strain. Unlike the surface
fractions from the wild type and the PA4773 mutant, the surface
fractions from the PA4774::lux mutant did not produce a UV5,,
absorbance peak at the 25.5-min retention time of spermidine
(Fig. 5C), and only trace amounts of the compound were detected
by the mass spectrometer at the limits of detection when a targeted
analysis was performed. The production of spermidine was par-
tially restored in the PA4774::luxc strain (Fig. 5D). For comple-
mentation analysis, the genes PA4773 to PA4775 and the 500-bp
upstream promoter region of PA4773 were integrated into the
neutral atfTn7 chromosome site using the mini-Tn7 integration
system (9).

We performed the following experiment to ensure the 1 M
NaCl wash did not cause cell lysis and the release of cytoplasmic
polyamines, which may have subsequently contaminated our sur-
face polyamine preparation. XylE is an enzyme expressed in the
cytoplasm. We measured XylE activity in the wash fraction from
cells treated with 1 M NaCl and found no release of cytoplasmic
XylE (Fig. 5E). A buffer wash served as a negative control, and
solvent-treated, sonicated cells served as a positive control (Fig.
5E). This experiment confirms that there was no cell lysis with
NaCl treatment, and therefore no contamination of surface poly-
amines with cytoplasmic polyamines. A similar control experi-
ment was also performed in previous polyamine studies with E.
coli and Salmonella and also confirmed that no cytoplasmic con-
tents contaminated the surface polyamines (31).
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FIG 5 Spermidine and putrescine were detected by HPLC-UV-MS on the outer
surfaces of Pseudomonas aeruginosa cells. Extracted ion chromatograms (EIC) are
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putrescine and tri-dansyl chloride spermidine were detected at retention times of
~21.7 and ~25.5 min, respectively, from the wild-type P. aeruginosa strain PAO1.
(B) The PA4773 mutant contains both putrescine and spermidine on its surface.
(C) The PA4774::lux mutant contains only putrescine, with a retention time of
21.7 min. (D) Spermidine production (retention time, 25.5 min) was restored in
the surface-associated polyamines of the PA4774::lux, strain. The EIC shows the
m/z signal intensity of putrescine or spermidine (y axis) relative to the HPLC-
UV-MS retention time (x axis). (E) XylE activity was measured in the wash frac-
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activity was defined as the change in absorbance over time, after the addition of the
substrate catechol.
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Spermidine synthesis from the SpeE homolog PA4774 con-
tributes to reduced outer membrane permeability and antimi-
crobial peptide resistance. Mechanisms of resistance to antimi-
crobial peptides involve modifications of teichoic acids and
phospholipids in the Gram-positive membrane (33, 55) and mod-
ifications to the LPS (47) and phospholipids (22, 30) in Gram-
negative bacteria. These membrane modifications reduce the neg-
ative surface charge, and we hypothesized that the cationic nature
of polyamines would also neutralize the negative surface charge
and contribute to antimicrobial peptide resistance. Mutations in
PA4773 to PA4775 were previously shown to confer sensitivity to a
range of different antimicrobial peptides, implicating this gene
cluster in antimicrobial peptide resistance (37, 43). In the MIC
assay, the arn mutants were most susceptible to polymyxin B (cy-
clic peptide), while the polyamine synthesis mutants were most
sensitive to the indolicidin-derived peptides (37), suggesting that
each modification provides resistance to unique peptides and that
together the modifications provide broad-spectrum peptide resis-
tance.

To confirm the protective role of surface polyamines, we uti-
lized the NPN (1-N-phenylnaphthylamine) uptake assay to mea-
sure OM permeability in response to antimicrobial peptides (39).
The fluorescent probe NPN is hydrophobic and fluoresces weakly
within aqueous environments, but it is strongly fluorescent once
integrated into the hydrophobic environment of lipid membranes
(21, 23, 39, 64). The active transport processes of the inner mem-
brane were inactivated by treatment with a sub-MIC concentra-
tion of the proton motive force (PMF) inhibitor carbonyl cyanide
m-chlorophenylhydrazone (CCCP) (50). CCCP has previously
been shown to inhibit polyamine uptake by intact cells, which is
energized by the proton motive force (27).

NPN uptake to both inner and outer membranes after desta-
bilization of the outer membrane by polymyxin B results in a
sharp increase in NPN fluorescence (Fig. 6A and B). To determine
the relative contribution of the aminoarabinose modification and
the effects of polyamines, we compared the NPN uptake profiles of
both classes of mutants when they were treated with various pep-
tides. The aminoarabinose modification PA3553::lux mutant was
most susceptible to polymyxin B and showed a high degree of
NPN integration (Fig. 6A). The polyamine synthesis PA4774::lux
mutant had an intermediate susceptibility phenotype compared
to PAO1 and PA3553::lux (Fig. 6A). Mutations in PA4773 and
PA4775 did not result in outer membrane permeability suscepti-
bility to polymyxin B (data not shown). In addition to measuring
the NPN uptake profile, we also calculated the rate of NPN uptake
during the first 1,000 ms after polymyxin B treatment. When 6.4
pg/ml of polymyxin B was used, the rate of NPN uptake was 12
times greater in the PA4774::lux (626,660 arbitrary units [AU]/
1,000 ms) mutant than in wild-type PAO1 (52,129 AU/1,000
ms). When using 3.2 ug/ml of polymyxin B, the rate of uptake
is 6 times greater in the PA4774::lux mutant (138,846 AU/1,000
ms) than in the wild type (23,995 AU/1,000 ms). The chromo-
somally complemented strain demonstrated a restored poly-
myxin B resistance phenotype (Fig. 6B).

In addition to polymyxin B treatment, the PA4774::lux mutant
also demonstrated a strong susceptibility to CP10A and gentami-
cin (Fig. 6C and D). The PA4774::lux mutant is more susceptible
than the PA3553::lux mutant to the cationic antimicrobial peptide
CP10A, an improved variant of indolicidin, which is consistent
with the MIC phenotypes of these mutants (37). Gentamicin is an
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FIG 6 Polyamines contribute to antibiotic resistance by protecting the outer membrane from antimicrobial peptide and gentamicin treatment. (A) NPN uptake
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PA4774::lux strains following 10 ug/ml CP10A treatment. (D) NPN uptake profiles following 20 ug/ml gentamicin treatment for PAO1, the PA4774::lux mutant,
and the PA4774::luxc strain. The time frame includes the point of addition of antibiotic (0 s) and the following 60 s. Ten readings/s were recorded. Each
experiment was performed three times, and results of a representative experiment are shown in each panel.

aminoglycoside that is also cationic and must cross the OM
through the process of self-promoted uptake, similar to antimi-
crobial peptides, in order for it to reach the cytoplasm, where it
acts to inhibit protein synthesis (18, 19, 39). The PA4774::luxq
strain demonstrated a strongly decreased membrane permeability
to polymyxin B treatment (Fig. 6B) and a partially restored ami-
noglycoside resistance phenotype (Fig. 6D). PA4773 and PA4774
are annotated as SpeD and SpeE homologs, catalyzing the first and
second steps in spermidine synthesis, respectively. Surprisingly,
the PA4773 mutant did not have a peptide sensitivity phenotype as
determined by the NPN assay. These data, together with the
HPLC-UV-MS surface polyamine analysis (Fig. 5), suggest that
only PA4774 and the final step in spermidine synthesis are critical
for polymyxin B resistance.

Exogenous polyamines protect the outer membrane from
polymyxin B treatment. To confirm that polyamines act on the
surface of the cell and protect the membrane from antimicrobial
peptide treatment, we performed NPN uptake assays in the pres-
ence of exogenous polyamines. In Fig. 7A, it is shown that adding
exogenous spermidine to the PA4774::lux mutant prior to poly-
myxin B treatment (within 10 min) reduced the initial rate and
final level of NPN uptake following polymyxin B treatment. We
next compared the abilities of various polyamines added exoge-
nously to protect the OM from polymyxin B treatment. Figure 7B
demonstrates that when low concentrations (10 uM) of cadaver-
ine, putrescine, spermine, and spermidine are added, only sperm-
ine and spermidine reduce the OM permeability in the wild-type
strain. The addition of increasing concentrations of exogenous
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spermidine caused a concentration-dependent reduction of the
OM permeability of wild-type PAO1 (Fig. 7C). The addition of
exogenous 25 to 50 uM cadaverine and putrescine also protected
the OM from polymyxin B treatment, to a level similar to that seen
with 10 uM spermidine (data not shown). It should be noted that
this assay is a specific measure of the outer membrane properties,
and thus surface polyamines can have an effect only if they bind
the surface and alter the ability of polymyxin B to act on the mem-
brane. Although polyamines can be imported into the cell, as they
are also known to act as carbon sources, the addition of CCCP
inhibits polyamine uptake systems (27).

Spermidine protects membrane lipids from oxidative dam-
age. Reactive oxygen species (ROS) are produced during the nor-
mal course of bacterial respiration and are produced by the host
immune response during infection. There is some evidence in the
literature that bacterial polyamines can act as antioxidants and
protect cells from oxidative stress, but the mechanism is poorly
understood (8). Polyamines are found in the cytoplasm and are
known to protect DNA from oxidative stress (60, 66). ROS cause
damage to DNA, protein, and lipids, and given the membrane
localization of spermidine and putrescine in P. aeruginosa (Fig. 5),
we wanted to determine if polyamines protect membrane lipids
from oxidative damage.

The fluorescent probe C,;-BODIPY>8/5°! has been used as an
indicator of lipid peroxidation in eukaryotic cells (13, 52), but to
our knowledge this is the first time it has been used in live bacteria.
The probe integrates into membranes and undergoes a shift from
red to green fluorescence emission upon peroxidation (13). The
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FIG 7 Exogenous polyamines protect the outer membrane from polymyxin B
treatment. (A) NPN uptake profiles were measured in wild-type PAO1 and the
PA4774::lux mutant with and without the exogenous addition of 25 uM sper-
midine (Spd), prior to challenge with 6.4 wg/ml polymyxin B. (B) NPN uptake
profiles of wild-type PAO1 without and with the addition of 10 wM cadaverine
(Cad), putrescine (Put), spermine (Sp), and spermidine (Spd), prior to chal-
lenge with 6.4 ug/ml polymyxin B. (C) NPN uptake profiles of wild-type PAO1
in the presence of increasing concentrations of spermidine (Spd), prior to
challenge with 6.4 ug/ml polymyxin B. The time frame includes the point of
addition of antibiotic (1 s) and the following 60 s. Ten readings/s were re-
corded. Each experiment was performed three times, and results of a represen-
tative experiment are shown in each panel.

C,, lipid tail likely causes BODIPY?>81/>°! insertion into the outer
membrane, similar to what we have shown for other lipophilic
dyes, i.e., FM 4-64 and FM 1-43 (36). We labeled mid-log-phase
P. aeruginosa wild-type PAO1 and PA4774:lux cells with
C,;-BODIPY>81/>°1 and showed that C,;-BODIPY>%V/>°! uni-
formly labels the P. aeruginosa membrane with red fluorescence
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(Fig. 8). To subject the cells to oxidative stress, P. aeruginosa was
first labeled with C,,-BODIPY?>81/5°! and then treated with 5 mM
H,O,. The conversion of red to green fluorescence in the bacterial
membrane upon oxidative stress from H,O, exposure was ob-
served using fluorescence microscopy (Fig. 8).

To measure the degree of oxidative damage, we performed a
quantitative analysis of lipid peroxidation using a fixed amount of
C,,-BODIPY>8">*! bound to membranes and measured the green
fluorescence as an indicator of oxidative damage to lipids. As
shown in Fig. 9A, PAO1 cells grown under noninducing condi-
tions for PA4774 expression (2 mM Mg?>") displayed a
concentration-dependent increase in peroxidation of membrane
lipids upon exposure to increasing amounts of H,O,. Figure 9B
illustrates that PAO1 cells grown under inducing conditions for
PA4774 expression (0.02 mM Mg?™") showed resistance to oxida-
tive damage by H,0,. To determine if the spermidine synthesis
genes PA4773 and PA4774 contribute to this increased oxidative
stress resistance, the phenotypes of these mutants were compared
to that of wild-type PAO1. The PA4774::lux mutant showed a
statistically significant increase in susceptibility to peroxidation
membrane damage (Fig. 9C and D), while the PA4773 and
PA4775::lux mutants were unaffected (data not shown). The
PA4774::luxc strain demonstrated parental levels of resistance to
25 mM H,0, treatment (Fig. 9C). The exogenous addition of 1
mM spermidine was also able to restore near-parental levels of
resistance to 10 mM H,O, treatment in the PA4774::lux mutant
(Fig. 9D). These data indicate that spermidine production pro-
tects membrane lipids from oxidative damage.

DISCUSSION

Polyamines are essential molecules for both prokaryotic and eu-
karyotic cells. Although the cytoplasmic functions of polyamines
are well studied, the role of polyamines in the membrane is poorly
understood. Polyamines have been previously identified in the
outer membrane and LPS of Gram-negative bacteria (31) and
linked to surface-associated functions that include spheroplast
stabilization and attachment during biofilm formation (26, 54,
62). Here we present evidence for novel membrane functions of
polyamines, obtained using approaches that specifically examined
the role of polyamines in protecting the bacterial outer membrane
from antibiotic treatment and oxidative stress.

In addition to regulation by membrane-damaging antibiotics
and Mg?™ levels, the PA4773-PA4774 spermidine synthesis genes
are also induced by the cation-chelating activity of extracellular
DNA (Fig. 2). Collectively, the expression of these genes in the
presence of multiple agents that cause membrane stress suggests a
role for polyamines in membrane repair and stabilization. We
confirmed the protective role of polyamines against antibiotic
treatment by using the NPN uptake assay. The outer membrane of
the PA4774::lux mutant had increased susceptibility to polymyxin
B, CP10A, and gentamicin treatment (Fig. 6). The NPN assay also
showed that exogenous polyamine addition protected the OM of
both the wild-type PAO1 and the PA4774::lux strain from poly-
myxin B damage (Fig. 7). We showed a protective role for exoge-
nous polyamines at low polyamine concentrations (10 to 50 uM),
which is less than the intracellular concentration of spermidine (6
mM) and putrescine (20 mM) in E. coli (62). We also provided
evidence that polyamines can act as a substitute for inorganic cat-
ions (Mg?* and Ca?*), which are normally found in the outer
membrane bound to LPS and function to cross-bridge and stabi-
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FIG 8 The fluorescent probe C,;-BODIPY>#1/5%1 [ocalized to the P. aeruginosa membrane as an indicator of lipid peroxidation. Mid-log-phase cultures of PAO1
and the PA4774::lux mutant were stained with 2 uM C,;-BODIPY>81/>°! prior to treatment with 5 mM H,O,. (A) Phase-contrast images; (B) red fluorescence
channel; (C) green fluorescence channel; (D) merged images. Images were taken with a 100X objective.

lize LPS in the outer membrane (19, 21) (Fig. 2D). Polyamines
were interchangeable with Mg2* cations in preventing expression
of the spermidine synthesis genes and the arn operon, which is
required for aminoarabinose modification of LPS (Fig. 4A and B).
Exogenous polyamines also reduced peptide-induced expression
of both PA3553::lux and PA4774::lux (Fig. 4C), suggesting that
antimicrobial peptides and polyamines can compete for binding
sites in the OM, further supporting the idea that polyamines act to
stabilize the outer membrane to protect against antimicrobial at-
tack. Spermidine (which has a 3+ charge) is more protective than
the other bacterial polyamines cadaverine and putrescine (2+
charge) (Fig. 7), which may be due to the extra positive charge. As
such, spermine (4+ charge) would be predicted to be more pro-
tective than spermidine. However, this was not the case at low
concentrations (Fig. 7B), and at concentrations higher than 10
1M, spermine disrupts the OM permeability and has the lowest
MIC of all polyamines (data not shown). The higher toxicity of
spermine may help to explain why it is not frequently found in
bacteria.

Polyamines were isolated from the P. aeruginosa cell surface
and their identity confirmed using HPLC-UV-MS analysis (Fig.
5). This method of isolating surface polyamines has shown that
the majority of polyamines isolated are specifically from the LPS in
the outer membrane, with no contamination of cytoplasmic poly-
amines (Fig. 5E) (31). The lack of spermidine in the outer mem-
brane of the PA4774::lux (speE homolog) mutant was the cause of
increased susceptibility to polymyxin B, CP10A, and gentamicin
treatment. The polyamine protection of the outer membrane
likely occurs by binding to the negative surface charges, thus pre-
venting the self-promoted uptake of antimicrobial peptides and
aminoglycosides, which compete with cations for binding to LPS
in the outer membrane (19). Thus, under limiting Mg?* condi-
tions or in the presence of extracellular DNA, spermidine produc-
tion by P. aeruginosa is a novel mechanism that contributes to
modification of the outer membrane surface. The noncovalent
interactions of polyamines with the bacterial surface may work in
addition to the aminoarabinose modification of the phosphates of
LPS, both functioning to ensure that the negative surface charges
are masked and limit membrane destabilization by cationic anti-
biotics.

February 2012 Volume 194 Number 4

PA4773 is annotated as a SAM decarboxylase, whose end prod-
uct, dSAM, is a substrate with putrescine for spermidine synthesis
by PA4774. Within the P. aeruginosa genome, there are the speE
(PA0654) and speD (PA1687) genes, in addition to the homologs
studied here. We propose that the genes PA4773 and PA4774 rep-
resent an inducible pathway for spermidine production. The
PA4773-PA4775 gene cluster is coordinately expressed under lim-
iting Mg?* conditions (37, 43, 44) and in the presence of extracel-
lular DNA (Fig. 2). However, mutation in the first gene in the
cluster (PA4773) did not affect the NPN uptake, lipid peroxida-
tion (data not shown), or spermidine production phenotypes
(Fig. 5). One possible explanation is that the production of dSSAM
by PA4773 was performed by the true SpeD enzyme, implying a
possible redundancy in gene function. And although the trans-
poson insertion in PA4773 had a polar effect on downstream
PA4774 expression, PA4774 expression was not completely lost
(Fig. 3). A PA4774::lux mutant showed increased susceptibility to
OM damage by antibiotics and oxidative stress, indicating that the
final step in spermidine synthesis is essential for the production of
spermidine and resistance to polymyxin B and oxidative stress.

Polyamines have been implicated in antibiotic resistance in P.
aeruginosa. Paradoxically, high concentrations of exogenous sper-
midine (20 mM) can both increase and decrease the susceptibility
of P. aeruginosa to various classes of antibiotics (34, 35). Similarly,
arecent study showed that under conditions of increased intracel-
lular spermidine production, E. coli, P. aeruginosa, and other bac-
teria are more resistant to tetracycline but more sensitive to kana-
mycin (4). The mechanism that accounts for these contrasting
effects on antibiotic resistance is not understood. We show here
that spermidine can stabilize the outer membrane and contribute
to resistance, but the increased susceptibility may be due to the
membrane-destabilizing effects of high polycation concentrations
on the outer membrane, thus facilitating the entry of certain an-
tibiotics (21).

We also showed that polyamines protect membrane lipids
from oxidative damage using a new approach with a fluorescent
indicator of lipid peroxidation. Microscopy was used to confirm
the membrane localization of C,;-BODIPY>31/5°1 which is there-
fore a targeted indicator of damage to outer membrane lipids. A
previous report implicated cadaverine in protecting E. coli from
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nitrosative stress, although the mechanism of protection was un-
clear (6). The presence of polyamines on the cell surface may act to
scavenge ROS (16), thereby limiting the damage to the lipids bur-
ied in the membrane. It appears that polyamines can protect dif-
ferent macromolecules (lipids and DNA) in different cellular
compartments (membrane and cytoplasm) from oxidative dam-
age, dependent on their localization.

The identification of polyamines on the outer surface of P.
aeruginosa (Fig. 5) indicates that polyamines are transported to
the surface, and possibly secreted. There is evidence of putrescine
and cadaverine secretion in E. coli using antiporter transport pro-
teins (28, 45). A spermidine excretion protein complex, MdtJI,
which belongs to the small multidrug resistance family of drug
exporters, has been identified in E. coli by Higashi et al. (24). The
function of secreted polyamines is unclear, but it is tempting to
speculate secreted polyamines may play a role in cross-linking the
anionic biofilm matrix polymers or may provide an attractive con-
ditioning layer. Polyamines have been implicated in biofilm for-
mation (26, 54), and there are examples of secreted proteins that
cross-link and reinforce the exopolysaccharide matrix, thus pro-
moting biofilm integrity (5). Extracellular polyamines have also
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been proposed to play a signaling role in biofilm formation (26).
Our future work will attempt to identify the polyamine secretion
system by testing the role of the known spermidine transport
pathways in P. aeruginosa (40) and putative polyamine antiporters
in the transport of polyamines to the cell surface, and possibly the
extracellular environment.

We recently described the cation-chelating activity of DNA,
which activates the PhoPQ two-component system and expres-
sion of the arn antimicrobial peptide resistance operon in P.
aeruginosa (49). The spermidine synthesis genes PA4773 and
PA4774 are a second example of DNA-induced genes that contrib-
ute to antimicrobial peptide resistance. These genes are likely ex-
pressed in P. aeruginosa growing in DNA-rich environments, in-
cluding growth in biofilms, where extracellular DNA accumulates
as a matrix polymer (2, 65), or during growth in the CF lung,
where neutrophil DNA accumulates to high concentrations (57,
61, 63), possibly due to the formation of neutrophil extracellular
traps (42). Herein we describe a dual, protective role for spermidine
in resistance to aminoglycoside antibiotics, antimicrobial peptides,
and oxidative stress, which can protect P. aeruginosa from antibiotic
treatment and possibly from the host immune response.
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