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Lipopolysaccharides (LPS) are an important class of macromolecules that are components of the outer
membrane of Gram-negative bacteria such as Pseudomonas aeruginosa. P. aeruginosa contains two different
sugar chains, the homopolymer common antigen (A band) and the heteropolymer O antigen (B band), which
impart serospecificity. The characteristics of LPS are generally assessed after isolation rather than in the
context of whole bacteria. Here we used atomic force microscopy (AFM) to probe the physical properties of the
LPS of P. aeruginosa strain PA103 (serogroup O11) in situ. This strain contains a mixture of long and very long
polymers of O antigen, regulated by two different genes. For this analysis, we studied the wild-type strain and
four mutants, AWzz1 (producing only very long LPS), AWzz2 (producing only long LPS), DAM (with both the
wzzl and wzz2 genes deleted), and Wzy::GM (producing an LPS core oligosaccharide plus one unit of O
antigen). Forces of adhesion between the LPS on these strains and the silicon nitride AFM tip were measured,
and the Alexander and de Gennes model of steric repulsion between a flat surface and a polymer brush was
used to calculate the LPS layer thickness (which we refer to as length), compressibility, and spacing between
the individual molecules. LPS chains were longest for the wild-type strain and AWzz1, at 170.6 and 212.4 nm,
respectively, and these values were not statistically significantly different from one another. Wzy::GM and
DAM have reduced LPS lengths, at 34.6 and 37.7 nm, respectively. Adhesion forces were not correlated with
LPS length, but a relationship between adhesion force and bacterial pathogenicity was found in a mouse acute
pneumonia model of infection. The adhesion forces with the AFM probe were lower for strains with LPS
mutations, suggesting that the wild-type strain is optimized for maximal adhesion. Our research contributes

to further understanding of the role of LPS in the adhesion and virulence of P. aeruginosa.

Pseudomonas aeruginosa is a Gram-negative opportunistic
pathogen that can cause several different types of infections in
both community and health care settings and is especially
problematic for immunocompromised and cystic fibrosis pa-
tients, as well as burn victims (23, 32). Surface structures on the
bacterium are related to virulence and the ability to cause
infections. They make it possible for P. aeruginosa to attach to
a wide range of surfaces, as well as to interact with components
of the host (20). The lipopolysaccharide (LPS) is an important
virulence factor for P. aeruginosa (25). The structure of LPS
consists of lipid A, which anchors the LPS to the outer mem-
brane, the core oligosaccharide, and the highly variable O-
antigen side chain, which consists of repeating saccharide units
and confers serotype specificity to the bacterium. The O anti-
gen protrudes into the environment and allows the bacterium
to interact with its surroundings. There are 20 serotypes of P.
aeruginosa (27), and 14 of those groups also produce the A-
band saccharide known as common antigen, which is com-
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posed of p-rhamnose sugar polymer and consists of about 23
repeating units (6, 47).

LPS physical properties such as three-dimensional structure
and number of repeating units contribute to bacterial adhesion
(3, 37, 40). P. aeruginosa uses complicated biosynthetic mech-
anisms for assembly of LPS O antigen; this has been described
extensively elsewhere (24). In brief, the O-antigen subunits are
synthesized in the cytoplasm, attached to undecaprenol phos-
phate, and then flipped across the inner membrane by the Wzx
translocase. Next, the O-antigen side chains are linked to-
gether by the Wzy polymerase and the Wzz proteins determine
the number of subunits added. In P. aeruginosa strain PA103,
the Wzz1 protein regulates the long-chain length and adds more
than 30 subunits together, while the Wzz2 protein is responsible
for the very long O-antigen chain length, linking more than 60
subunits together (26). The length of the side chain correlates
with the length of the coiled-coil regions within the Wzz pro-
teins, as described by Morona et al. (33). Finally, the WaaL
ligase moves the completed side chain to lipid A plus the core
(lipid A-core), and the whole LPS molecule is transported to
the outer membrane (25). The relationships between genes
encoding LPS production and the physical characteristics of P.
aeruginosa LPS have been difficult to determine, in part due to
the lack of a suitable noninvasive technique for measuring the
long molecules on these bacteria.

Previous studies have shown that the presence of O antigen
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is critical for bacterial virulence. O-antigen-deficient mutants
appear to be more attenuated than wild-type organisms in
mouse burn, corneal, and pneumonia models of P. aeruginosa
infections (11, 36, 41). They disseminate less readily from the
initial site of infection, are more serum sensitive than wild-type
strains (36), and also exhibit decreased adherence to epithelial
cells in vitro (41). The addition of O antigen to lipid A-core is,
however, not essential for the viability of the organism (25),
and indeed, in P. aeruginosa, much more of the lipid A-core
remains devoid of O antigen than in other Gram-negative
bacteria (45). The mechanism controlling this is not known,
but observations have been made that suggest that the pres-
ence of complete LPS core molecules without O antigen in-
creases bacterial accumulation in the lung through interactions
with the cystic fibrosis transmembrane conductance regulator
(35).

The importance of O-antigen chain length regulator pro-
teins for bacterial pathogenicity has also been investigated in P.
aeruginosa. In this system, the Wzz1 protein plays a greater
role than Wzz2 in serum resistance and also is more important
in an mouse acute pneumonia model of infection (26). In the
same study, mice infected with a strain having both the wzz1
and wzz2 genes insertionally inactivated survived longer than
those given the wild-type strain or either of the individual wzz
mutants, suggesting an additive effect of the loss of virulence.

In order to better relate P. aeruginosa LPS physical prop-
erties with virulence, we need to be able to characterize the
LPS lengths on the bacterium in situ. Atomic force micros-
copy (AFM) is a technique widely used in microbiology to
probe bacterial and fungal cell surface molecules (2, 16, 43,
46). A recent study has shown that measurement of the forces
of Listeria monocytogenes adhesion to a silicon nitride AFM
probe could be used to discriminate more virulent strains of
this bacterium (34). The AFM functions by using a very sharp
tip as a probe that can contact molecules on a microbial
surface. As the tip is being brought closer to contact with the
microbial cell, the tip (typically made of silicon nitride or
silicon) will experience repulsive steric interactions with mol-
ecules on the surface of the microbe (8). These steric forces
have been modeled by Alexander (1) and de Gennes (14) using
a formulation originally developed to describe the steric repul-
sion between surfaces with grafted polymer layers and later
adapted to AFM studies (7). By making these calculations, we
can determine important physical properties of the polymers
that extend from the microbial surface.

The purposes of the present study were to characterize the
polymer layers of P. aeruginosa mutants that had LPSs that
differed in O-antigen chain length and to determine the adhe-
sion of each strain to a model silicon nitride probe. An advan-
tage of using isogenic strains for this analysis, as opposed to
strains of different serotypes, as we have done previously (39),
is that it allows us to attribute any observed differences to the
physical properties of LPS and not to any other, unrelated,
differences between strains or the different O-antigen struc-
tures. We demonstrate how AFM experiments and modeling
can be used to characterize bacterial LPS, since adhesion
strength and LPS physical properties can be important predic-
tors of virulence. Our findings suggest that wild-type strains
have optimized expression of O-antigen chains of particular
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lengths and that any alteration of these lengths may decrease
virulence.

MATERIALS AND METHODS

DNA manipulations. Chromosomal P. aeruginosa DNA was isolated using the
Wizard Genome Prep kit (Promega, Madison, WI). Plasmid DNA was isolated
using the Qiagen Miniprep kit (Qiagen, Valencia, CA). Restriction enzymes
were purchased from New England Biolabs (Ipswich, MA) and used in accor-
dance with the manufacturer’s instructions. PCR was performed using the Roche
Expand High Fidelity PCR system, and amplicons were purified using the Qiagen
PCR or gel purification kit in accordance with the manufacturer’s instructions.

Construction of mutagenesis vectors. Creation of the deletion mutant con-
structs followed the protocol described by Choi and Schweizer (10). In brief,
fragments encompassing regions 500 bp upstream of the start codon and down-
stream of the stop codon of each wzz gene were PCR amplified from serogroup
O11 P. aeruginosa strain PA103 (ATCC 29260). The 1-kb FRT-flanked genta-
micin (Gm) cassette from vector pPS586 was also amplified. Tails to the up-
stream reverse primer and the downstream forward primer for each wzz gene
included a tail homologous to the FRT sites in the Gm cassette. The products
were purified and used in a second round of PCR to create the deletion mutant
construct via overlap extension (10). One-microliter samples of the products, i.e.,
the upstream region, the downstream region, and the Gm cassette, were ampli-
fied together and cloned into Topo2.1 (Invitrogen). DNA sequence analysis
revealed that the FRT-flanked Gm cassette had recombined out from the con-
struct, leaving an 85-bp scar between the designed up- and downstream regions
of each wzz gene. Each deletion mutant construct was excised from Topo2.1
using the EcoRI sites and ligated into the EcoRI-cut pGPI vector, creating the
pGPI-Awzz1l and pGPI-Awzz2 vectors. Ligations were precipitated and electro-
porated directly into Escherichia coli strain Sy327 (19).

Generation of deletion mutants. Triparental matings were performed with
wild-type PA103, Sy327 with either pGPI-Awzzl or pGPI-Awzz2, and DH5«
containing the helper plasmid pRK2013 (18). After mating, merodiploids were
selected on L agar with spectinomycin at 100 pg/ml (to select against E. coli) and
trimethoprim at 1,500 pg/ml (to select for the plasmid-encoded antibiotic resis-
tance marker). After confirming the presence of both the wild type and the
deletion mutant copy via PCR with the primers used to create the deletion
mutant constructs, the merodiploids underwent second triparental matings with
the DH5a/pRK2013 strain and DH5« containing the pDAI resolution vector. P.
aeruginosa containing the resolution vector was selected for on L agar plates with
spectinomycin at 100 wg/ml and tetracycline at 100 pg/ml, and colonies were
screened for resolution of the chromosomal pGPI vector via PCR. Maintenance
on L agar without antibiotic resulted in the loss of pDAI (19). The resulting
deletion derivatives were referred to as AWzz1 and AWzz2. To construct a
PA103 strain with both wzz genes deleted, the pGPI-Awzz1 construct was mated
into the AWzz2 strain and selection was performed as described above to gen-
erate a double deletion mutant (DAM). All mutations were confirmed by PCR
analysis and sequencing.

LPS preparation and visualization. P. aeruginosa strains were grown overnight
in Luria-Bertani (LB) broth and then diluted to an optical density at 600 nm
(ODgq) of 0.5, followed by pelleting of 1.5 ml. Pellets were resuspended in 200
ul of 2X sodium dodecyl sulfate (SDS) buffer (0.1 M Tris-HCI [pH 6.8], 4%
B-mercaptoethanol, 4% SDS, 20% glycerol) and boiled for 5 min. After cooling,
12 pl of proteinase K (10 mg/ml) was added and samples were incubated for 3 h
at 60°C. LPS samples were separated on either 8 or 12% SDS-polyacrylamide
gels and transferred to nitrocellulose. Blots were analyzed with polyclonal anti-
sera specific for P. aeruginosa serogroup O11 LPS (Accurate Chemical & Scien-
tific, Westbury, NY), a monoclonal antibody to serogroup O11 LPS (Rougier
Bio-Tech Ltd., Montreal, Quebec, Canada), or A-band LPS-specific monoclonal
antibody N1F10 (purchased from J. S. Lam, University of Guelph, Guelph,
Ontario, Canada). The secondary antibodies used were a goat anti-rabbit immu-
noglobulin G for the polyclonal antibody and a goat anti-mouse immunoglobulin
M for the monoclonal antibodies. Both secondary antibodies were coupled to
horseradish peroxidase (Sigma-Aldrich, St. Louis, MO), and detection was per-
formed with Western Lightning-ECL reagent (Perkin-Elmer).

Intranasal mouse infection studies. Bacterial strains were grown on Trypticase
soy agar plates (Remel, Lenexa, KS) for 12 h at 37°C, resuspended in PBS to an
ODys of 0.5, and then diluted to obtain the desired dose in 20 pl. Six- to
8-week-old female BALB/c mice (Harlan Laboratories) were anesthetized by
intraperitoneal injection with 0.2 ml of ketamine (6.7 mg/ml) and xylazine (1.3
mg/ml) in 0.9% saline, and then 10 pl of the bacterial inoculum was placed into
each nostril. Mice were checked for survival three or four times a day for 1 week
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after infection. The University of Virginia Animal Care and Use Committee
approved all of the procedures used in this work.

Bacterial cultures for AFM experiments. Bacterial stock solutions were stored
at —80°C. Bacteria were grown overnight in LB broth or on LB agar at 37°C.
Overnight liquid cultures were diluted 1:100 and agitated at 37°C until mid- to
late-exponential phase (corresponding to an ODgq, of 0.9 to 1.2). P. aeruginosa
PA103 was used as the wild-type strain. Its properties have been extensively
discussed in the literature (25, 29). Wzy::GM, previously referred to as PA103
WzVp,011::aacCl, has an LPS that contains the core plus one O-antigen unit (13).

Bacterial attachment to glass slides. Glass slides (plain microscope slides;
Corning Inc.) were cut, rinsed with ultrapure water (resistivity of 18.2 MQ/cm
and <10 ppb total organic carbon; Milli-Q plus; Millipore, Billerica, MA), and
sonicated for 30 min. Slides were then immersed in 3:1 (vol/vol) HCI/NHO;
solution for 30 min, rinsed with ultrapure water, and treated with piranha solu-
tion (7:3 [vol/vol] H,SO4/H,0,) for 30 min. Glass slides were stored in ultrapure
water under cover at 4°C for up to 4 weeks.

Glass slides were functionalized to facilitate bacterial attachment by using a
procedure we have applied previously (30). In brief, cleaned glass slides were
rinsed with methanol and immersed in 50% 3-aminopropyltrimethoxysilane in
methanol for 20 min. Glass slides were then rinsed with methanol and ultrapure
water. The bacterial culture (20 ml) was centrifuged at 7,000 rpm for 10 min, and
pellets were washed twice with ultrapure water. To a 10-ml vial of bacterial
solution we added 300 pl of 100 mM 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide hydrochloride and 600 pl of 40 mM N-hydroxysuccinimide and N-
hydroxysulfosuccinimide. The solution was added to the aminosilane-treated
glass slide and agitated at 70 rpm for 4 to 6 h to promote bacterial lawn
formation.

AFM. A Digital Instruments Dimension 3100 atomic force microscope with a
Nanoscope Illa controller (Veeco Metrology, Inc., Santa Barbara, CA) was used
for all of the experiments. We used a total of five silicon nitride probes (DNP,
Veeco Instruments Inc., Santa Barbara, CA) with measured spring constants of
0.12 N/m * 10%, resonance frequencies of ~5 kHz in liquid, and average radii
of 40 nm (previously measured by electron microscopy; data not shown). Probes
were immersed in 100% ethanol for 12 h and then subjected to UV treatment
(365 nm) to remove organic films (4, 38). AFM experiments were performed with
ultrapure water. For each force measurement, the sensitivity was determined by
making a measurement on clean glass. To select bacterial cells for analysis, an
image of the slide was obtained at a scanning rate of 1 Hz in the intermittent-
contact mode. The tip was then positioned over the center of a bacterium and
measurements were performed in the force mode. Ten force cycles were re-
corded for at least five different cells of each strain examined. Raw AFM data
were processed in Microsoft Excel and MATLAB (MathWorks, Natick, MA) by
using a procedure we previously described, which is based on a method devel-
oped by Ducker et al. (3, 15). A steric repulsion model was applied to individual
force curves using nonlinear curve fitting in TableCurve 2D (Systat Software Inc.,
Chicago, IL) to obtain the equilibrium length of the polymer brush, its com-
pressibility, and the spacing between the LPS molecules (see Fig. S1 in the
supplemental material).

Steric model. A model was applied to the steric repulsive forces between the
bacterium and the AFM tip which arise during force measurements as the tip
approaches the bacterial cell. The model we used was originally developed by
Alexander and de Gennes to describe the pressure between two flat surfaces with
grafted polymers. Integrating over the area to account for the spherical AFM
probes, the model (22) takes the form

8kTRmL, L, \% d+3d\™
FO) = =555~ Na7s) O \,) 12

where F is the steric repulsive force measured in the AFM experiment as a
function of separation distance (D), k is Boltzmann’s constant, 7 is the absolute
temperature, R is the tip radius, s is the spacing of the LPS molecules, and L, is
the equilibrium thickness of the polymer layer (LPS), which here we refer to as
length. The separation distance, D, was used as the sum of the measured distance
(d) and the offset distance (), according to the procedure of Chang et al. (9).
The 3 offset enables better fitting because it provides an estimate for the layer
thickness at the maximal applied force in the measurement.

Zeta potential. The zeta potential of wild-type P. aeruginosa strain PA103 and
the four mutants was measured using a Zetasizer Nano ZS (Malvern Instru-
ments, Worcestershire, United Kingdom) and a universal dip cell (ZEN1002;
Malvern Instruments). Bacteria were grown to exponential phase, washed once
to remove the culture medium and salts, and resuspended in ultrapure water
(Milli-Q plus; Millipore, Billerica, MA). Cells were diluted to a uniform ODg,
and three sets of at least 10 measurements were conducted to ensure reproduc-
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FIG. 1. Western blot assay of LPSs isolated from P. aeruginosa
PA103 and mutants. Isolated LPS was separated by either 8% (A) or
12% (B and C) SDS-PAGE and immunoblotted using (A) polyclonal
P. aeruginosa serotype O11 antibody on purified LPS, (B) monoclonal
antibody to the A-band common antigen, and (C) monoclonal anti-
body to serotype O11. Wild-type PA103 produces both long and very
long B-band O-antigen side chains, while AWzz1 and AWzz2 express
only very long and long LPS chains, respectively. Wzy::GM has only
one O-antigen subunit attached to the lipid A-core (13).
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ibility. Electrophoretic mobility was converted to zeta potential using the Smolu-
chowski equation (17).

Statistical analysis. Survival curves for mouse infection studies were gener-
ated and statistical analysis performed using Prism 4 (GraphPad, La Jolla, CA).
Steric modeling results were analyzed in SigmaPlot (Systat Software Inc., Chi-
cago, IL) using Kruskal-Wallis one-way analysis of variance on ranks, and pair-
wise multiple comparisons using Dunn’s method were used to determine statis-
tically significantly different groups. Histograms were created in Microsoft Excel
using manual settings for bin width and graphed in SigmaPlot.

RESULTS

Characterization of LPS mutants. P. aeruginosa serogroup
O11 strain PA103 expresses LPS O-antigen lengths that have
been defined as long and very long. We have previously con-
structed and characterized mutants insertionally inactivated in
the O-antigen chain length regulator genes wzzl and wzz2: the
wzzl mutant had less long O antigen, while the wzz2 mutant
lacked the very long O antigen (26). To verify that the effects
we observed in these strains were not due to polar effects on
the upstream or downstream regions of these genes, we con-
structed wzzI and wzz2 deletion mutants and a double deletion
mutant, DAM. In these strains, the entire coding region of
each wzz gene was deleted, leaving behind an 85-bp FRT scar,
which has had no reported polar effects (10). Western blotting
was performed on LPS isolated from wild-type strain PA103
and each of the mutants in order to verify the LPS phenotype.
As we had observed previously (26), LPS isolated from PA103
shows a characteristic ladder pattern reflecting the addition of
individual O-antigen units onto the lipid A-LPS core (Fig. 1A).
This banding pattern is not random; apart from bands in the
low-molecular-weight ranges corresponding to the addition of
individual subunits, there is also a preference for lengths run-
ning between 50 and 150 kDa, which we refer to as “long,” and
for lengths running around 250 kDa, which we refer to as “very
long” (25). Complete deletion of the wzzl gene resulted in a
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FIG. 2. Representative approach curves obtained from the PA103

wild-type strain and the four LPS mutants. Repulsive forces between
the sample and the AFM tip increase with increasing LPS length.

mutant expressing a preference for only very long B-band
O-antigen side chains, while deletion of the wzz2 gene pro-
duced mutants expressing no very long O antigen. Both single
deletion mutants still had a pattern of banding in the low-
molecular-weight range due to the action of the O-antigen
polymerase Wzy. Simultaneous deletion of both genes resulted
in a strain with a random distribution of O-antigen side chains,
with proportionally more short O-antigen side chains than long
O-antigen side chains. These three strains are referred to as
AWzz1, AWzz2, and DAM, respectively. As we had noted pre-
viously (26), complementation of each mutant with the corre-
sponding wild-type gene resulted in the parental LPS pheno-
type, indicating that these deletions were not polar on
downstream genes (unpublished observations).

There was no obvious defect in A-band production in any of
the mutants compared to the wild-type strain (Fig. 1B). These
results are consistent with prior studies on the role of wzz
proteins in the LPS production pathway (13).

Steric modeling and zeta potential results. Approach curves
obtained from AFM experiments exhibited increased repulsion
force with increasing LPS length across the wild type and the
four mutants studied (Fig. 2). This effect illustrates the contri-
bution of the LPS brush in interactions between the sample
and the AFM tip—bacterial cells having only a very short LPS
layer on their outer membrane behave much more like a stiff
surface, while cells with a longer LPS layer show a smoother
increase in force with decreasing distance.

After the AFM experiments were performed, the LPS lengths
were calculated from the modified Alexander and de Gennes
(AdG) steric model. As a control for these experiments, we
used Wzy::GM (13), a PA103 mutant expressing an LPS core
plus one subunit of the O antigen (Fig. 1C). As anticipated,
this strain showed the shortest LPS length, with an average of
34.6 nm (Fig. 3). The LPS length in DAM with no O-antigen
chain length preference was calculated to be 37.7 nm. The
average LPS lengths for AWzz2 and AWzz1 were 108 and 212
nm, respectively. For the wild-type strain, we detected primar-
ily very long chains (>150 nm), which ranged up to 280 nm
(Fig. 3), but there were also some long chains observed, as well
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FIG. 3. Histogram showing the length distribution of the LPSs of
PA103 and the four mutants. DAM and Wzy::GM show the shortest
lengths resulting from interactions with A-band LPS molecules. Fol-
lowing is AWzz2 with the long O-antigen side chain preserved. The
wild type and AWzz1 (lacking long O-antigen side chains but still
possessing the very long ones) express LPSs of the greatest length.

(90 to 140 nm). Statistical analysis of the LPS length results
showed significantly different comparisons (P < 0.05) for all
treatments, except for the wild-type strain versus the AWzz1
mutant and Wzy::GM versus DAM.

The smallest spacing was observed for the wild-type strain,
and the largest was observed for the Wzy::GM mutant (Fig. 4).
The AWzz1 and AWzz2 mutants had similar spacing values,
and both were larger than the ones we observed for PA103
(Table 1).

The 8 offset parameter is related to the compressibility of
the polymer layer, relative to the cantilever stiffness, and
also dependent on the AFM tip radius. We found that 3 was
the smallest for Wzy::GM and DAM, which were not statisti-
cally significantly different. The 8 offset was the largest for
AW?zz1, the mutant with the longest O antigen, at 25 nm. The
wild-type and AWzz2 strains, with & offset parameters of 18.5
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FIG. 4. Histogram of the spacing values obtained from the AdG
model.
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TABLE 1. Summary of LPS physical properties based on the
application of steric modeling to AFM force data and
zeta potential measurements

LPS Spacin, 3 offset Zeta
Strain Force (nN) length [(J 3 i potential

(nm) nm) (nm) (mV)
Wild type  1.18 £ 0.07* 171 %5 57*+03 185*09 —-102*0.5
AWzz1 0.60 £0.03 212x8 8404 25+2 -92*03
AWzz2 0.63 £0.04 108 x5 6603 11.9=09 -3.6 =05
Wzy:GM  0.72+0.03 346*14 103*03 0.70*0.09 —45.0=*0.5
DAM 110005 37.7+1.6 64*+03 20+x03 —120*03

“ Each value shown represents the mean * the standard error of the mean.

and 11.9 nm, respectively, fell in the middle range of values
(Fig. 5). The & offset parameters of the wild type compared to
those of AWzz2 and those of the wild type compared to those
of AWzz1 were not statistically significantly different from one
another (P > 0.05).

Adhesion forces measured by AFM were highest for the wild
type and DAM (Fig. 6). Although the medians for this pair
were similar and the statistical tests showed that they were not
significantly different from one another, the distributions
show some differences (Fig. 7). We observed a broader
distribution of adhesion forces for the wild-type strain than
for the double mutant. The mutants AWzz1, AWzz2, and
Wzy::GM all showed lower similarly distributed adhesion
forces (Fig. 6 and 7). The average adhesion force for Wzy::GM
was slightly higher than for the AWzz1 and AWzz2 strains
(Table 1). However, the adhesion forces for these three mu-
tants were not statistically significantly different (P > 0.05).

The zeta potential was highest for the AWzz2 mutant (—3.6
mV) and decreased in the order AWzzl, wild-type PA103,
DAM, and Wzy:GM (Table 1). The Wzy::GM mutant was
significantly different from the other strains studied, with a zeta
potential of —45.03 mV. All pairwise comparisons showed
statistically significant differences (P < 0.05), except for AWzz1
and the wild type.

Virulence studies. Previous work has demonstrated a corre-
lation between adhesion forces and increased virulence in L.
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c
)
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o
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Delta Offset (nm)
FIG. 5. LPS layer compressibility (3 offset) histogram. DAM and

Wzy::GM are the most compressible, followed, respectively, by AWzz2,
wild-type PA103, and AWzz1.
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FIG. 6. Box plot of adhesion data obtained from AFM experi-
ments. Wild-type strain PA103 shows the highest average force, while

all LPS mutations lower the force of adhesion to the Si;N, tip. Of the
four mutants, DAM shows the highest absolute force.

Force (nN)
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monocytogenes (19). To determine if the measured adhesion
forces could serve as a predictor of virulence for the P. aerugi-
nosa Wzz mutants, we tested each of the deletion mutants in
an acute pneumonia model of infection using BALB/c mice.
When receiving a dose of 7 X 10° CFU, mice infected with
wild-type PA103 all succumbed to the infection by 50 h (Fig.
8). Mice infected with AWzz2 also succumbed to the infection
in around 50 h. Mice infected with the AWzz1 mutant survived
the longest, with only one mouse out of four succumbing to the
infection by the end of the experiment. A second experiment,
using a lower dose averaging 2 X 10° CFU, was also performed
which included the double deletion mutant (see Fig. S2 in the
supplemental material). At this lower dose, all four of the
PA103-infected mice died by 50 h. One mouse out of the four
infected with the AWzz2 mutant survived, while two mice out
of the four survived when infected with the AWzz1 mutant. At
this dose, the double deletion mutant was completely avirulent,
with no mice succumbing to the infection. In both cases, the
survival curve of mice infected with AWzz1 was significantly
different (P < 0.05) from that of mice infected with PA103,
while the survival curve of mice infected with AWzz2 was not.
In the second experiment, the survival curve of mice infected
with the double deletion mutant was also significantly different
from that of mice infected with wild-type strain PA103.

DISCUSSION

AFM has become an important tool for characterizing the
physical properties of bacterial surface molecules, including
LPS, proteins, extracellular polymeric substances, and flagella
(5, 31, 42). In some cases, the force of adhesion between a
bacterium and an AFM tip has been shown to correlate with
LPS length, such as we observed on several strains of E. coli
interacting with a silicon nitride AFM probe (39). For P.
aeruginosa in the present study, we did not see a direct corre-
lation with LPS length and forces of adhesion to silicon nitride
(see Fig. S3A in the supplemental material). However, there
are important differences between the E. coli strains used pre-
viously and the P. aeruginosa strains used in the present study.
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FIG. 7. Histogram of force data obtained from AFM experiments.
PA103 shows the broadest distribution range, while the force values
obtained from AWzz1, AWzz2, and Wzy::GM show similar Gaussian

distribution patterns. The frequency along the vertical axis ranges from
0 to 100% for each of the treatments.

In general, P. aeruginosa LPS cores have been found to be
uncapped in about 80% of the cases (12), while for E. coli, only
~10% of LPS molecules are uncapped (21). E. coli was also
only compared across strains, such as by comparing E. coli
O157:H7 (which has long LPS) to E. coli ML35 (with no O
antigen and thus very short LPS). For different E. coli strains,
we generally observed that the ones with longer LPS exhibited
higher forces of adhesion to silicon nitride. For the P. aerugi-
nosa mutants studied here, comparison of isogenic strains re-
vealed more subtle differences which can be attributed specif-
ically to the presence and/or presentation of LPS on the
bacterial cell surface and not to differences in LPS composi-
tion.

Western blotting suggests that A-band LPS is longer than
most of the O antigen in the DAM strain (see Fig. S4 in the
supplemental material). The A band would therefore mask the
LPS of the DAM strain, as well as the LPS core plus one
O-antigen unit of the Wzy::GM mutant. Our AFM experi-
ments and steric modeling results confirm that the top LPS
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FIG. 8. Survival of mice infected with wild-type PA103 and the
AWzz mutants. The doses used for infection were as follows: PA103,
6.8 X 10° CFU; AWzz1, 7.5 X 10° CFU; AWzz2, 6.7 X 10° CFU. Four
mice were included per group. Curves were plotted using the Kaplan-
Meier method, and curve comparisons were done using the log-rank
test. The PA103 and AWzz1 survival curves were significantly different
from each other (P < 0.05), while the PA103 and AWzz2 curves were
not significantly different.

layer on the Wzy::GM and DAM mutants is indeed composed
of the same type of molecules. Both mutants showed very
similar LPS length and compressibility parameters which were
also not significantly different. The decreased spacing in DAM
is consistent with the expected presence of underlying B-band
LPS molecules. Thus, we conclude that the longest LPS in the
Wzy::GM and DAM strains is likely composed of A-band mol-
ecules.

The wild-type strain exhibited the broadest distributions of
both LPS length and adhesion forces. Any of the introduced
mutations narrowed the adhesion force distribution (Fig. 7).
The LPS length distribution only became very narrow when
nearly all of the LPS was removed, as was the case for the
Wzy::GM mutant, or when the O-antigen chain length prefer-
ence was lost, as in the case of DAM (Fig. 3). This can be
attributed to the presence of A-band LPS, which covers the
B-band molecules on the surface of these two mutants. Over-
all, the wild type was the most adhesive to silicon nitride and
adhesion decreased with any mutations introduced. This sug-
gests that the wild-type strain is already optimized to have the
maximum adhesion in nature.

Although LPS length and adhesion force were not well cor-
related with one another, some of the other physical properties
showed interdependence. LPS length showed a positive corre-
lation with delta offset (R* = 0.65) in that § increased as L,
increased (see Fig. S3C in the supplemental material). This is
the result of the AFM tip making a stiff contact further away
from the cell membrane with an increase in the thickness of the
LPS layer. LPS length and spacing showed a weak correlation
for the O-antigen-expressing strains (see Fig. S3B in the sup-
plemental material). The reason for this interdependence is
not clear.

The relative values of the parameters of the AdG model
were consistent with previous biological findings and expecta-
tions. The strongest agreement was observed in the L, param-
eter of the fitted equation. The median LPS lengths of the wild
type and AWzz1 showed no statistically significant differences,
as the AFM tip interacts only with the surface of the LPS layer,
which in both cases is built up of the very long B-band LPS.
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Still, AWzz1 showed slightly longer LPS molecules, because
removing the long O-antigen side chain would result in an
excess amount of saccharide O-antigen subunits. The double
mutant and Wzy::GM were also not significantly different from
each other, as in this case, the A-band chains mask the under-
lying B-band molecules and thus form the topmost LPS layer,
which we measured to have a length of about 36 nm.

The 8 offset parameter of the AdG equation is an experi-
mental variable and is dependent on both the cantilever stiff-
ness and the tip radius. Assuming that these specifications are
similar for the different AFM probes that we used, the & offset
can provide insight into the LPS layer’s physical properties.
The median & offset values for the wild type, AWzzl1, and
AW?zz2 showed no significant difference from each other, in-
dicating that the O-antigen part of the LPS molecule has uni-
form compressibility, which is independent of the synthesis
mechanism. The median values for DAM and Wzy::GM were
also not statistically significantly different, suggesting that the
A-band LPS molecules have the same compressibility through-
out the different mutants as well.

Bacteria, like most other microbes and cells, are negatively
charged. The magnitude of the charge, however, is dependent
upon the bacterial surface structures and is related to the cell’s
ability to attach to various substrates (44). P. aeruginosa LPS
varies among the different serogroups, and its chemical struc-
ture affects the bacterial surface charge. P. aeruginosa PA103
LPS core consists mainly of neutral sugars but has several
negatively charged sites such as 3-deoxy-D-manno-octulosonic
acid residues and phosphate groups. The A band, composed
of p-rhamnose trisaccharide repeating units, and the B-band
LPS, consisting of trisaccharide units of one glucose and two
N-acetylfucosamine residues, are electroneutral (28). Our zeta
potential measurements are consistent with the expected charge
distribution on the P. aeruginosa surface. The effect of the
negatively charged LPS core molecules is greatest for the
Wzy::GM mutant due to its lack of O antigen (zeta potential of
—45.0 = 0.5 mV). These charges are then masked by the
addition of O-antigen repeating units for the wild type and the
other three mutants, as indicated by the increase in zeta po-
tential. Studies aimed at exploring the effect of LPS mutation
on attachment to various biotic and abiotic surfaces could
further elucidate the role of LPS structure in bacterial adhe-
sion.

Relating LPS physical properties and adhesion force to bac-
terial pathogenicity can provide a convenient in vitro way to
discriminate between virulent and avirulent strains. The silicon
nitride AFM probe is not truly representative of the complex
pathogen-host interactions, but it has been successfully used as
a model surface. Previous work has found correlations between
LPS length and adhesion force (39) and between adhesion
force and virulence (34) in different strains of the same species
using a silicon nitride cantilever. In this work, we compared
isogenic LPS mutants and did not find a correlation between
LPS length and virulence, but we noted a relationship between
adhesion force and virulence. Wzz deletion mutants lacking
the preferences for wild-type lengths of the O-antigen side
chain were tested in a mouse acute pneumonia model of in-
fection. At 7 X 10° CFU, mice infected with the AWzz2 mutant
did not show any significant difference from mice infected with
wild-type PA103, while mice infected with the AWzz1 mutant

PHYSICAL PROPERTIES OF P. AERUGINOSA LPS AND VIRULENCE 1265

exhibited much longer survival times. This shows that LPS
length cannot be reliably used as a predictor of virulence,
because the biological differences among the mutants overrule
the effect of variations in LPS layer physical conformation.
At a lower dose averaging 2 X 10° CFU, the AWzz2 mutant
exhibited a slight attenuation compared to the wild type, al-
though statistical tests could not determine a significant differ-
ence due to the obstacles in testing a larger number of mice.
These results suggest that adhesion force can be used as a
predictor of virulence at low doses, which in fact more accurately
represent natural infection settings. The wild-type PA103 proved
to be the most virulent and also showed the highest adhesion
forces, while AWzz1 and AWzz2 showed lower force profiles
and, respectively, attenuated and slightly attenuated pathoge-
nicity. We speculate that the difference between the wild-type
and AWzz2 strains will be even more pronounced at lower
infection doses. At 2 X 10° CFU, the double deletion mutant
proved to be completely avirulent, suggesting an additive effect
of the removal of both long and very long O-antigen side
chains. Other studies have demonstrated that LPS rough mu-
tants exhibit much higher 50% lethal doses than the respective
wild-type organisms (11). No comparison of adhesion force
magnitude can be made between the O-antigen-expressing
strains (wild-type PA103 and the AWzz1 and AWzz2 mutants)
and the mutants in which A-band LPSs make up the topmost
part of the LPS layer (Wzy::GM and DAM), as the interaction
forces in the two groups arise from contact with chemically
different molecules. We can, however, predict, based on the
adhesion force profiles of the two mutants, that Wzy::GM will
be more attenuated than DAM, although it will be difficult to
determine if subtle differences exist, given the avirulence of the
DAM mutant.

The deletion mutants created in this study exhibit a more
pronounced phenotype than the insertional mutants created
previously (26) with respect to the decreased presentation of
O-antigen chains of particular lengths, which facilitated AFM
experiments and modeling and might have also led to a further
reduction in virulence. However, when the deletion mutants
generated here were tested in the acute pneumonia model at
the same dose as that previously used (26), very similar survival
curves were obtained. This indicates that the insertional
mutants already altered the presentation of O-antigen chain
length enough that virulence was decreased. Further attenua-
tion was not detected, even when there was a complete lack of
O antigen of these particular lengths.
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