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ABSTRACT

CHARACTERIZATION OF A COMMON ANTIGEN
LIPOPOLYSACCHARIDE FROM PSEUDOMONAS AERUGINOSA
AK1401
By

Mildred Rivera Betancourt

Lipopolysaccharide (LPS) isolated from Pseudomonas aeruginosa PAO1 (05
serotype) was separated by gel filtration chromatography into two antigenically
distinct populations: the A-band and B-band L.PS. The A-band population,
containing shorter polysaccharide chains (~30 repeat units), reacted with a
monoclonal antibody (MADb) to a P. aeruginosa common antigen but did not react
with antibodies specific to 05-serotype LPS. In contrast, the LPS pépulation
containing long polysaccharide chains (B-band) (> 30 repeat units) reacted only
with the 05-specific MAbs. Chemical analysis of the A-band or common antigen
LPS indicated a lack of reactive amino sugar and phosphate, although low levels
of heptose and 2-keto-3-deoxyoctulosonic acid were detected. Also, high levels
of rhamnose and stoichiometric amounts of sulfate were detected in this LPS

isolate; the fatty acid composition was similar to that of the O-antigen-specific or



B band LPS. These results imply that PAO1 strains synthesize two type of
molecules that are antigenically and chemically distinct.

To analyze the effect of various growth conditions on the size heterogeneity
of LPS, P. aeruginosa PAOl was grown in various media and at different
temperatures. The size distribution of the serotype-specific or B-band LPS and the
A-band or common antigen LPS were analyzed by both polyacrylamide gel
electrophoresis and immunoblots. Cells grown at high, near growth-limiting
temperatures, at low pH, in low concentrations of phosphate, and in high osmotic
strength or salt concentrations, produced decreased amounts of very long chain
populations of O-antigen LPS molecules. Lower temperature and lower osmotic
strength, low sulfate, lower salt concentration, and elevated pH did not affect the
level of this LPS population. The size and amount of common antigen LPS was
not significantly affected when the cells were grown under the above stress
conditions. Cells grown under normal, nonstressed conditions were agglutinated
only by serotype-specific MAbs. In contrast, cells grown under stress conditions,
in which the long-O-polymer LPS was absent, were agglutinated by both serotype
specific and common antigen-specific MAbs. The results indicate that specific
growth conditions limit the production of the long-O-polymer, allowing the
exposure and reactivity of the common antigen on the cell surface.

To corroborate that sulfur is incorporated into A-band LPS in stoichiometric
amounts, P. aeruginosa AK1401 was grown in 35S-labelled sulfate. The

advantage of using this PAO strain is that it is a convenient source of A-band LPS



since the synthesis of O-antigen is defective. Gel filtration chromatography
separated the LPS into two major size populations: the A-band and B-band or
short chain (SC)-LPS. The elution profile, as well as the autoradiogram and the
inductively coupled plasma spectroscopy data showed that the A-band and B-band
LPS contained labelled sulfur. Thus, A-band LPS contains stoichiometric amounts
of covalently bound sulfur, perhaps as sulfate.

Finally, to further analyze the core oligosaccharide structure of A-band
LPS, a rhamnanase on bacteriophage A7 was used to specifically hydrolyze the
rhamnose polysaccharide chain. The chemical composition of the core components
of the phage A7-digested A-band (Dig A-band) LPS was similar to that reported
previously for undigested A-band LPS. This Dig A-band isolate was also
incubated with MAbs against either inner core or outer core epitopes of P.
aeruginosa LPS, and the results were compared to that of the serotype SC-LPS.
The results from the immunoblots indicated that, even though the inner core region
of all AK1401 LPS fractions share a common epitope, the outer core region of the

A-band LPS is different from that of the B-band or SC-LPS.
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INTRODUCTION

The outer membrane of Gram-negative bacteria is very important for
resistance to host defense factors and as a strong permeability barrier to many
antibiotics. One of the membrane components that appears to be critical in
determining permeability is the lipopolysaccharide (LPS). It has been shown that
many strains of Pseudomonas aeruginosa produce two chemically and
immunologically distinct LPS molecules. These LPS isolates are known as A-band
and B-band LPS. B-band LPS is the O-antigen containing LPS and determines the
O-specificity of the bacterium, while A-band or common antigen LPS contains
shorter chains of predominantly neutral polysaccharide. The O-antigen and lipid
A region of the O-specific LPS is well characterized. Only the O-polysaccharide
chain structure of A-band LPS has been determined, but little is known about the
structure of the core-lipid A region of A-band LPS. Therefore, it is necessary to
chemically characterize the A-band core-lipid A region to be able to understand
the pathophysiological responses as well as any role that this component might
have in antibiotic resistance.

Two major goals of this thesis were 1) to isolate and characterize the LPS

from P. aeruginosa AK1401, defining the chemical differences between the A- and
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B-band LPS, and determining the functional groups that might be replacing

phosphate in the A-band core-lipid A region; and 2) find a nondestructive method
to hydrolyze the O-polysaccharide chain from A-band LPS to further characterize
the core-lipid A.

Lipopolysaccharide from P. aeruginosa AK1401 and smooth-PAO1 strains
were isolated and separated by gel filtration chromatography (Appendix A and
Chapter 2). The different LPS fractions were analyzed using chemical,
immunological, and gel electrophoretic techniques. Changes in the size
distribution of A-band and B-band LPS with variation in the growth conditions
including temperature, osmotic strength, and salt concentrations were studied
(Chapter 3). The size heterogeneity was characterized using sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Westernimmunoblots.
Incorporation of sulfur into A-band LPS was further corroborated by growing the
cells in 33S-labelled sulfate (Chapter 4). The elution profile from a gel filtration
column was monitored for total 33S counts, phosphate, and amino sugar. The
polyrhamnose chain of A-band LPS was digested with a rhamnanase associated
with bacteriophage A7 (Chapter 5). The phage A7-digested A-band LPS was
characterized using SDS-PAGE and chemical analysis to quantitate for heptose, 2-
keto-3-deoxyoctulosonic acid, amino sugars, and phosphate. The inner core and
outer core region of A-band as well as B-band LPS was characterized using
monoclonal antibodies.

The first chapter provides general background on LPS from Gram-negative
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bacteria. The final chapter summarizes the results found and proposes the
physiological importance of these results as they relate to the organism. The
chemical differences between the O-serotype specific or B-band and the common
antigen or A-band LPS are emphasized. An experimental approach to elucidate

the structure of A-band core-lipid A region is also given.



CHAPTER 1

Literature Review
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Characteristics, Ecology, and Pathogenicity of Pseudomonads.

The family Pseodomonadaceae presently includes four genera, namely,
Pseudomonas, Xanthomonas, Frateuria, and Zoogloea (58). The type genus of the
family is Pseudomonas, one of the most complex groups of Gram-negative
bacteria. Members of this genus are characterized by their ability to grow in
simple media (58). Pseudomonads superficially resemble the enteric bacilli but
they differ in several fundamental respects. For example, they have polar flagella,
they are strongly oxidase-positive (except for P. maltophilia and some strains of
P. cepacia), and they are strict acrobes (58,77). Some strains produce water
soluble pigments; most P. aeruginosa strains produce a bluish green phenazine
pigment, pyocyanin, as well as fluorescein, a greenish yellow pteridine that
fluoresces (58). Pseudomonads have a considerably higher G+C content in their
DNA than Enterobacteriaceae, and most metabolize sugars via the 2-keto-3-
deoxygluconate (Entner-Doudoroff) pathway rather than via glycolysis (58,77).

Of all Pseudomonas species, by far the best studied genetically are P.
aeruginosa and P. putida (26,27,72). The genetically circular chromosome of P.
aeruginosa and P. putida allows a comparison of this species with the
Enterobacteriaceae (27,72). The gene arrangement and distribution in
pseudomonads are substantially different from that in the Enterobacteriaceae.
Three features of chromosomal gene arrangement have become apparent (27): (a)
the common noncontiguous arrangement of genes of biosynthetic pathways, which

contrasts with the contiguous arrangement commonly found in Enterobacteriaceae;
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(b) the rarity of contiguous functionally related genes; and (c) the clustering of
genes with related functions into noncontiguous groups, described as supraoperonic
clustering.

Pseudomonads are found primarily in the soil, in water, or on plants, and
as a group are able to degrade a variety of organic compounds (58,77). Some
pseudomonads and other nonfermenters are found on skin or other body surfaces,
and in small numbers in the intestine (77). Pseudomanad strains can frequently
be isolated from assorted clinical materials, and they can be the cause of
nosocomial infections, particularly in patients in which the normal host defenses
are depressed (neoplasias, burns, cystic fibrosis, etc.) (16,28).

P. aeruginosa is among the Pseudomonas species that can be classified as
opportunistic human pathogens (10). Cystic fibrosis (CF) is an inherited disease
of children, adolescents, and young adults. Most patients with CF develop lung
infections and the dominant pulmonary pathogen is P. aeruginosa (3,18,24,64);
this organism is responsible for much of the morbidity and mortality associated
with chronic pulmonary infections in CF patients (8,15,24). The pathogenicity of
P. aeruginosa is associated with several virulence factors including extracellular
enzymes, lipopolysaccharides (LPS), and the production of exopolysaccharide,
known as alginate (7,9,19,39,53,61). Antibiotic therapy for such infections are
difficult since resistance in P. aeruginosa is comprehensive for many drug classes
due to low permeability of the cells’ outer membrane (21). Also, LPS appears to

be critical in determining permeability (54,74). To understand the nature of
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antibiotic interaction with LPS as well as the role that this component has as a
virulence factor and in host response, it is important to characterize the chemical

structure and composition of the LPS molecule.

Bacterial Cell Wall of Gram-negatives.

The P. aeruginosa cell envelope is typical for gram-negative bacteria. It
includes an inner cytoplasmic membrane, a peptidoglycan layer, and an outer
membrane (Figure 1). The cytoplasmic membrane is involved in cell division, in
the active transport of materials across the bilayer, in synthesis of cell envelope
components, in the electron transport chain, and in oxidative phosphorylation (6).

The peptidoglycan layer, located between the inner and outer membranes,
is composed of a repeating disaccharide polymer crosslinked by peptides bridges,
and is important in maintaining mechanical rigidity (55). This peptidoglycan
structure is covalently linked to the outer membrane via a small lipoprotein (55).
Also found within the periplasm are a wide variety of enzymes which process
compounds into molecules capable of transport across the inner membrane (52).

The outer membrane is composed of proteins (structural proteins and
porins), phospholipids, various other amphiphiles, including the capsular-antigens,
the lipoproteins, and the endotoxins or lipopolysaccharides (LPS) (22,67). The
outer membrane has an asymmetric architecture, i.e., phospholipids (mostly
phosphoethanolamine) are present mainly in the inner monolayer; the high

molecular weight amphiphiles, including LPS, are located exclusively in the outer



Figure 1

Schematic molecular representation of the Gram-negative envelope.
Ovals and rectangles depict sugar residues. Circle represent the
polar headgroups of phospholipids. MDQO are membrane-derived
oligosaccharides, and KDO is 3-deoxy-D-manno-octulosonic acid.

KDO and heptose make up the inner core of LPS.
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leaflet (22). It is through this outer membrane that Gram-negative bacteria
communicate with, interact with, and adapt to the natural environment. In this
interaction the outer membrane regulates the uptake of nutrients required for
growth (attributed to the porin proteins), prevents the penetration of toxic
molecules into the bacterial cell, and impedes microbial destruction by serum
components and phagocytic cells (22,52,55). As an integral component, LPS
participates in many of these active or passive membrane functions and is
indispensible for the proper assembly and architecture of the outer membrane.
The outer membrane of Gram-negative bacteria forms a well regulated
permeability barrier due to the interactions of LPS and porins.

Like many other Gram-negative bacteria, extracellular polysaccharides with
the same structures as O-antigens have been found in cultural fluid or in the slime
of different P. aeruginosa strains. Their production increases after cessation of
logarithmic growth. It is unclear whether these antigens are synthesized as pure
polysaccharides or if they are attached to a lipid moiety. Some P. aeruginosa
clinical isolates produce a mucoid alginate-like glycuronan. Such mucoid strains
are usually found in association with certain human pathological conditions,
especially with respiratory tract infections in CF patients (20,33). Kelly et al (32)
reported that there is an association between the development of mucoid or
alginate-producing variants and the loss of the long-chain or serotype LPS on the
cell surface. Alginate is an unbranched polysaccharide composed of 1,4-linked

residues of 6-D-mannuronic acid and «-L-guluronic acid which can be arranged
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in homopolymeric or heteropolymeric blocks (2,75). Synthesis of alginate by

mucoid strains of P. aeruginosa is dependent on growth conditions and depends

on the temperature of growth (33).

General Characterization of Outer-membrane Lipopolysaccharide.

LPS from P. aeruginosa possesses the same general molecular architecture
as enterobacterial LPS. The high-molecular-weight LPS (S-form) molecule can
be divided into three parts: the hydrophobic lipid A component, and the two
hydrophilic parts composed of the O-antigenic polysaccharide attached to a core
oligosaccharide (Figure 2) (33). This structure is characteristic of wild-type
smooth strains. R-form or rough LPS is characterized by the absence of any O-
antigenic side chain and is present in both smooth and rough strains (33,69).

Lipid A consists of a phosphorylated glucosaminyl disaccharide backbone,
to which several fatty acid chains are attached via ester and amide linkages
(33,81). Lipid A is the part of the molecule that by hydrophobic interaction
anchors the LPS in the outer membrane (Figure 1) (67). It plays a significant role
in the organization and stability of the outer membrane. This component is
responsible for the LPS-induced endotoxic responses in mammals and participates
in the initiation of a number of pathophysiological responses to infection (39).

The oligosaccharide core region is directly linked to the lipid A headgroup
via an unusual sugar present in most LPS molecules, 2-keto-3-deoxyoctulosonic

acid (KDO) (33,81). Within the core and lipid A headgroup region there is a
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Figure 2  Proposed structure for the lipopolysaccharide molecule of
Pseudomonas aeruginosa PAO1 (OS5 serotype according to the

IATS scheme).
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variety of ionic groups such as acidic phosphates and carboxyl moieties (33). Due
to the high level of phosphorylation in P. aeruginosa, compared to enterobacteria,
the core oligosaccharide has an exceptionally high metal-binding capacity (33,54).
This makes the outer membrane particularly dependent on divalent cations for
stability. Chelation of these cations by EDTA causes disordering of the membrane
with release of LPS (48,51). The disruption of outer membrane integrity and
increase in permeability induced by polycationic antibiotics results from binding
of these compounds to the anionic groups of LPS perhaps displacing the stabilizing
divalent cations (54,60). Therefore, the combination of the LPS’s negative charge
and the divalent cation cross-bridging of LPS provides the gram-negative cell
surface with a tight barrier, important for the cells’ resistance to hydrophobic
antibiotics, bile salts, detergents, protease, lipases, and lysozymes (54,55).

In smooth strains, O-polysaccharides are attached to the core region of LPS
and are made up of repeating units of identical oligosaccharides (33,81). The
portion of LPS molecules that have an attached polysaccharide is low for P.
aeruginosa isolates, usually less than 15% (69,81). The remainder of the
molecules contains only core and lipid A components. The structure of the
polysaccharide repeat unit defines the serotype of the strain (33,81). The O-side
chains from P. aeruginosa are rich in amino sugars, some of which are unique
among natural products (35,54). As mentioned previously, each of the at least 20
serologically distinguishable strains of P. aeruginosa produces a unique O-antigen

with a specific composition and structure (43,44). The presence and the amount
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of O-antigen as well as the length of O-antigen chain influences various other P.
aeruginosa cell surface phenomena, including antibiotic susceptibility (1),
bacteriophage recognition (40), virulence and sensitivity to bactericidal action of
serum (7,11), and the capacity to induce protective antibodies (45).

Lipopolysaccharides of most bacteria exhibit structural heterogeneity in all
three regions of the molecule (56). In enterobacterial S-forms, as well as in
Pseudomonads, a collection of LPS species is present which differ in the number
of repeating units, i.e., the length of the O-specific chain (56,69). As mentioned
before, a certain portion of molecules lacks the O-specific chain. In addition,
some of the charged substituents of the inner core and lipid A and the acyl groups
of lipid A, are not present in molar amounts (33,54,67,81).

The O-polymers from various P. aeruginosa strains have been resolved into
two chemically distinct sets, an amino sugar-rich fraction and a neutral sugar-rich
fraction (69,73,82,84). The shorter, neutral sugar-rich fraction has been shown
to contain a polysaccharide region composed of a three rhamnose repeat unit
(4,84). Rivera et al (69) have demonstrated that the P. aeruginosa strain PAO1
is capable of synthesizing more than one type of LPS. Analysis by gel filtration
chromatography and sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) revealed that the PAO1 LPS consisted of two antigenically and
chemically distinct molecules termed A- and B-band LPS (69). The B band,
usually composed of LPS with long O-antigen chain, is the LPS specie responsible

for the O-specificity of the organism, while a second LPS, the A band fraction,
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is composed of molecules that only have intermediate size polysaccharide chains
(approx. 30 repeat units) (42; M. Rivera, T.J. Chivers, J.S. Lam, and E.J.
McGroarty, J. Bacteriol., submmited).

The isolation of P. aeruginosa rough strains from sputum in CF patients is
correlated with chronic and severe infection (12,29,47). The lack of O-antigen
expression accounts for the unusually high percentage (60-80%) of nontypeable
strains of P. aeruginosa encountered in many studies of CF patients
(13,14,23,41,57,65). Lam and coworkers (41) have produced seven MAbs to the
A-band isolate. Using Western immunoblot analysis, they have shown that A band
molecules are present as a common antigen on many but not all serotypes of P.
aeruginosa. Furthermore, they found that A bands are present in a high
percentage of clinical isolates and appeared to be the main antigen on nontypeable

strains deficient in high-molecular-weight B band-type LPS.

Chemical Structure of Lipopolysaccharide.

The primary structure of enterobacterial lipid A, as well as P. aeruginosa,
has been elucidated in great detail. In Figure 3 lipid A structures of Escherichia
coli (67,68), Salmonella minnesota (68), and P. aeruginosa (17,33) are shown.
In all of these cases, lipid A is composed of a 6-D-glucosaminyl-(1-> 6)-a-D-
glucosamine disaccharide phosphorylated at positions 1 and 4’. This hydrophilic
lipid A head group is acylated by four residues of (R)-3-hydroxy fatty acids at

positions 2, 3, 2’, and 3’. Structural heterogeneity in the lipid A (Figure 3)
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includes variation in the fatty acid chain length and the location of ester-bound acyl
groups. For example, in E. coli the (R)-3-hydroxytetradecanoic acid (3-OH-
C14:0) is present in ester and amide linkage. The hydroxyl groups of the two 3-
OH-C14:0 residues bound to the nonreducing glucosaminyl residue at position 2’
and 3’ carry dodecanoic (C12:0) and tetradecanoic acid (C14:0), respectively. The
3-OH-C14:0 residues bound to the reducing glucosaminyl residue are not 3-O-
acylated. In P.aeruginosa lipid A, (R)-3-hydroxydodecanoic acid (3-OH-C12:0)
is amide-bound and (R)-3-hydroxydecanoic acid (3-OH-C10:0) is ester-linked to
the lipid A backbone. The latter are not substituted at their 3-hydroxyl groups
while the 3-OH-C12:0 residues at positions 2 and 2' carry C12:0 and/or (S)-2-
hydroxydodecanoic acid (2-OH-C12:0). As indicated in Figure 3, the hydroxyl
groups in positions 1 and 4’ may be substituted by phosphate or pyrophosphate,
phospho-D-glucosamine, and phospho-4-amino-4-deoxy-L-arabinopyranose (17,68).
It is important to mention that the pathway for biosynthesis of lipid A in P.
aeruginosa is similar to, but not identical with that of enterobacterial lipid A
(17,66). The major precursor of the latter includes only amide-bound fatty acids
(66), while that of the former contains all fatty acids present in lipid A of the
mature LPS before addition of KDO (17).

Thus, while lipid A’s of different bacterial families share certain chemical
features they differ in others. The tetraacyl backbone is ubiquitous and highly
conserved and exhibits very low structural variability (66-68). However,

individual lipid A’s may differ from each other by the presence and nature of polar
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Chemical structure of the lipid A component of (A)
Pseudomonas aeruginosa PAO1, (B) Escherichia coli, and (C)
Salmonella minnesota lipopolysaccharides. Dotted lines
indicate incomplete substitution. KDO is linked to the
primary hydroxyl group in position 6’. Numbers in circles

indicate the number of carbon atoms in the acyl chains.
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and ionic head groups substituents, and the nature and chain lengths of fatty acids
acylating the 3-hydroxy fatty acids. Variations of these parameters create
structural diversity which is responsible for intrinsic heterogeneity of lipid A
(17,56,66).

It should be noted that certain Gram-negative bacteria synthesize LPS with
a lipid A structure that is radically different in architecture from that of
enterobacterial lipid A structure (25,49). As an example, lipid A of
Rhodopseudomonas viridis has been found to be devoided of glucosamine and
phosphate but to contain the rare sugar 2,3-diamino-2,3-dideoxy-D-glucose
monomer which carrys 3-OH-C14:0 residues (71). Hollingsworth and Lill-
Elghanian (25) isolated and characterized two major lipid A components of
Rhizobium trifolii ANU843. They demonstrated that the free lipid A component
contained a novel long-chain carboxylic acid and 2-amino-2-deoxy-gluco-hexuronic
acid and was totally devoided of phosphate.

The core region of enterobacterial and P. aeruginosa LPS consists of a
heterooligosaccharide which can be subdivided into the lipid A-proximal inner core
and the distal outer core region. The enterobacterial outer core region contains the
common sugars D-glucose, D-galactose, and N-acetyl-D-glucosamine (67),
whereas in P.aeruginosa D-glucose, D-galactosamine, L-thamnose, and L-alanine
are the components found in this region (81). The inner core region of
Enterobacteriaceae as well as P.aeruginosa is composed of the unusual sugars

heptose, mainly in the L-glycero-D-manno and the D-glycero-D-manno
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configuration, and 2-keto-3-deoxyoctulosonic acid (KDO, also termed 3-deoxy-D-
manno-2-octulosonic acid, dOclA) (Figure 4) (33,66,67). 13c NMR spectroscopy
suggests that KDO is attached to lipid A by an o2-6' linkage (78,79). In general,
these residues are substituted by charged groups such as phosphate, pyrophosphate,
phosphoethanolamine, and pyrophosphoethanolamine, often in nonstoichiometric
amounts (33,66,67). The structural variability of the core within different bacterial
species is limited. Based on the sugar composition of the LPS isolated from
various enterobacterial R mutants, the core domain can be classified by
chemotypes, namely, Ra, Rb;, Rb,, Rc, Rd;, Rd,,and Re LPS (46,66). Type Ra
represent a complete core while type Rd has defects in adding any sugar unit of
the outer core region; type Re comprises only lipid A and the KDO units (probably
with branch substituents) of the core oligosaccharide. Chemotype variants of
P.aeruginosa rough mutants have been isolated which are analogous to those of
enterobacteria with the exception that Re mutants have not been reported
(5,30,38). Interestingly, a variety of nonenterobacterial wild-type strains of some
phototropic and pathogenic gram-negative bacteria such as Neisseria,
Acinetobacter, Campylobacter, Bordetella, Bacteroides, and Haemophilus
synthesizes LPS which consist only of core oligosaccharide and lack a long O-
specific chain (67). These compounds have been termed lipooligosaccharides
(LOS).

The chemical analysis of the inner core is very difficult for a number of

reasons. (i) The ketosidic linkages of KDO are extremely acid-labile. (ii) No
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Figure 4  Proposed covalent structure of the inner core of Escherichia
coli K-12. Putative partial substitutions are indicated with

dashed bonds.
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satisfactory procedure exists for the quantitative determination of KDO in
polysaccharides of unknown structure and substitution pattern. (iii) KDO
undergoes side reactions under the usual conditions of hydrolysis of
polysaccharides, leading to unknown or unstable products (80). Because of the
difficulty of analyzing intact LPS under nondestructive conditions, the proposed
structure on the enterobacterial inner core (Figure 4) cannot be considered
definitive. At least one KDO residue, or KDO-like sugar, has been found in
almost all gram-negative bacteria that have been studied (46,67), but in some
organisms, subtle modifications of KDO are observed. In Acinetobacter
calcoaceticus, an octulosonic acid isomer resembling KDO is attached to lipid A
which is resistant to acid hydrolysis (31). This isomer differs from KDO by the
presence of an additional hydroxyl group at C-3, and this group appears to play
a role in the acid stability of its ketosidic linkage. It is not clear whether LPS
lacking the KDO residue exists. However, Pask-Hughes and Williams (59)
reported that the LPS isolated from extreme thermophiles of the genus Thermus
lacked heptose, KDO, glucosamine, and phosphorus. Interestingly, hydroxylated
fatty acids were not reported. Also, Beconi and Hollingsworth (personal
communication) have isolated an LPS fraction from Rhizobium leguminosarum
viobar viacea grown in acidic conditions. The lipid A fraction contains the fatty
acids characteristic of this specie but the carbohydrate fraction lacks both heptose
and KDO.

The O-antigen is attached to a terminal sugar of the outer core (Figure 4),
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and it is composed of a repeating oligosaccharide unit containing up to six sugar
residues (33,46,67). The nature, sequence, type of linkage, and type of
substitution of the individual monosaccharide residues within a repeating unit is
characteristic and unique for a given bacterial strain. Thus, the O-polysaccharide
chain is species-specific and determines the O-serological specificity of the
molecule and of the parent bacterial strain (33,46,67). The composition of
P.aeruginosa O-antigens has been found to differ in several ways from that of
other bacterial O-antigens studied (34). The P. aeruginosa antigens usually are
defficient in neutral sugars, and typically contain monoamino and diamino sugars,
many of which carry a carboxyl functional group. The structures of some of these
O-antigens are given in Table 1. As mention, the O-polysaccharide chain of P.
aeruginosa exhibits heterogeneity not only in the number of repeating units but
also modifications in the repeating unit (33,34). The most common is
nonstoichiometric O-acetylation; other variable modifications are nonstoichiometric
amidation and epimerization.

The majority of the P. aeruginosa strains contain a second LPS specie
whose polysaccharide chain differs serologically and structurally from O-antigen
chain (37,50,69,70,73). This LPS has been termed A-band or common antigen
LPS (Figure 5). In wild type strains, this common polysaccharide antigen is
shorter than the O-antigen chain; thus the common antigen is covered and not
exposed to the cell surface on smooth strains, but is accessible on the surface of

rough-type strains (41,50). The common antigen polysaccharide is a regular
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Figure 5  Proposed structure for the O-polysaccharide repeat unit of

Pseudomonas aeruginosa A-band or common antigen LPS.
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homopolymer of rhamnose. On the basis of NMR and chemical analyses the
structure has been shown to consist of the repeating unit [- > 3)-a-D-Rhap-(1- > 3)-
a-D-Rhap-(1->2)-a-D-Rhap-(1->] | (4,37,84). Surprisingly, the O-antigens of
many phytopathogenic Pseudomonas species, such as P. syringae, also contain D-
rhamnose as a main component, and some strains possess the same structure as the
P. aeruginosa common polysaccharide chain (36,76). Little is known about the
structure of the core oligosaccharide of P. aeruginosa A-band or common antigen
LPS. Yokota er al (84) reported that the oligosaccharide core contained 3-O-
methyl-6-deoxyhexose, xylose, and glucose. On the other hand, Arsenault and
coworkers (4) detected minor amounts of 3-O-methyl rhamnose, ribose, mannose,
glucose, and a 3- or 4-O-methylhexose in A-band LPS from P. aeruginosa strain.
Furthermore, Rivera et al (69), and Rivera and McGroarty (70) reported that the
A-band LPS isolated from smooth strains of P. aeruginosa contained low levels
of amino sugars, KDO, and no phosphate but instead stoichiometric amounts of
sulfate was detected. In this study, I have initiated a study of the chemical

structure of core-lipid A of A-band LPS.



10.

11.

LIST OF REFERENCES

Angus, B.L., J.AM. Fyfe, and R.W.E. Hancock. 1987. J. Gen.
Microbiol. 133, 2905-2914.

Annison, G., and I. Couperwhite. 1987. Aust. J. Biol. Sci. 40, 435-439.

Anwar, H., M.R.W. Brown, A. Day, and P.H. Weller. 1984. FEMS
Microbiol. Lert. 24, 235-239.

Arsenault, T.L., D.W. Hughes, D.B. MacLean, W.A. Szarek, A.M.B.
Kropinski, and J.S. Lam. 1991. Can. J. Chem., in press.

Berry, D., and A.M. Kropinski. 1986. Can. J. Microbiol. 32, 436-438.

Cronan, J.E. Jr., R.B. Gennis, and S.R. Maloy. 1987. In Escherichia coli
and Salmonella typhimurium Cellular and Molecular Biology. (F.C.
Neidhart, J.L. Ingham, K.B. Low, B. Magasanik, M. Schaechter, and H.E.
Umbarger, eds.), pp 31-55. American Society for Microbiology,
Washington.

Cryz, S.J., Jr., T.L. Pitt, E. Furer, and R. Germanier. 1984. Infect
Immun. 44, 508-513.

DiSant’Agnese, P.A., and P.B. Davis. 1976. N. Engl. J. Med. 295, 481-
485, 534-541, 597-602.

Doering, G. 1987. Infections 15, 38-40.

Doggett, R.G. (ed.). 1979. In Pseudomonas aeruginosa. Clinical
Manifestations of Infection and Current Therapy, pp 1-504. Academic
Press, N.Y.

Engels, W., J. Endert, M.A.F. Kamps, and C.P.A. Boven. 1985. Infect.
Immun. 49, 182-188.

30



12.

13.

14.

15.
16.

17.

18.

19.

20.
21.
22,

23.

24.

25.

26.

27.

31

Fegan, M., P. Francis, A.C. Hayward, G.H.G. Davis, and J.A. Fuerst.
1990. J. Clin. Microbiol. 28, 1143-1146.

Fomsgaard, A., R.S. Conrad, C. Galanos, G.H. Shand, and N. Hoiby.
1988. J. Clin. Microbiol. 27, 821-826.

Fomsgaard, A., B. Dinesen, G.H. Pressler, and N. Hoiby. 1989. J. Clin.
Microbiol. 27, 1222-1229.

George, R.H. 1987. Arch. Dis. Child. 64, 431-439.
Gilardi, G.L. 1971. Appl. Microbiol. 21, 414-419.

Goldman, R.C., C.C. Doran, S.K. Kadam, and J.O. Capobianco. 1988.
J. Biol. Chem. 263, 5217-5223.

Gordts, B. 1984. Anron. vanLeewen. 50, 292-293.

Govan, J.R.W. 1988. In Bacterial Infections of Respiratory and
Gastrointestinal Mucosae. (E. Griffiths, W. Donachie, and J. Stephen,
eds.), pp 67-96. IRL Press, Oxford.

Govan, J.R.W., and G.S. Harris. 1986. Microbiol. Sci. 3, 302-311.
Hancock, R.E.W. 1985. Antibiot. Chemother. 36, 95-102.

Hancock, R.E.W. 1984. Ann. Rev. Microbiol. 38, 237-264.

Hancock, R.E.W., L. M. Mutharia, L. Chan, R.P. Darveau, D.P. Speert,
and G.B. Pier. 1983. Infect. Immun. 42, 170-177.

Hoiby, N. 1974. Acta Path. Microbiol. Sec. B 82, 551-558.

Hollingsworth, R.1., and D.A. Lill-Elghanian. 1989. J. Biol. Chem. 264,
14039-14042.

Holloway, B.W., V. Krishnapillai, and A.F. Morgan. 1979. Microbiol.
Rev. 43, 73-102.

Holloway, B.W., and A.F. Morgan. 1986. Ann. Rev. Microbiol. 40, 79-
105.



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

32

Hugh, R., and G.L. Gilardi. 1980. In Manual of Clinical Microbiology
3rd Ed. (Lenette, Balows, Hausler, and Truant, eds.), pp 289-317.
American Society for Microbiology, Washington, D.C.

Jacobson, M.A., J.D. Radolf, and L.S. Young. 1987. Scand. J. Infect.
Dis. 19, 647-660.

Jarrell, K., and A.M. Kropinski. 1977. Microbios 19, 103-116.

Kawahara, K., H. Brade, E. Th. Rietschel, and U. Zdhringer. 1987. Eur.
J. Biochem. 163, 489-495.

Kelly,N.M., M.H. MacDonald, N. Martin, T. Nicas, and R.E.W.
Hancock. 1990. J. Clin. Microbiol. 28, 2017-2021.

Knirel, Y.A. 1990. CRC Crit. Rev. Microbiol. 17, 273-304.

Knirel, Y.A., E.V. Vinogradov, N.A. Kocharova, N.A. Paramonov, N.K.
Kochetkov, B.A. Dmitriev, E.S. Stanislavski, and B. Lanyi. 1988. Acta
Microbiol. Hung. 35, 3-18.

Knirel, Y.A., E.V. Vinogradov, A.A. Shashkov, B.A. Dmitriev, N.K.
Kochetkov, E.S. Stanislavsky, and G.M. Mashilova. 1982. Eur. J.
Biochem. 128, 81-90.

Knirel, Y.A., G.M. Zdorovenko, A.S. Shashkov, S.S. Mamyan, L.M.
Yakovleva, L.P. Solyanik, and 1.Y. Zakharova. 1988. Bioorg. Khim. 14,
82-88.

Kocharova, N.A., Y.A. Knirel, N.K. Kotchetkov, and E.S. Stanislavsky.
1988. Bioorg. Khim. 14, 701-703.

Kropinski, A.M., L.C. Chan, and F.H. Milazzo. 1979. Can. J.
Microbiol. 25, 390-398.

Kropinski, A.M., B. Jewell, J.uzio, F. Milazzo, and D. Berry. 1985.
Antibiot. Chemother. 36, 58-73.

Kuzio, J., and A.M. Kropinski. 1983. J. Bacteriol. 155, 203-212.
Lam, M.Y.C., E.J. McGroarty, A.M. Kropinski, L.A. MacDonald, S.S.

Pedersen, N. Hoiby, and J.S. Lam. 1989. J. Clin. Microbiol. 27, 962-
967.



42,

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

33
Lightfoot, J., and J.S. Lam. 1991. J. Bacteriol., in press.

Liu, P.V., H. Matsumoto, H. Kusama, and T. Bergan. 1983. Int. J. Syst.
Bacteriol. 33, 256-264.

Liu, P.V., and S. Wang. 1990. J. Clin. Microbiol. 28, 922-925.

Maclntyre, S., R. Lucken, and P. Owen. 1986. Infect. Immun. 52, 76-
81.

Mikeld, P.H., and B.A.D. Stocker. 1984. In Handbook of Endotoxins,
Vol. 1: Chemistry of Endotoxin. (E.T. Rietschel, ed.), pp 59-137. Elsevier
Science Publishers B.V., Amsterdam.

Martin, H.G., J.R. Warren, and M.M. Dunn. 1989. Am. Rev. Resp. Dis.
340, 206-210.

Matsushita, K., O. Adachi, E. Shinagawa, and M. Ameyama. 1978. J.
Biochem. (Tokyo) 83, 171-177.

Mayer, H., and J. Weckesser. 1984. In Handbook of Endotoxin, Vol. 1:
Chemistry of Endotoxin. (E.T. Rietschel, ed.), pp 221-247. Elsevier
Science Publishers B.V., Amsterdam.

McGroarty, E.J., and M. Rivera. 1990. Infect. Immun. 58, 1030-1037.
Meadow, P.M.. 1975. In Genetics and Biochemistry of Pseudomonas.
(P.H. Clarke, and M.H. Richmond, eds.), pp 67-127. John Wiley &
Sons, N.Y.

Nakae, T. 1986. CRC Crit. Rev. Microbiol. 13, 1-62.

Nicas, T.I., and B.H. Iglewski. 1985. Antibiot. Chemother. 36, 40-48.

Nikaido, H., and R.E.W. Hancock. 1986. In The Bacteria, Vol. 10.
(J.R. Sokatch, ed.), pp 145-193. Academic Press, Orlando, FL.

Nikaido, H., and M. Vaara. 1985. Microbiol. Rev. 49, 1-32.
Nowotny, A. 1984. In Handbook of Endotoxin, Vol. 1: Chemistry of

Endotoxin. (E.T. Rietschel, ed.), pp 308-338. Elsevier Science Publishers
B.V., Amsterdam.



57.

58.

59.

60.

61.
62.
63.
64.

65.

66.

67.

68.

69.

70.

34

Ojeniyi, B., L. Baek, and N. Hoiby. 1985. Acta Pathol. Microbiol.
Immunol. Scand., Sec. B 93B, 7-13.

Palleroni, N.J. 1984. In Bergey’s Manual of Systematic Bacteriology:
Vol.1. (N.R. Krieg, and J.G. Holt, eds.), pp 140-155. Williams and
Wilkins, Publishers, Baltimore, MD.

Pask-Hughes, R.A., and R.A.D. Williams. 1978. J. Gen. Microbiol.
107, 65-72.

Peterson, A.A., R.E.W. Hancock, and E.J. McGroarty. 1985. J.
Bacteriol. 164, 1256-1261.

Pier, G.B. 1985. J. Infect. Dis. 151, 575-580.

Pier, G.B., and S.E. Bennet. 1986. J. Clin. Invest. 77, 491-495.
Pier, G.B., and M. Pollack. 1989. Infect. Immun. 57, 426-431.
Pitt, T.L. 1986. J. R. Soc. Med. 79 (suppl), 13-18.

Pitt, T.L., J. MacDougall, A.R.L. Penketh, and E.M. Cooke. 1986. J.
Med. Microbiol. 21, 179-186.

Raetz, C.R.H. 1990. Annu. Rev. Biochem. 59, 129-170.

Rietschel, E.Th., L. Brade, U. Schade, U. Seydel, U. Zihringer, S.
Kusomoto, and H. Brade. 1988. In Surface Structures of Microorganisms
and their Interactions with the Mammalian Host. (E. Schrinner, M.H.
Richmond, G. Seibert, U. Schwarz, eds.), pp 1-41. VHC, N.Y.

Rietschel, E.Th., H-W. Wollenweber, H. Brade, U. Zihringer, B. Lindner,
U. Seydel, H. Bradaczek, G. Barnickel, H. Labischinski, and P.
Giesbrecht. 1984. In Handbook of Endotoxin, Vol. 1: Chemistry of
Endotoxin. (E.T. Rietschel, ed.), pp 187-220. Elsevier Science Publishers
B.V., Amsterdam.

Rivera, M., L.E. Bryan, R.E.W. Hancock, and E.J. McGroarty. 1988.
J. Bacteriol. 170, 512-521.

Rivera, M., and E.J. McGroarty. 1989. J. Bacteriol. 171, 224-2248.



71.

72.

73.

74.

75.

76.

71.

78.

79.

80.
81.
82.

83.

84.

35

Roppel, J., H. Mayer, and I. Weckesser. 1975. Carbohydr. Res. 40, 31-
40.

Royle, P.L., H. Matsumoto, and B.W. Holloway. 1981. J. Bacteriol.
145, 145-155.

Sawada, S., T. Kawamura, Y. Masuho, and K. Tomibe. 1985. J. Infect.
Dis. 152, 1290-1299.

Shearer, B.G., and N.J. Legakis. 1985. J. Infect. Dis. 152, 351-355.

Skjak-Braek, G., H. Grasdalen, and B. Larsen. 1986. Carbohydr. Res.
154, 239-244.

Smith, A.R.W., S.E. Zamze, S.M. Munro, K.J. Carter, and R.C. Hignet.
1985. Eur. J. Biochem. 141, 73-78.

Sonnenwirth, A.C. 1980. In Microbiology 3rd Ed. (B.D. Davis, R.
Dulbecco, H.N. Eisen, and H.S. Ginsberg, eds.), pp 674-677. Harper and
Row, Publishers, Philadelphia.

Strain, S.M., S.W. Fesik, and .M. Armitage. 1983. J. Biol. Chem. 258,
2906-2910.

Strain, S.M., S.W. Fesik, and I.M. Armitage. 1983. J. Biol. Chem. 258,
13466-13477.

Unger, F.M. 1981. Adv. Carbohydr. Chem. Biochem. 38, 323-388.
Wilkinson, S.G. 1983. Rev. Infect. Dis. S, S941-S949.
Wilkinson, S.G., and L. Galbraith. 1975. Eur. J. Biochem. 52, 331-343.

Yokota, S., S. Kaya, Y. Araki, E. Ito, T. Kawamura, and S. Sawada.
1990. J. Bacteriol. 172, 6162-6164.

Yokota, S., S. Kaya, S. Sawada, T. Kawamura, Y. Araki, and E. Ito.
1987. Eur. J. Biochem. 167, 203-209.



CHAPTER 2

Analysis of a Common-Antigen Lipopolysaccharide
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ABSTRACT

Lipopolysaccharide isolated from Pseudomonas aeruginosa PAO1 (05
serotype) was separated into two antigenically distinct fractions. A minor fraction,
containing shorter polysaccharide chains, reacted with a monoclonal antibody to
a P. aeruginosa common antigen but did not react with antibodies specific to 05-
serotype lipopolysaccharide. In contrast, fractions containing long polysaccharide
chains reacted only with the 05-specific monoclonal antibodies. The shorter,
common-antigen fraction lacked phosphate and contained stoichiometric amounts
of sulfate, and the fatty acid composition of this fraction was similar to that of the
O-antigen-specific fraction. The lipid A derived from the serotype-specific
lipopolysaccharide cross-reacted with monoclonal antibodies against lipid A from
Escherichia coli, while the lipid A derived from the common antigen did not react.
We propose that many serotypes of P. aeruginosa produce two chemically and
antigenically distinct lipopolysaccharide molecules, one of which is a common

antigen with a short polysaccharide and a unique core-lipid A structure.

37



INTRODUCTION

Lipopolysaccharide (LPS) isolated from Pseudomonas aeruginosa, like that
from enteric bacteria, is a heterogeneous mixture of molecules of different
polysaccharide chain lengths (16,26, Appendix A) and with different levels of
phosphate substitution (21,31). Structurally, the molecules can be divided into
three regions: the lipid A, the core oligosaccharide, and the O-antigen
polysaccharide. The lipid A from P. aeruginosa is similar to that of many gram
negative bacteria; it consists of a 4-phosphoglucosaminyl-(1-+6) glucosamine-1’-
phosphate head group to which saturated and hydroxy fatty acids are ester and
amide linked (21,31). The hydroxy fatty acids present in P. aeruginosa LPS are
different from that of enteric bacteria, lacking 3-OH-tetradecanoic acid but
containing 2-OH- and 3-OH-dodecanoic acids and 3-OH-decanoic acid (9,31,32).

The composition of the core oligosaccharide of P. aeruginosa is also
somewhat distinct from that of the core oligosaccharide of other gram-negative
species, containing D-glucose, D-galactosamine, L-rhamnose, and L-alanine as
well as the sugars commonly found in the inner core, L-glycero-D-mannoheptose
and 2-keto-3-deoxyoctulosonic acid (KDO) (26,28,31). Also, the core and lipid

A regions of P. aeruginosa isolates are especially high in phosphate (24,31). In
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smooth strains, a long polysaccharide is attached to the core, but usually on only
a low proportion of the LPS molecules (26,31). The structure of the
polysaccharide repeat unit defines the serotype of the strain (6,15). Generally, O-
polysaccharides of the various P. aeruginosa serotypes are rich in amino sugars
(21,31). Neutral sugars are also found as components of many O-polymers
include L-rhamnose and D-glucose (17,31).

Characterization of the structures of various O-specific polysaccharide from
different serotypes of P. aeruginosa has been complicated in some cases by
chemical heterogeneity of the polysaccharide chains (5,6,32). Not only is the
length of the O-polysaccharide variable (26), but also the O-polymers have been
resolved into an amino-sugar-rich and a neutral-sugar-rich fraction (29,32,34).
The shorter, neutral-sugar-rich fraction has been shown to be composed of a three-
rhamnose repeat unit (34). Monoclonal antibodies reactive against the
polyrhamnose isolate react with many different serotypes of P. aeruginosa,
suggesting that these molecules compose a common antigen for this organism (29).
We have recently reported the isolation and partial purification of an A-band LPS
fraction from PAOQ1 strains which is low in phosphate and amino sugars and does
not react with serotype-specific monoclonal antibodies (26). In this study we

further characterized the structures of these two fractions of LPS.



RESULTS AND DISCUSSION

LPS was isolated from strains PAO1716 (ade-136, leu-8, rif-1) (revertant),
PAO1715 (ade-136, leu-8, rif-1, tol A12) (an aminoglycoside-supersensitive mutant
[20]), and PAZ1 (met-28, trp-6, lysA12, his-4, ile-226, absA), a PAQ222
derivative (2), by either the method of Darveau and Hancock (7) as previously
described (26) or the hot aqueous phenol method (33). The LPS isolates were
fractionated on a Sephadex G-200 (Pharmacia Fine Chemicals, Piscataway, NJ)
column at room temperature as previously described (23,26). Column fractions
were characterized by sodium dodecy! sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) by using the buffer system of Laemmli (18); the gels were silver-
stained by the method of Dubray and Bezard (10). SDS-PAGE of the column
fractions revealed two distinct ladder patterns of apparently different sizes (results
not shown) which in the unfractionated sample were overlapping and thus
superimposed. Previously, we showed that LPS from P. aeruginosa PAO1 strains
could be resolved into two chemically distinct sets of molecules, the shorter A
bands (later-eluting ladder) and the longer B bands (earlier-eluting ladder, [26,
Appendix A]). The main serotype-determining antigen, high in amino sugars, was

recovered primarily in peaks 1 and 2. The third peak, peak X, contained a
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shorter, neutral-sugar polysaccharide. The bands in SDS gels that contained the

main O-antigen were termed the B bands, while the bands in peak X were termed
the A bands. The last peak recovered from the Sephadex column (peak 3)
contained the majority of the molecules, comprising core and lipid A with none
or only one or two O-repeat units. The fractions which made up the four peaks
were isolated, pooled, and dialyzed extensively (12,000 to 14,000 molecular
weight cutoff membranes) against column buffer without detergent at 37°C and
then against distilled water at 4°C. The dialyzed fractions were lyophilized and
suspended in distilled water to known weight concentrations for further analysis.

In an earlier study we showed that all four fractions contained heptose, a
component of the inner core of most LPS isolates (26). The level of this sugar per
weight of the four fractions reflected the molecular weight of the molecules,
suggesting that the heptose content is similar in all of the isolates (Table 1). In
contrast, the sugar 2-keto-3-deoxyoctulosonic acid (KDO), another component
common to the inner core of most LPS isolates, appeared to be very low in the
peak X isolate (Table 1). However, Caroff and coworkers have shown that this
sugar is not detected in the thiobarbiturate assay if the sugar is substituted at
specific positions, unless harsher hydrolysis conditions are used (4). When the
peak X isolate was assayed after hydrolysis with higher levels of acid and for
longer times, the KDO content increased ten-fold. Thus, the fraction contains
KDO, but this sugar may be substituted and thus not readily detected.

Presumably, the KDO residues in the other three peaks are not substituted; the
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TABLE 1. Analysis of Column Fractions of LPS from P. aeruginosa PAO1

Amt (nmol/mg)? of:

LPS Heptose®  KDOP  Phosphate® Sulfate LAL
Sample result®
Peak 1 39 30 150 13 75
Peak 2 34 28 165 47 72
Peak 3 272 282 1,670 16 408
Peak X 83 2 8 190 57
Unfractionated ND4 162 1,200 37 ND¢

4Average results from two or more isolates.

bData from reference 26.

°LAL, Limulus amebocyte lysate assay. Results are expressed as endotoxin units

per picogram.

N D, Not determined.
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level of KDO detected in these fractions was not affected by the hydrolysis

conditions

Our earlier studies also indicated that the peak X isolate lacks phosphate
groups while the other fractions are highly substituted with phosphate (Table 1).
To determine whether another anionic group might replace the phosphate moieties,
we assayed the LPS fractions for sulfate by a barium chloranilate assay procedure
with K»SO, as a standard (8). Briefly, 5 to 10 mg of LPS were hydrolyzed in 0.5
ml of 6 N HCI at 100°C for 1 h and extracted with 5 ml of chloroform-methanol
(2:1 [vol/vol]). The upper phase was washed with chloroform-methanol (17:3)
and dried in a boiling-water bath. The samples were then dissolved in 0.5 ml
water-methanol (1:1) and dried three times. This hydrolyzed sample was then
dissolved in H,O, diluted into ethanol, and reacted with barium chloranilate.
Cross-reaction with KH,PO, was shown to be negligible. The levels of sulfate
detected in peaks 1, 2, and 3 were low (Table 1). In contrast, the molar amount
of sulfate detected in peak X was over twice the heptose content, indicating sulfate
levels greater than stoichiometric levels. The slightly elevated levels of sulfate in
peak 2 may reflect a small amount of A-band LPS contaminating this fraction (see
below).

Reactivity of the four pooled fractions in the Limulus amebocyte lysate assay
(Whittaker Bioproducts, Walkersville, MD) was also quantitated (Table 1). Levels
were calibrated with the Escherichia coli 0111:B4 LPS standard provided in the

kit. The reactivity for the high-molecular-weight LPS (peaks 1 and 2) compared
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with that of low-molecular-weight LPS (peak 3) expressed on a per-weight basis

reflected the difference in sizes of the LPS molecules. The peak X sample did not
fit in this pattern, probably because of the chemical differences of the LPS
molecules. This A-band-containing fraction did not appear to be as reactive in this
assay as the B-band-containing fraction, at least when reactivity is expressed per
amount of heptose.

Peaks X and 3 and the unfractionated LPS were analyzed for fatty acid
composition (Table 2). LPS fractions (5 to 8 mg) were suspended in a 3-ml
solution of HCl-methanol (3:15 [vol/vol]) and hydrolyzed at 85°C for 18 h. The
fatty acid methyl esters were extracted into petroleum ether, dried, and suspended
into ethyl acetate. Samples of 3 to 4 ul were injected into an HP5890 gas
chromatograph (Hewlett-Packard Co., Palo Alto, CA) and separated on a 25-m
Ultra II column. The column was run at 150°C for 15 min; the temperature was
increased at 2°C/min up to 250°C and then increased at 25°C/min up to 350°C.
The retention times were compared to those of a bacteria fatty acid methyl ester
mixture (Supelco, Bellefonte, PA) for identification. The fatty acids detected were
very similar for all three samples and are similar to what has been reported
previously for LPS from P. aeruginosa (9,32). All three samples contained high
amounts of 2-OH- and 3-OH-dodecanoic acid and lacked 3-OH-tetradecanoic acid.
The content of the other fatty acids were similar for all three samples. These
results give further evidence that the A-band isolate is an LPS with a fatty acid

composition typical of this species.
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TABLE 2. Fatty Acid Composition of LPS fractions from
P. aeruginosa PAOL.

Recovery from sample?

Fatty Acid Peak 3 Peak X Unfractionated
Ci0:0 3 0 4
Ci2.0 9 11 6
Ci6:0 6 6 2
3-OH-Cyj.q 5 5 16
2-OH-Cyy.9 33 32 33
3-OH-Cy5.g 37 43 40
Other 6 3 0

3Results are the average of two or more analyses and are expressed as a weight
percentage of the total.
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To characterize the sugar components in the purified LPS fractions, the four
fractions were hydrolyzed in 2 N HCI for 2 h at 100°C and evaporated. The
samples were then spotted on cellulose F254 (Merek) thin-layer plates and
developed by using the solvent system described by Sawada ez al. (29). The
chromatograms were reacted with alkaline silver nitrate to localize the sugars by
previously described procedures (29). This qualitative analysis revealed that
rhamnose was present in peak X, but it was not detected in the peak 1 and 2
samples (data not shown). As expected, rhamnose was also present in the peak
3 sample; rhamnose is a known component of the core oligosaccharide (31,32).

Recently Sawada and coworkers reported that acid hydrolysis of P.
aeruginosa LPS released a rhamnose-containing polysaccharide, shorter than the
main amino-sugar-containing polysaccharide, which reacted with a monoclonal
antibody E87 (29). We obtained a sample of this monoclonal antibody to see
whether it reacted with our A-band fractions. We also tested the fractions for
reactivity with the 05-specific monoclonal antibody anti-503 (12). Western
immunoblots of SDS-polyacrylamide gels were prepared as described by Towbin
et al. (30). The gels were electrotransferred with a model TE Transphor
Electrophoresis apparatus (Hoefer Scientific Instruments, San Francisco, CA) at
a constant current of either 150 or 300 mA for 18 h. The nitrocellulose blots were
visualized as described by Otten er al. (22) with either monoclonal anti-503
antibody specific for 05-serotype LPS (12) or monoclonal antibody E87 specific

for a common antigen of P. aeruginosa (29). In addition, dot blots were
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performed by applying known quantities of LPS directly onto nitrocellulose and
reacting the blots with the monoclonal antibodies described above. The blots were
washed and visualized by using horseradish peroxidase-conjugated goat anti-mouse
immunoglobulin G antibody (Sigma Chemical Co., St. Louis, MO). Both the
Western immunoblot (Figure 1) as well as the dot blot (data not shown) indicated
that the E87 monoclonal antibody reacted with the X peak isolate while the
serotype-specific antibody reacted with peak 1 and 2 isolates. There was a weak
reactivity of the peak 2 fraction with the E87 antibody on the dot blot, suggesting
that this isolate had a minor amount of A-band LPS. Furthermore, the peak X
isolate showed some reactivity with the anti-503 antibody. To show that peak X
reactivity was due to B-band contamination of this fraction, four peak X isolates
were separated on SDS gels, transblotted, and reacted with the two monoclonal
antibodies (Figure 2). The results indicate that the E87 antibody reacted
exclusively with the more slowly moving bands in this gel while the anti-503
antibody reacted only with the faster-moving B-band molecules that were present
in low amounts in this sample. Thus, the A- and B-band LPS molecules appear
to be antigenically as well as chemically distinct.

To determine whether the lipid A components of these fractions were also
antigenically different, lipid A from peaks 3 and X as well as from
nonphosphorylated LPS from Chromatium vinosium were isolated and reacted on
dot blots with anti-lipid A monoclonal antibody 1D4 or 8A1 (27). The LPS from

C. vinosium was a gift from R. Hulbert (14). Purified LPS fractions were
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Figure 1.  Western blots of LPS fractions (peaks 1, 2, 3, and X) from
P. aeruginosa reacted with monoclonal anti-503 (left) or
monoclonal E87 (right) antibody and aligned with a silver-
stained SDS-polyacrylamide gel (center; 15% acrylamide) of
the same fractions. A 5-ug portion of each sample was
applied to each gel. The gels were blotted as described in the

text.
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hydrolyzed to lipid A by treating the samples with 5% acetic acid at 100°C for 2.5

h (14), with 0.1 N HCI at 100°C for 1 h (25), or with 20 mM sodium acetate (pH
4.5) at 100°C for 1 h (1). The samples were neutralized with NaOH, and the
polysaccharide was separated from the lipid A either by elution on a Sephadex G-
25 column with distilled water, or by sedimenting the lipid A at 10,000 x g for 30
min. Hydrolysis in 20 mM sodium acetate (pH 4.5) produced an insoluble lipid
A from the peak 3 fraction, but no lipid A could be recovered from peak X or the
C. vinosium sample by using this hydrolysis protocol. Thus, these two samples,
as well as peak 3, were hydrolyzed for 1 h at 100°C in either 0.1 N HCl or 5%
acetic acid. The isolated lipid A samples were lyophilized and suspended in
distilled water.  Samples were spotted onto nitrocellulose at different
concentrations and reacted with either 1D4 or 8 A1 monoclonal antibody specific
for lipid A of Escherichia coli (27). On all the blots studied, only lipid A from
peak 3 reacted, but all of the peak 3 lipid A isolates reacted with both antibodies
(data not shown). Perhaps phosphate on the lipid A is a part of the epitope for
these antibodies. The results indicate that the lipid A from peak X is antigenically
distinct from that of peak 3 and presumably from that of the other B-band
fractions.

In conclusion, the differences between the A- and B-band LPS fractions of
P. aeruginosa are significant. First, the B-band molecules contain much longer
polysaccharide chains, as determined by SDS-PAGE and by separation on

Sephadex G-200. Second, the B bands are high in amino sugars and low in
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Western blots of four peak X isolates. Isolates I, II and III
were from strain 1716, and isolate IV was from strain PAZI.
The blot on the left was reacted with monoclonal antibody
E87 and the blot on the right was reacted with monoclonal
anti-503 antibody; the gels were aligned with a silver-stained
SDS-polyacrylamide gel (center; 15 % acrylamide) of the same
isolates. A 5-ug sample of each isolate was applied, and after
electrophoresis, the gels were blotted or stained as described

in the text.
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rhamnose, while the A bands contain rhamnose and are low in amino sugars.
These differences in O-polymer structure are also reflected in the reactivities of
antibodies to these polymers. The O-specific antibodies reacted only with the
amino-sugar-containing polymers, while the A bands reacted only with the
polyrhamnose-specific antibody. Third, the B bands are high in phosphate content
but low in sulfate, while the A bands lack phosphate but contain sulfate groups.
This is the first report that we know of which indicates sulfate as a component of
LPS. However, nonphosphorylated lipid As have been reported for a number of
bacteria (19); in such isolates, sulfate may replace the phosphate on lipid A. In
preliminary studies we have detected stoichiometric levels of sulfate on the lipid
A of the nonphosphorylated LPS from C. vinosium (14; M. Rivera, A.A.
Peterson, R.T. Coughlin, and E.J. McGroarty, manuscript in preparation).

A fourth difference between the A- and B-band LPS is the reactivity of the
lipid As with monoclonal antibodies to lipid A from E. coli. These antibodies
reacted with the B-band lipid A but not with lipid A derived from the A bands.
The anti-lipid A antibodies also did not react with lipid A from C. vinosium,
suggesting that phosphates in the lipid A head group are critical in binding these
antibodies; sulfate may not serve as a replacement at the binding site.

A final difference between the A- and B-band LPS isolates is their
distribution among the serotypes of P. aeruginosa. Each serotype class has a
unique B-band type of O-polymer with a different chemical structure (15). In

contrast, many of the serotype strains may contain an A-band type of LPS with
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similar structure, since reactivity with the E87 monoclonal antibody is found in a
large number of serotype strains (29). Recently, Lam and coworkers (M.C. Lam,
E.J. McGroarty, and J.S. Lam, unpublished results) have produced seven
monoclonal antibodies to the A-band isolate. Using Western immunoblot analysis,
they have shown that A-band molecules are present as a common antigen on
strains of many, but not all, serotypes. Interestingly, they found that A bands
were present in a high percentage of clinical isolates and appeared to be a main
antigen on nontypeable strains deficient in high-molecular-weight B-band-type
LPS.

We propose that, for strains containing both A- and B-band-type molecules,
the longer B-band polymers extend from the surface and constitute the main
antigenic structure exposed on the cell. The shorter A bands may be covered and
masked by the B-band O-polymers. However, under certain conditions, such as
prolonged antibiotic therapy, clinical isolates are found to be nontypeable and
appear to lose the O-polymer-containing B-bands (3,11,13). For such clinical
isolates the A bands may become exposed and serve as an important antigenic

determinant.
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CHAPTER 3

Growth Dependent Alterations in the Production
of Serotype and Common Antigen Lipopolysaccharides

in Pseudomonas aeruginosa PAO1
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ABSTRACT

Pseudomonas aeruginosa PAO1 is grown in various media and at different
temperatures, and the heterogeneity of the extracted lipopolysaccharide (LPS) was
characterized by polyacrylamide gel electrophoresis. The size distributions of the
serotype-specific LPS and the common antigen LPS were analyzed on Western
blots (immunoblots). Cells grown at high, near-growth-limiting temperatures, at
low pH, in low concentrations of phosphate, or in high concentrations of NaCl,
MgCl,, glycerol, or sucrose produced decreased amounts of the very long-chain
population of O-antigen LPS molecules. Lower temperatures and lowered
glycerol, lowered sucrose, low sulfate, lower salt concentrations, and elevated pH
did not significantly affect the level of this LPS population. The size and amount
of common antigen LPS was either unaffected or increased slightly when the cells
were grown under the above stress conditions. Cells grown under normal,
nonstressed conditions were agglutinated only by serotype-specific antibodies. In
contrast, cells grown under stress conditions, in which the long-O-polymer LPS
was absent, were agglutinated by both serotype-specific and common antigen-
specific antibodies. The results indicate that the long O polymers cover and mask

the shorter common antigen. However, specific growth conditions limit the
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production of the long O polymer, allowing the exposure and reactivity of the

common antigen on the cell surface.



INTRODUCTION

The lipopolysaccharide (LPS) from Pseudomonas aeruginosa, like that from
other gram-negative bacteria, is a heterogenous mixture of molecules of different
polysaccharide lengths (19,32) and with variable levels of substitutions at specific
sites (27,38). In addition, LPS isolates from many serotypes of P. aeruginosa
contain two chemically and antigenically distinct fractions, a serotype-specific LPS
and a common antigen LPS (22,31,32,34). The size heterogeneity of LPS from
P. aeruginosa, Serratia marcesens and Salmonella anatum is reported to be altered
by growth temperature (1,25,30). These temperature-induced changes in LPS
heterogeneity reportedly affected various cell surface properties including
bacteriophage-inactivating capacity (25) and efficiency in plasmid transformation
(1). Altering growth conditions, such as medium composition, is also reported to
modulate the LPS chain length of Escherichia coli and to alter the sensitivity of
the cells to a neutrophil bactericidal protein (36). Further, growth of P.
aeruginosa in low magnesium or adaptive growth in polymyxin or aminoglycosides
alters the sensitivity of the cells to EDTA and polymyxin (12,17,33). In a similar
fashion, polymyxin resistance can be induced in Pseudomonas fluorescence by

growth in limiting phosphate (8). Such alterations in antibiotic sensitivity may
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result from changes in the outer membrane which affect the permeation of these
drugs. Alterations in outer membrane structure induced by specific growth
conditions may change cation binding sites (12). Since a major site of cation
binding in the outer membrane is with LPS, we have initiated an analysis of the
influence of various growth conditions on the size heterogeneity of LPS in P.
aeruginosa. The results reported here indicate that near-growth-limiting conditions
including high temperature, high concentration of salt, sucrose, or glycerol, low
phosphate concentration, and low pH altered the size heterogeneity of the serotype-
specific LPS produced and allowed exposure of the common antigen LPS on the
cell surface. In addition, cells grown in limiting phosphate produced LPS that was
recovered mainly in the phenol phase, similar to what was observed for LPS from

a rough mutant strain.



MATERIALS AND METHODS

Bacterial strains and culture conditions.

Smooth strains of P. aeruginosa PAOI used in this study were H103 (15),
PAO1716 (24) and the polymyxin-resistant strain H185 (26). Strain AK1401, an
LPS-defective rough mutant of PAO1, was also studied (1). Cultures of 1 liter
were grown in 2.8-liter Fernbach flasks on a rotary shaker operating at 230 rpm.
Cultures were grown at temperatures between 17 and 42°C in either tryptone (1%,
wt/vol)-yeast extract (0.2%, wt/vol) broth (TYE) or in terrific broth (TB)
consisting of 24 g of yeast extract, 4 ml of glycerol, and 12 g of tryptone per liter
of 0.017 M KH,PO, - 0.072 M K,HPO,. Cultures of H103 and AK1401 were
also grown in a modified basal medium (MBM) composed of 5 mM NaCl, 5 mM
KCl, 40 mM glucose, 30 mM (NH,),HPO,4, 30 mM (NH,),SO,, and 0.5 mM
MgCl,. For H103 cultures, 0.05 mg/ml of adenine sulfate, and 0.1 mg/ml of L-
leucine (pH 7.0) were added; for cultures of AK1401, 20 ug of L-leucine, L-lysine
and L-threonine per liter and 5 pg of thiamine per ml were added. For cells
grown in low sulfate, MBM was modified; the final (NH,),SO,4 concentration was
reduced to 0.1 mM and the concentration of (NH,),HPO, was increased to 60

mM. For cells grown in low phosphate the (NH,),HPO, in MBM was decreased
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to 3 mM and the (NH,),SO, was increased to 60 mM. To analyze the effect of

medium pH, we modified MBM; glucose was replaced with 40 mM citrate and the
pH was adjusted with NaOH or HC1. Cells were grown in the various media at
defined temperatures for at least two transfers before the culture was harvested late

in logarithmic growth phase.

LPS isolation

Cells form 1 liter of medium were washed with distilled water and extracted
with hot aqueous phenol (37). The two phases were separated at room
temperature by spinning at 5,000 x g for 5 min. The phenol and aqueous phases
were dialyzed extensively against 5 mM HEPES (N-2-hydroxyethylpiperazine-N'-
2-ethanesulfonic acid), pH 7.5, and then with distilled water. The dialyzed
samples were spun at low speeds, and the supernatant solutions were treated with
15 pg/ml DNase I (Sigma Chemical Co., St. Louis, MO) and 5 ug/ml RNase A
(Sigma) in 10 mM MgCl, for 30 min at 4°C. The samples were washed once
with 0.1 mM MgCl, and once with distilled water at 76,000 x g for 2 h and then
lyophylized. Unless otherwise noted, greater than 85% of the LPS was recovered

in the aqueous phase, and only the aqueous phase-fractions were analyzed.

Gel electrophoresis and Western blots (immunoblots).
LPS samples were analyzed by sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE) as previously described (31,32). The gels were
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silver stained by the method of Dubray and Bezard (9). Western immunoblots of

SDS-polyacrylamide gels were prepared as described previously (4,31,32,35). The
0-5 serotype-specific LPS was detected with the monoclonal antibody anti-503
(14,31,32) and the common antigen LPS was detected with the monoclonal
antibody E87 (31,34). The blots were washed and visualized by using horseradish

peroxidase-conjugated goat anti-mouse immunoglobulin G antibody (Sigma).

Slide agglutination assays.

Cells grown under specific test conditions were harvested late in the
logarithmic growth phase. The cells were sedimented and suspended in saline
containing 0, 0.3 or 1.5% Formalin. After the cells were incubated for 30 min
at room temperature, the treated cells were washed twice in saline and resuspended
in saline at high concentrations (optical density at 560 nm of ~ 20). The cells
were mixed with an equal volume of either 0-5 specific monoclonal antibody
MF15-4 (21) or common antigen-specific monoclonal antibody E87 (34). Cells
were also mixed with saline or with control antiserum. After 5 min, agglutination
was assessed by light microscopy. The level of agglutination was quantitated by
measuring the relative number of cells which had clumped compared with the
number that were dispersed. The agglutination tests were performed at least twice
for each culture condition with independently isolated cells. Cells were used in

the agglutination studies immediate after isolation and treatment in all cases.
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Assays.

Assays for 2-keto-3-deoxyoctulosonic acid (KDO) and protein were done as
described previously (32). Phosphate levels were quantitated by inductively

coupled plasma emission spectroscopy (6).



RESULTS AND DISCUSSION

LPS recovery and phosphate content of samples from cells grown in different
media.

Lipopolysaccharide was isolated from cells grown in several different media
by using hot aqueous phenol (37), and the recovery of LPS in the aqueous and
phenol phases was quantitated by assaying for 2-keto-3-deoxyoctulosonic acid.
Except for the rough mutant AK1401 and the smooth strain H103 grown in low
phosphate, greater than 85% of the LPS was recovered in the aqueous phase. For
LPS from strain AK1401, between 25 and 80% of the LPS was recovered in the
aqueous phase, depending on the growth medium used. Also, for cells of H103
grown in MBM low in phosphate, only 25% of the LPS was recovered in the
aqueous phase with the remainder isolated from the phenol phase. The low
recovery of LPS in the aqueous phase for these cultures may result from the lack
of hydrophilic long O-polymer-containing LPS in the isolates (see below). The
amount of LPS recovered in the aqueous phase for both the smooth and rough
strains varied depending on the growth medium (Table 1). Generally, the LPS
recovered constituted between 2 to 6% of the cell dry weight. This level is similar

to that reported for LPS levels from P. aeruginosa (7). Modification of the media

67
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TABLE 1. Level of LPS Recovered from Cultures of AK1401 and of PAO1
Smooth Strains H103 and PAO1716 Grown in Different Media.2

Medium " PAOI Smooth Strains® AK1401
TB 2.5+ 0.6 1.0 + 0.1
TYE 5.0 + 1.0 3.9 + 0.6
MBM 6.1 + 1.1 4.9 + 0.4
MBM (low PO2)° 2.0+ 1.0 3.1 +0.7
MBM:-citrate 6.0 + 0.5 53 +0.9

The recovery is expressed as a percentage of the dry weight of the cells (mean
+ standard deviation). Only recovery from the aqueous phase after phenol
extraction is reported.

bRecovery for the two smooth strains was not different, and the average recovery
is reported.

“The MBM medium contained lower levels of (NH4),POj as indicated in Materials
and Methods.

4Glucose was replaced by citrate in the MBM (see Materials and Methods).
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or other growth conditions as described below did not significantly alter the level
of LPS recovery (data not shown).

The phosphate contents of the various LPS isolates also did not vary
appreciably with the growth medium used (Table 2). LPS from the smooth strains
grown in TB, which is high in phosphate, had higher phosphate levels, while LPS
from cells grown in minimal medium low in phosphate contained lower levels of
phosphate. Similar trends were detected in the isolates from strain AK1401.
Other modifications of the growth media or growth conditions as described below
did not significantly affect the LPS phosphate content (data not shown).

Using these different media we tested the influence of specific growth
conditions on the size and heterogeneity of the LPS produced by the smooth and
rough strains. The structure of the gram-negative envelope is known to change in
response to growth temperature, medium composition, and medium osmolarity (2).
Furthermore, the outer membrane of P. aeruginosa is exceptionally sensitive to
rapid changes in temperature, pH, and toxicity (5). Thus, these growth conditions

were examined for their influence on LPS composition.

Growth temperature effects on LPS composition.

Cultures of PAO1716, H103, and AK1401 were grown in TB and TYE at
temperatures between 17 and 42°C for two transfers and then harvested. The size
heterogeneity of the various isolates from the aqueous-phase fraction was defined

by SDS-PAGE (Figure 1; data not shown). When large amounts of the samples
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TABLE 2. Phosphate Content of LPS Isolates from Cells Grown in Different

Media®
pmol/mg LPS
Medium PAO1 Smooth Strains? AK1401
TB 2.1 £ 0.1 1.8 + 0.1
TYE 1.7 + 0.1 1.7 + 0.1
MBM 1.6 + 0.1 1.4 £ 0.2
MBM (low PO}) 1.4 £ 0.1 1.1 + 0.1

3%Phosphate contents are given as the weighted average + standard deviation of the
levels recovered from the phenol phase and aqueous phase.

YThe levels represent the average amount detected in LPS from strain H103, H185
or PAO1716.
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Effect of growth temperature on LPS size. Silver-stained gels (A
and B) and Western blot (C) of LPS from strains PAO1716 or
AK1401 grown in TB at the temperatures indicated. Samples of 10
(A), 0.25 (B), or 30 (C) ug were applied. The Western blot (C) was
visualized with the monoclonal antibody E87. Numbers to the left

of panel A denote the major size populations.
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were applied to the gel, the ladder pattern of the high-molecular-weight O-
polymer-containing molecules could be detected (Figure 1A). For the isolates
from the smooth strain, three to four regions of intense staining could be detected
which represented three to four populations of molecules with O-polymers of
different lengths. LPS from cells grown at low temperatures had higher levels of
the very long O-polymer-containing molecules (population 1) and lacked the
shorter-chained population, denoted 2a. As the growth temperatures increased, the
level of molecules of the highest molecular weight dropped and the amount of
short-chained molecules increased. The level of the intermediate-sized molecules
(population 2) showed only marginal changes. These results are similar to those
of a previous study which showed a decrease in high-molecular-weight LPS in P.
aeruginosa with increasing growth temperature (20). The LPS from strain
AK1401 grown in TB appeared rough and did not contain very high levels of O-
polymer-containing molecules. Only very weak staining in the region of the
common antigen bands was detected in the LPS from cells of AK1401 grown in
TB at 17 and 37°C (see below). This reflected a general inhibition in common
antigen LPS production in all strains grown in TB (data not shown).

When these same samples were applied at low concentrations, the
heterogeneity of the predominant, smaller-sized molecules could be resolved
(Figure 1B). For the PAO1716 samples, as the growth temperature increased,
there was an increase in the band immediately above the fastest-moving band. The

band of higher mobility presumably corresponds to molecules containing core-lipid
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A, while the slower moving band likely contains molecules capped with one O
repeat. This increased capping with increasing growth temperature has been noted
by others (20). The LPS from the rough mutant also revealed the same two
bands, confirming a previous study which showed that AK1401 is an SR mutant
(22). For both strains grown at temperatures above 32°C, the LPS contained a
second, slower-migrating band which could be resolved above each of the two
fastest-migrating bands; these secondary bands increased in relative amounts with
increasing growth temperature.

Since the LPS isolates contain a common antigen LPS in addition to the
main, serotype-specific LPS, the change in the size distribution of this population
was analyzed on immunoblots. The LPS isolates from the two strains grown at
different temperatures were separated by SDS-PAGE and then electrotransferred
to nitrocellulose. The common antigen LPS bands were visualized with
monoclonal antibody E87, which is specific for the P. aeruginosa common antigen
(31,34). The transblots indicated that for the PAO1716 strain, the level and size
distribution of the common antigen molecules was unaffected by growth
temperature (Figure 1C). In addition, the AK1401 strain contained common
antigen LPS, and the level and size distribution also did not change significantly
with growth temperature. However, the size distribution of the common antigen

LPS from strain AK1401 was somewhat different from that of the smooth strain.
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Effect of salt concentrations in media on LPS composition.

Cells of H103 and H185 were grown at 37°C in TYE broth containing 0,
3, 10, 30 or 100 mM MgCl,. Growth was completely inhibited for both strains
in medium containing 300 mM MgCl,. Cultures of H103 were also grown at
37°C in TYE containing 0, 50, 150 and S00 mM NaCl. Growth was inhibited by
1.5 M NaCl in the medium.

The size distribution of the isolates from H103 and H185 grown in various
concentrations of MgCl, were analyzed by SDS-PAGE. The gels of the H103
isolates (Figure 2) and H185 (not shown) were either silver stained or were
transblotted and reacted with monoclonal antibody E87 or anti-503. When these
samples were applied to gels at high concentrations, the long-chain LPS could be
detected. Silver-stained gels of the H103 samples indicated that there was little
change in the O-antigen length with Mgz"' concentration except at 100 mM
(Figure 2B). At this highest concentration, there was a dramatic decrease in the
level of the highest-molecular-weight population of LPS. This population
(population 1) represents the longest O-specific LPS molecules as detected on
Western blots with the O-specific monoclonal antibody (Figure 2A). The size
distribution of the common antigen LPS, measured in blots with monoclonal
antibody E87 (Figure 2C), also did not change appreciable with the concentration
of MgCl, in the growth medium, except at the highest concentrations. The
samples from cells grown in 100 mM MgCl, had a slight increase in the longer

common antigen molecules. When the samples were applied to the gel at low
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Effect of MgCl, concentration in the growth medium on LPS size.
Silver-stained gels (B and D) and Western blots (A and C) of LPS
from strain H103 grown in TYE nutrient medium containing 1 (lane
1), 3 (lane 2), 10 (lane 3), 30 (lane 4) or 100 (lane 5) mM MgCl,.
Samples of 10 (B), 5 (A and C), or 0.05 (D) ug of LPS were applied
to the wells. After electrophoresis, the gels were either silver-
stained (B and D) or transblotted onto nitrocellulose and reacted with

either anti-503 (A) or E87 (C) monoclonal antibody.
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concentrations, the heterogeneity of the predominant, short-chained LPS could be
measured. The results showed that the level of LPS containing one O repeat was
not significantly altered when the Mg2+ concentration in the medium was
increased (Figure 2D). Essentially identical results were obtained with the LPS
samples from strain H185.

When the H103 cells were grown in TYE containing high concentration of
NaCl, the LPS composition changed in a manner similar to that for cells grown
in high MgCl,. The levels of the very-long-chain O-antigen molecules decreased
on cells grown in 500 mM NaCl but were unaffected by lower NaCl
concentrations (Figure 3A). Furthermore, the amount and length of the common
antigen also increased at the highest NaCl concentration but was unaffected by
lower levels of salt (Figure 3B). The heterogeneity of the short-chain LPS was

also unaffected by the NaCl concentrations (data not shown).

Effects of growth in high glycerol or high sucrose on LPS composition.
Since near-growth-limiting concentrations of salt appeared to inhibit the
synthesis of the long-O-antigen molecules and to induce an increase in common
antigen LPS amount and length, we asked whether this phenomenon might depend
on the osmotic strength of the media. Thus, cultures of H103 were grown in TYE
containing eit<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>