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ABSTRACT

PHYSICAL PROPERTIES OF GRAM NEGATIVE MEMBRANES
AND LIPOPOLYSACCHARIDES

By
Richard Thomas Coughlin

The isolated membranes and 1ipopolysaccharide (LPS) of Escherichia

coli were analyzed using the electron spin probes 4-(dodecyl-dimethyl
ammoniun)-l-oxy]-2,2,6,6-tetramethyl piperidine bromide, CATj2, and
5-doxyl stearate. The position of the head group probe CATy2 in the
outer membrane was determined to be on the outer monolayer in LPS-protein
domains. The results indicate that both the inner and outer monolayer of
the outer membrane experience the same cooperative membrane phase
transition despite strong transmembrane asymmetry. Using inductively
coupled plasma emmission spectroscopy, the outer membrane was found to be
enriched in divalent cations when compared to the cytoplasmic membrane.
The higher cation affinity was attributed to the presence of anionic LPS
in the outer membrane. Elemental analysis of LPS revealed the presence
of not only high levels of Mg and Ca but significant levels of Fe, Al,
and Zn as well.

A purified sodium salt of LPS isolated from both a rough and deep
rough E. coli was prepared. It was relatively free of contaminating
cations and had significantly greater head group and acyl chain
mobilities when compared to the starting material. Elemental analysis
suggests that the sodium salt of the rough LPS was not completely charge

neutralized. The binding affinity and capacity of LPS from a variety of
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cations was shown to be quite high yet variable depending upon the cation

used. The information obtained with LPS from Escherichia coli was then

applied to Yersinia pestis, Chromatia vinosum, and Thiocapsa

roseopersicina LPS with attention to the potential biological

significance of the observed physiéal phenomenon.
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CHAPTER I

BACKGROUND

Gram Negative Membranes

Electron micrographs of thin sections of gram-negative bacteria show
two distinct membranes. The inner or cytoplasmic membrane contains the
enzymes for oxidative phosphorylation, electron transport, and active
transport. The characteristic shape of the cell is maintained by a two
dimensional. sheet of peptidoglycan distal to the cytoplasmic membrane.

Covalently linked to the peptidoglycan and extending into the outer

membrane is the Braun 1ipoprotein. This protein serves as an attachment
site for the outer membrane and is crucial for outer membrane structural
integrity. In lipoprotein deficient mutants of Escherichia coli, grown

-

in Tow Mg media, the association of the outer membrane for the

peptidoglycan is weakened (1).

The outer membrane is a highly specialized structure. In comparison
with other membranes (e.g., the cyfop]asmic membrane) its protein
composition is relatively simple. In most enteric bacteria there are
four principle proteins, excluding the lipoprotein. Two of these
proteins la and 1b (Schnaitman nomenclature) (2) form trimeric units in
the outer membrane and act as pores (3). The pore proteins (porins) have

been referred to as "molecular sieves" because they allow passive
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nonspecific diffusion of low molecular weight (generally <600 daltons)
hydrophilic solutes through the 6uter membrane.

Both proteins and 1ipids of the outer membrane are asymmetrically
distributed. Lipopolysaccharide (LPS) is found exclusively on the outer
monolayer of the outer membrane while phospholipids in most gram negative
bacteria are found predominantly on the inner monolayer of the outer
membrane (4). The association of LPS with outer membrane proteins can be
exceptionally strong. In fact, the separation of porin and LPS can only
be carried out at high ionic strength (5). In the absence of high salt,
detergent solubilization of porin results in a porin complex containing
up to three moles of LPS. The interaction of LPS with porin appears to
be predominantly hydrophobic in nature since porin can be effectively
reconstituted with only the 1ipid A portion of LPS (6). It is apparent,
however, that the polysaccharide region of LPS does interact with the
porins. In reconstituted 1ipid A-porin complexes, a hexagonal lattice
was formed as was also detected with LPS-porin complexes, but the lattice
constant was.significantly less than that of the intact LPS-porin
complex.

Whereas most biological membranes are only weakly resistant to the
free diffusion of small hydrophobic compounds (7), the outer membrane is
quite impermeable to these molecules. Nikaido (8) first noticed that the
hydrophobicity of antibodies correlated exceptionally well with their
efficacy in inhibiting deep rough (short LPS polysaccharide chain) mutant
bacteria. The velocity of diffusion of such molecules across the outer
membrane of LPS mutant cells increased as the length of the
O-polysaccharide chains decreased. Even deep rough mutants which have

only 1ipid A and the 3-deoxy-D-manno-octulosonic acid (KDO) sugars had
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one tenth the diffusion velocity of the cytoplasmic membrane for small
hydrophobic molecules. Thus the porins and LPS form a passive yet
selective diffusion barrier to Tow molecular weight solutes.

The fluidity of the hydrocarbon interior of the outer membrane has
recently been shown to be a determinant of the growth limits of E. coli
(9). Bacteria adapt their outer membrane 1ipid and protein composition
to maintain a mixture of gel and liquid crystalline acyl chain domains at
the temperatures of growth. When adaptation is unsuccessful at either
temperature extreme and membrane acyl chains are exclusively either gel
or 1iquid crystalline, growth ceases. Nakayama et al. (10) have shown in
an E. coli B smooth strain using X-ray diffraction analysis that isolated
native LPS undergoes a phase transition which is relatively independent
of the temperature at which the cells had been grown. Moreover, the
phospholipids of the outer membrane do adapt to changes in growth
temperature by changing the ratio of saturated to unsaturated acyl
chains (10). In a fatty #cid auxotroph of E. coli K12 the outer membrane
transition temperature as determined by fluorescent probing and enzyme
activity shifted in response to the exogenously supplied fatty acid (11).
When the rigid trans A Cyg.; fatty acid was supplied, the membrane
phase transition occurred at higher temperatures than with the more fluid
cis A C18:1. Since there are concomitant changes in the outer
membrane protein profile as a function of temperature, no complete model
exists as yet which explain the adaptation of the membrane physical
state.

The interaction of LPS with phospholipid domains is complex. Onji
and Liu (12) have shown that LPS will bind to neutral phospholipid
(phosphatidylcholine) vesicles and reduce their electrophoretic mobility.



This effec
phosphas it
ineract |
of 1M €
'see Chap
(onverse]
interacti
undoudted
hyérophos
*ead gro
of LPS ws

The
from est,
Masphat
mly §14
hesphat
mcbﬂity
Takeuchs
that LPS
asphoy
" pre:
PTESQnt.
of the |



This effect was potentiated by prior incubation of the
phosphatidylcholine vesicles with a cationic detergent. LPS did not
interact as well with phosphatidylserine vesicles, however, the addition
of 1 mM EDTA which presumably increased the net negative charge of LPS
(see Chapter VI) eliminated any LPS-phosphatidylserine interaction.
Conversely, 1 mM calcium addition promoted LPS-phosphatidylserine
interaction almost to that of phosphatidy‘cho]ine vesicles. Thus, LPS
undoubtedly can associate with phospholipid domains through strong
hydrophobic interaction between 1ipid A and the phospholipid acyl chains.
Head group charge repu]sion; however, may prevent the initial association
of LPS with the acceptor complex.

The assumption that LPS and phospholipids freely intersperse is far
from established. Schindler et al. (13) showed that LPS and
phosphatidylethanolamine mixtures have diffusion coefficients which are
only slightly different from their pure 1ipid diffusion coefficients.
Phosphatidylethanolamine was thought to have slightly decreased lateral
mobility because its motion was hindered by slower moving LPS monomers.
Takeuchi and Nikaido (14) challenged this point and suggested instead
that LPS and lipids are essentially immiscible. They found that LPS and
phospholipids do mix very slowly (T2 several hours) when magnesium
was present and mixing was maximum when sodium, magnesium, and porin were
present. The mobility under these conditions was relatively independent
of the 1ipid head group charge since phosphatidylethanolamine and
phosphatidylglycerol were roughly equivalent.

An important observation of this work was that very low
phospholipid-to-LPS ratios produced an apparently randomly mixed
aggregate. An explanation was advanced whereby LPS and phospholipid
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mixtures behave much 1ike water and phenol. When either is in great
excess of the other, a single phase develops. As the ratio of the two
begins to reach unity, the binary nature of the mixture becomes apparent.
Any mixing which occurs is governed by the obligatory thermodynamic
equilibrium which exists between immiscible 1iquid phases.

The facile insertion of rough LPS into phospholipid monolayers is
also illustrative of this point. Fried and Rothfield (15) have shown
that LPS from Salmonella typhimurium G30A readily inserts into

phosphatidylethanolamine monolayers. These monolayers were quite stable
and invariant with pressure changes (non compressible) until the LPS
surface area fell below 45% of the total area. As the
phosphatidylethanolamine content of the monolayer increased, the surface
pressure was a function of the surface concentration of
phosphatidylethanolamine. The authors interpreted those results to
indicate that LPS at 1ow phosphatidylethanolamine/LPS is surrounded by an
annulus of "boundary" phospholipids. This explanation may be reworded in
1ight of Takeuchi's theory of LPS miscibility in phospholipids. In
monolayers phosphatidylethanolamine miscibility in LPS domains is high
but above a critical molar ratio pure phosphatidylethanolamine domains
appear which are highly compressible and independent of the presence of
LPS in the monolayers. The miscibility of LPS in phospholipid domains
may also be dependent upon differences in the LPS core or polysaccharide
sugars. Since deep rough mutants of E. coli are thought to have large
amounts of phospholipids in the outer monolayer of the outer membrane
(16).



Biochemistry of LPS

In the following section and throughout the remainder of this
dissertation it will become increasingly clear that LPS is a name
attributed to an extraordinarily broad class of 1ipids. No generalized
skeletal diagram can encompass all of the overlapping structural features
of LPS nor is any component of its structure common to all bacteria. The
recent biochemical characterization by Wexler and Oppenheim (17) of the

Listeria monocytogenes endotoxin-1ike component has even broken the

exclusive tie between LPS and gram-negative bacteria. Even the cell wall
of Cyanophyta (blue-green alga) are reported to contain LPS (18). The
most completely characterized LPS is that of the enteric bacteria.
Conceptually, it has become the point of reference for LPS structural and
physiological comparison.

The c1§ssic 1ipid A of enteric bacteria consists of a g 1,6-11nked
D-glucosamine dissacharide (19) where the amine groups serve as
attachment sites for g-hydroxy fatty acids. The hydroxyl group of one of
these amide-1inked g-hydroxy fatty acids is often esterified with another
fatty acid.

The reducing and non-reducing termini of the diglucosamine are
usually phosphorylated. They may be pyrophosphorylated, ethanolamine
phosphate substituted or even arabinosamine phosphate substituted (e.g.
Salmonella, 20) depending on strain and culture conditions. An early
supposition that LPS is cross-linked via phosphodiester bridges has
proven incorrect (21). Nevertheless the strength of LPS self-association
is so great that attempts to obtain free monomeric LPS have failed (22).

Lipid A is linked to the core polysaccharide through an acid labile

glycosidic bond to KDO. In many LPS molecules there are three molecules
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of KDOs in the inner core which acts as cation binding sites. Phosphorus
and ethanolamine phosphate substitution is also reported to occur on KDO
sugars (23).

Although the sugars present in the LPS core region are reasonably
well conserved from species to species, details of the sugar linkages are
confounded by a host of variations and substitutions. The relevant
details will be discussed in appropriate sections of the text. The most
common sugars of the core are D-glucose, D-galactose and
L-glycero-D-manno-heptose (referred to thoughout the text as heptose)
and, of course, KDO.

The O-polysaccharide chain of LPS consists of repeating sugar
sequences which are the immunological determinants of gram-negative
bacteria. Their variabi]ity in sequence and sugar composition is
overwhelming. While most enteric O-polysaccharides are composed of

neutral sugars, some species (e.g. Chromatia and Rhodopseudomonas, (24))

have a high percentage of cationic sugars while others (e.g. Bordetella,

Klebsiella, Proteus, Brucella, and Citrobacter, (25) have a high

percentage of anionic sugars. ”

The assembly of LPS takes place on the cytoplasmic membrane
(26). The core is attached to the completed 1ipid A by sequential
addition of sugars. The synthesis of the O-polysaccharide chain occurs
independently on the Cgg polyisoprenoid 1ipid carrier. The
polymerization of the repeating sugar segments that make up the
0-polysaccharide is not uniform. Rather, the distribution of repeating

units can range from 19 to 34 units (77 mole percent) in S. typhimurium

(27). The completed polysaccharide is then attached to the 1ipid A core

complexes. This too occurs on the cytoplasmic membrane but is rapidly
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followed by translocation into the outer monolayer of the outer
membrane. The attachment of the O-polysaccharide to the 1ipid A-core
complex is not always complete and in two recent studies of Salmonella
(27,28) it was found that two thirds of the LPS which is translocated to
the outer membrane has no O-polysaccharide attached at all. Since the
cytoplasmic to outer membrane translocation step is essentially
irreversible, it appears that in enteric bacteria the majority of LPS in
smooth strains is actually rough LPS. This is not true of all LPS.
Hurlbert (29) has shown that all of the LPS in Chromatia and Thiocapsa
smooth strains has an O-polysaccharide chain attached. The utility of
translocating both smooth and rough LPS to the outer membrane in the
enterics has not been explained.

Munford (30) and coworkers have compared the size heterogeneity of

S. typhimurium LPS isolated from outer membrane and from media

supernatant membrane fragments (blebs). As Enterobacteriaceae grow they

release membrane fragments which contain protein, phospholipid, and LPS
(31). The protein profile is characteristic of the outer membrane and
contains few periplasmic or cytoplasmic membrane proteins. The LPS in
the membrane fragments is enriched in long chain polysaccharide LPS.
Although the enrichment is only slight, it may reflect a greater tendency
for more hydrophilic LPS patches of outer membrane to bleb. Since these .
LPS containing membrane fragments are endotoxins, elucidating the forces
responsible for their release into the serum will undoubtedly expand our
practical understanding of endotoxin pathology.

Host responses to endotoxins include fever induction, bone marrow
necrosis, leukopenia, leukocytosis, depressed blood pressure, mitogenic

lymphocyte stimulation, macrophage activation, complement activation,
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Hagemann factor activation, prostaglandin synthesis, interferon
production, induction of endotoxin tolerance, nonspecific resistance to
infection, tumor necrosis and death (32). Attempts to 1ink structural
features of LPS with either endotoxicity or outer membrane function are
becoming increasingly successful.

A strong 1ink has been made between the ability of endotoxin to
induce shock and the structure of the 1ipid A moiety of LPS. Lipid A
from Salmonella and other enterics has been amply documented to be
pyrogenic, toxic, and reactive with complement (32,33). This
association, however, is not absolute and numerous exceptions have
appeared in the literature as the chemical composition and biological
activity of new bacterial LPS are documented. A brief review of some of
these unusual lipids may illustrate the complex structure-function
relationship.

One of the more structurally complicated 1ipid A groups is that of

Chromobacterium violaceum (34). The diglucosamine backbone has both D-

and L- g hydroxy fatty acids attached. The reducing end glucosamine is
linked by a phosphodiester to another D-glucosamine while the non-
reducing glucosamine is 1inked by yet another phosphodiester to an
arabinosamine. This 1ipid A will not react with the complement system
but is pyrogenic and quite lethal.

An even more complex 1ipid A is that of Rhodospirillum tenue, a

purple non sulfur bacterium (35). The 1ipid A has a diglucosamine
backbone which is 1ike that of enteric LPS with three notable exceptions.
The reducing end glucosamine is phosphodiester 1inked to a D-arabinose;
it is also linked to a 4-amino-L-arabinose via the C4 hydroxyl group. As

with C. violaceum the non-reducing end glucosamine is phosphodiester
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linked to a D-glucosamine. This 1ipid A will not react with the
complement system, but is pyrogenic and toxic.

Curiously, 1ipid A of R. tenue is over 100 times more toxic than
the intact LPS. Hydrolysis of enteric LPS to 1ipid A does not usually
affect lethality (36). Upon closer examination, it was found that the
mild acid treatment used to obtain 1ipid A from R. tenue resulted in the
cleavage of the 4-aminoarabinose and arabinose-1-phosphate from the
molecule. The 1ipid A obtained also became immuno-crossreactive with
Salmonella 1ipid A. Thus reactive groups on the classic enteric lipid A
that are blocked in LPS from R. tenue are apparently critical
determinants of 1ipid A toxicity.

Perhaps the least structurally complex 1ipid A yet characterized is
that of Rhodopsudomonas viridis (37). Classification of this lipid as a

LPS may exceed both the chemical and functional limits of the definition
of LPS. There is neither an O-polysaccharide nor any core sugar in this
1ipid. It is considered a LPS by virtue of its similarity to more
recognizable LPS of closely related bacteria (24,36). Instead of
diglucosamine, this LPS has a 2,3-diamino-D-glucose backbone. The amino
groups are partially substituted by D-3-hydroxymyristic acid. No
esterified or nonhydroxylated fatty acids are present. Furthermore, the
molecule contains no phosphorus. Although this LPS is nonpyrogenic and
only mildly toxic, it compares well with LPS from a Saimonella in its
ability to interact with complement.

The importance of distinct chemical groups in 1ipid A are becoming
apparent. Lugowski and Ramanowska (38) have shown that the hydroxamate
of 3-hydroxymyristic acid alone is a potent inhibitor of the Shigella
sonnei 11pid A/anti 1ipid A system. A 1ink between the amount of
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phosphorus in 1ipid A and anticomplement activity has also been made
(39). LPS which is rich in phosphorus such as LPS from mutant strain Ra
and Rb from S. minnesota, are not able to inactivate complement, while

LPS, lTow in phosphorus, from such sources as Anabaena variabilis,

C. vinosum, and R. viridis are able to inactivate complement.

In vivo anticomplement activity measured after injecting LPS into an
animal is biphasic (40). An early depression in serum complement level
occurs almost instantaneously upon LPS injection while a second decrease
is delayed 6 to 9 hours. The early phase is thought to be due to the
interaction of large particle size LPS aggregates which also exhibit in
vitro anticomplement activity. The delayed interaction occurs only with
those LPS's which are also toxic. Thus, LPS from R. viridis does not
induce the second phase of inactivation despite its anticomplement
activity in vitro (41). The delayed phase is not dependent upon particle
size. The recent work by Ulevitch et al. (42) on the fate of
circulating LPS makes it quite clear that LPS remaining in the serum
after more than an hour is almost entirely bound to high density
lipoproteins. The possible significance of high density 1ipoproteins
acting as mediators in the LPS complement interaction has not as yet
attracted attention in the literature.

The serologically diverse family Chromatiaceae produces several

other classes of LPS which can provide new insights into endotoxaemia.
These purple sulfur bacteria are not recognized human pathogens yet they
do produce LPS which retains the capacity to induce several classic
endotoxic shock symptoms. Most notably C. vinosum has been assayed for
its toxicity and anticomplement activity (43). Its 1ipid A moiety lacks

the classic diglucosamine backbone and instead has a glucosamine-mannose



that o
neither
WS was
s2lts ¢
(vide i
of eish

anticom

lie in
Ap
Species
been g
the |ps

2h )

Nyae .



12

group with typically esterified and ‘amide 1inked fatty acids. Despite
these differences C. vinosum is 25% as toxic to mice on a weight basis as
S. abortus LPS. Considering the higher average molecular weight of C.
vinosum LPS the actual molar toxicity of its LPS is nearly comparable to
that of S. abortus. In marked contrast with enteric LPS, however,
neither toxicity nor anticomplement activity of this LPS changed after it
was washed with NaEDTA. Galanos et al. (44) have shown that the sodium
salts of enteric LPS typically have greatly enhanced endotoxic activity
(vide infra). Even more startling was the observation that small amounts
of either calcium or magnesium actually enhance C. vinosum
anticomplementary activity. The explanation for these discrepencies may
lie in the differences in the charge character of enteric and

Chromatiaceae LPS.

Approximately 90% of the total flora in adult human consists of the
species of Bacteriodes (45). The LPS of several Bacteriode species have
been shown to have 1ow endotoxin activity (46). Biochemical analysis of

the LPS from Bacteriodes fragilis has revealed the complete absence of

both KDO and L-glycero-D-mannoheptose (47). More recently, Wollenweber
(48) and coworkers have attempted to explain the low endotoxicity of
Bacteriodes by their unusual fatty acid composition. Both amide and
ester linked fatty acids were found; however, the composition was quite
unusual. Bg-hydroxyl (14:0, 15:0, 16:0, 15-Methy1-16:0, and 17:0) acy!
chains were observed as well as significant amounts of iso and anti-iso
myristic acid acid. Teleologically, Bacteriodes may have adapted their
LPS so that they are less hazardous to their hosts. The acyl chain
pattern which they have developed may represent a method of detoxifying
their LPS without loss of its function within the outer membrane.
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Haemophilus influenzae provides yet another complication in

establishing a clear structure-endotoxin activity relationship with 1ipid
A. (49). Although 1ipid A from H. influenzae contains glucosamine,
phosphorus, g-hydroxy fatty acids a§ well as other fatty acids, it is not
toxic in mice at doses up to 50 mg/Kg. The LDgg against mice for
enteric LPS is usually about 1 mg/Kg (50). Lipid A from H. influenzae is
only mildly pyrogenic but can induce a mitogenic response in polyclonal
B-cells in cell culture. Furthermore, when this 1ipid A was complexed
with bovine serun albunin to enhance water solubility, all immunological
activity was lost. Thus the proposal by Galanos (51) that a protein
cafrier such as bovine serum albumin may be essential for full expression
of 1ipid A toxicity, must be weighed against the possibility that
reactive groups on Lipid A may be masked in such a complex.

Subtle 1ipid A modifications are also apparently critical in
bacterial resistance to antibiotics. Vaara and coworkers (52) have shown

that polymyxin resistant mutants (pmrA) of Salmonella typhimurium have

elevated substitution at the non-reducing terminus of the diglucosamine
backbone. Sixty to seventy percent of the C4 hydroxyls are
phosphodiester 1inked with 4-amino-4 deoxy-L-arabinose. Only 10 to 15%
of non resistant wild type LPS has this substitution. Moreover, this
alteration enhances the ability of the pmrA mutant outer membranes to
withstand tris-EDTA-lysozyme treatment which is commonly used in the
separation of outer membrane and cytoplasmic membrane (53). The pmrA
mutant cells were also less sensitive to protamine and polylysine but
remained sensitive to several other cationic antibiotics. Thus, the
resistance generated by this mutation influences the barrier properties

of the outer membrane. It was proposed that the mutation simply 1owers
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the binding affinity of LPS for polymyxin by eliminating an anionic
attachment site and substituting a repulsive cationic charge.

Although 1+#pid A has been endowed with a reputation as the LPS
toxiphore, it is clear that its activity is modulated by the physical
properties of the core and O-polysaccharide sugars. The mitogenic
activity of LPS demonstrates this principle quite clearly. LPS isolated
from a wide variety of gram negative bacteria has been shown to be
mitogenic for B-lymphocytes of normal mice. A mouse strain C3H/HeJ was
developed which produced defeétive spleen cells that were unable to
divide in response to LPS (54). It was later found that these spleen
cells could be induced to divide in response to LPS from several sources

including Brucella, Proteus, and Bordetella (55). Further, the

polysaccharides but not the 1ipid A moiety of Brucella pertussis LPS

could induce mitogenicity in these cells as well as normal spleen cells.
The ability of B. pertussis O-polysaccharide but not common Salmonella

or Escherichia O-polysaccharides to elicit the mitogenic response is

thought to 1ie in the anionic character of the Brucella O-polysaccharide.
D-Glucuronic acid is present in the repeating O-antigen. Other anionic
polysaccharides such as the O-polysaccharide from P. mirabilis, dextran
sulfate, and S. typhi Vi polysaccharides have similar mitogenic behavior.
The effect is not, however, a general property of anionic
polysaccharides. Sulfate, phosphate, and carboxymethyl derivatives of
cellulose and heparin sulfate are ineffective mitogens against C3H/HeJ

spleen cells. Thus, the enhanced mitogenicity of Brucella, Proteus, and

Bordetella LPS can not be explained solely by the presence of repeating
negative charges although this property distinguishes them from the

neutral or cationic O-polysaccharides of most bacterial LPS.
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The polysaccharide of Bordetella pertussis represents an interesting

combination of acidic, basic, and neutral sugars. Recently a
trisaccharide was identified into O-antigen which consists of a D-glucose
doubly substituted with D-glucosamine and 2-amino-2-deoxy-D-galacturonic

acid (56). LPS from Shigella sonnei has also been reported to contain

2-amino-2-deoxy-L-altruronic acid (57). Aminohexuronic acids are
relatively uncommon sugars in gram negative bacteria and reports their
existence in LPS are quite rare.

Nevertheless, the potential exists for these unusual sugars to
coordinate cations, and provide inter and intra molecular cross bridging.
In B. pertussis, the unusual trisaccharide confers considerable
protections upon its LPS against chemical degradation.

A survey of the sugar and fatty acid content of LPS from 38 strains

of Neisseria gonorrhoeae LPS has revealed major differences between

virulent and avirulent strains (58). Virulent strains were totally
devoid of rhamnose whereas this sugar was common among avirulent strains.
Fucose which is found in non-pathogenic N. sicca and N. lactamica was
also absent in virulent N. gonorrhoeae. The levels of mannose, galactose
and glucose compared to KDO in virulent strains were greater than in the
avirulent strains. More subtle variations were also observed in fatty
acid content.

The polysaccharides of LPS also contribute significantly to the
virulence of plant pathogens. In both temperate and tropical regions,

vascular wilt caused by Pseudomonas solanacearum is one of the most

important bacterial diseases affecting crops. Whatley et al. (59) have
demonstrated that a correlation exists between the presence of O-antigen

on LPS and the ability of the bacteria to avoid the hypersensitive
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response (HR). The HR occurs when invading bacteria become attached to
host cell wall resulting in a rapid collapse of host cells trapping the
bacteria. Virulent cells do not attach to cell walls and multiply freely
in intercellular fluid. Leach et al. (50) has found lectins on tobacco
and potato mesophyll membranes which bind bacterial LPS. Although LPS
alone can not induce the HR, it can block the HR during subsequent
challenge by the intact bacterium. It has been proposed that the
0-polysaccharide in smooth strains masks the antigenic sites in the LPS
core and thus avoids triggering the HR.

The cations associated with LPS have a profound effect on the
expression of endotoxic symptoms. Galanos and Luderitz (61) first
attempted to generate uniform salts of LPS. Their procedure consisted of
electrodialysing crudely isolated native LPS and neutralizing the acidic
product with an appropriate base. As we will show in Chapter IV and as
Galanos and Luderitz pointed out in their original work, this procedure
does not result in a completely uniform salt. It does, nevertheless,
result in dramatically different physiochemical and biological
properties of the resulting LPS preparation. The triethylamine salt of
LPS from Salmonella smooth strains was found to have a very low
sedimentation coefficient suggesting a low particle size. It was also
highly water soluble. Triethylamine LPS was also highly toxic and
pyrogenic in rabbits but did not interact with the complement system. In
contrast, the d1va1enf salts of LPS were poorly soluble and had high
apparent particle size. They were also less toxic and less pyrogenic
than the native LPS but did interact strongly with the complement system
(62).
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The principle cation removed during electrodialysis has been shown
by us to be magnesium. The capacity of the LPS salts prepared by Galanos
and Luderitz to retain the substituted cation was apparently dependent
upon the length of the polysaccharide chain. Salts of smooth LPS
retained their altered physical properties in the presence of serum. In
contrast, triethylamine salts of rough strains such as S. minnesota R3
and R595 became indistinguishable from their native LPS in serum (62).

The binding affinity of LPS anionic sites for polyvalent cations is
quite high. Storm et al. (63) have demonstrated that LPS has K4 for
polymyxin B of between 2.5 and 5 uM. An even higher binding affinity
(Kq = 0.3 to 0.5 uM) was suggested by Schindler and Osborn using a
fluorescently labeled rough Salmonella LPS (64). They also identified a
high affinity binding site for divalent cations using their labeled LPS.
The K4 for Mg and Ca were 15 and 6 uM, respectively. Nearly identical

values were obtained using LPS from either S. typhimurium G30 (rough

strain) or G30A (heptoseless strain). They suggested that the anionic
site responsible for this high affinity cation binding is within the KDO
trisaccharide complex in the LPS core. We have independently (Chapter
II1) confirmed that this site does have a very high divalent cation
binding affinity. Furthermore, the LPS used by Schindler and Osborn had
only been electrodialysed. In studies carried out in cooperation with
Dr. Schindler, we have found that electrodialyzed LPS from both strains
G30 and G30A retain a considerable number of divalent cations leaving
open the possibility that even higher affinity cation binding sites exist
within the molecule.

The high affinity cation binding of LPS is not specific for divalent

cations. As we will show in Chapter IV, a wide variety of trace elements
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including iron, aluminum, zinc and 1anthanides will bind to LPS with high
affinity. The potential significance of this observation has already
been demonstrated in the literature.

As early as 1944, A. Schade and L. Caroline (65) reported that
conalbumin could inhibit the in vitro growth of several gram-negative
bacteria by virtue of its profound affinity for ferric iron. Later (66),
it was discovered that supplemental iron could offset the serum

inhibition of nonpathogenic Pasteurella septica strains.

The keen competition between host and pathogen for essential
nutrients has caused both organisms to develop multiple mechanisms to
acquire and store minerals. The extraordinari1y Tow solubility of ferric
iron (1ess than 10-38y in water) and its irreplaceability in a
variety of enzymes has made it the object of particularly fierce
evolutionary adaptation.

Neilands (67) has pointed out that Escherichia synthesizes several

70-80 K dalton outer membrane proteins when iron levels in the media drop
below 1 yM. These proteins are receptors for bacterial enterochelin
which in turn have association constants for the ferric ion of up to
1050, Thus in hindsight, it should not have been surprising when it
was discovered that serum free iron levels drop dramatically during
gram-negative infections (68). The startling observation was that the
induced hypoferraemia could be mimicked completely by an intravenous
injection of LPS (69).

The association of iron with LPS not only stresses the host but may
also be critical for the pathogens survival. Kochan et al. (70) have
shown that when virulent E. coli strains were grown on mammalian sera

their growth was inhibited and they eventually died. The bacteriocidal
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activity of sera could be overcome in these strains by the addition of
exogenous iron or enterochelin. Interestingly, LPS isolated from cells
grown in the presence of iron could also act as an iron source for serum
inhibited cells.

Althouh LPS can bind trace quantities of iron to the benefit of the
parent bacteria, iron binding to LPS can benefit the host. Although free
LPS is a potent toxin, the lethality of LPS has been shown to be
dependent upon its solubility (44). The solubility of the iron salt of
LPS is quite low as Sourek et al. have reported (71). Host protection
from endotoxins by cations is not 1imited to iron. Snyder and Walker
(72) have shown that injection of zinc chloride prior to challenge by LPS
obviated the endotoxin symptoms. Chromium and manganese were even more

effective than iron or zinc in detoxifying LPS.
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