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Neutron Diffraction Study of Pseudomonas aeruginosaipopolysaccharide Bilayers

Introduction

Lipopolysaccharide (LPS) is an essential macromolecular
component of the outer membrane (OM) of Gram-negative
bacterid—3 and arranges itself in such a manner that it is found
almost exclusively on the outer face of the GFlHere, five to
six 2- or 3-hydroxyl fatty acid acyl chains extend from a
phosphorylated diglucosamine backbone cementing the mac-
romolecule into the hydrophobic domain of the bilayet.A
charged core oligosaccharide extends above the diglucosaminé"
backbone to which an O-side chain of repeating sugars is often
attached. InPseudomonas aerugingsthis O-side chain can
be highly variable in composition and lendgtm terms of mass,
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Lipopolysaccharides (LPSs) are a major class of macromolecules populating the surface of Gram-negative
bacteria. They contribute significantly to the bacterium’s surface properties and play a crucial role in regulating
the permeability of its outer membrane. Here, we report on neutron diffraction studies performed on aligned,
self-assembled bilayers of LPS isolated freseudomonas aerugino®AO1. This LPS system is comprised

of a mixture of rough and smooth A-band and B-band LPS, similar to that naturally foldaieruginosa
Temperature scans were conducted at various levels of hydration, and the phases adopted by LPS, along with
their corresponding transition temperatures, have been identified. Because of LPS’s chemical heterogeneity,
the gel-to-liquid-crystalline transition was continuous and not abrupt as commonly observed in single-component
phospholipid systems. From the construction of one-dimensional scattering length density profiles, we find
that water penetrates into the hydrocarbon region up to and including the center of liquid-crystalline LPS
bilayers. This permeability to water also extends to bilayers in the continuous phase transition region and
could have far-reaching implications as to how small molecules penetrate the outer membrane of Gram-
negative bacteria.

is the pentaacyl formalthough the degree of acylation is highly
dependent on both the strain of bacteria and its environmental
conditions’® As mentioned, the acyl chains embed the LPS in
the membrane with the diglucosamine covalently bound to the
inner core region. The inner core oligosaccharide consists of
two 2-keto-3-deoxyoctonate (KDO) molecules and two heptose
molecules bearing phosphoryl groups. The chemistry of the outer
core region, however, is more variable and also depends on
hether the core bears an O-side chain or %i8tin P.
aeruginosa the O-side chain may consist of one of two
chemotypes termed A-band (common antigen, found on all
except rough strains) or B-band (O-specific antigen, the basis

LPS accounts for~50% of the OM with other bacterial ~ Of Serotyping): The A-band chain is a neutral homopolymer
phospholipids and proteins making up the remairider. of p-rhamnose, while B-band LPS carries a net negative charge

P. aeruginosais an opportunistic pathogen that has been

and consists of a linear polymer of di- to pentasaccharide repeat

implicated in a number of difficult-to-treat diseases including, Units. In PAOL, the B-band is composed of trisaccharide repeats
burn-patient and necrotic eye infections as well as chronic lung ©f 2-acetamido-3-acetamidino-2,3-dideoxymannuronic acid, 2,3-
disease in cystic fibrosis patierfislt is a major cause of  acetamide-mannuronic acid, antl-acetylfucosaminé’
nosocomial infection and especially difficult to treat through It is well-established that LPS plays a crucial role in the
conventional antibiotic therapy. Its resistance to antibiotics is structure and integrity of the OM as well as controlling the

sometimes related to surface antibiotic exclusion and LPS permeability of various molecules, including nutrients and
chemotype. The major LPS species produced by strain PAO1 antimicrobialst It should also be mentioned, however, that outer
membrane proteins (OMPSs) such as porin, which assemble into
*To whom correspondence should be addressed. E-mail: membrane-spanning multimeric channel complexes, also have
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form smooth shiny colonies on a solid growth medium. This
type of LPS is termed smooth- or S-LPS, whereas LPS without
the O-side chain is termed rough- or R-LPS.

There have been many studies on LPS to establish its location . Diffracted
in the OM¢5 and determine its interactions with itself and with  Incident
OMPs, its dependence on natural metal cations for integrity,

and the way it is perturbed by surface active antimicrobials, 20
detergents, and organic solvehfd. However, its solvation
properties have not been studied extensively, as there are few d _< ~o

techniques which can accurately monitor the macromolecule’s
solvation by water, even though solvation may extensively affect
the properties of the OM. As a result, we chose to study the
solvation properties of self-assembed LPS bilayers using neutron
scattering, a technique particularly sensitive to water and its
location within the bilayer. As mentioned, the extent of hydration
may have a direct impact on the properties of the OM and the
information provided by neutron scattering may help us better
understand bacterial interactions, such as-hpatasite interac-
tions and resistance to hydrophobic antibiotics and antimicrobial Silicon wafer

peptides. Figure 1. Schematic of oriented LPS multibilayers on a silicon
X-ray diffraction studies performed on partially hydrated LPS substrate. The legend denotes thed-spacing or the inter-lamellar

and lipid A films2-14 osmotically stressed self-assembled spacing. See text for details.

multibilayers!® and LPS dispersiof&have shown that isolated

LPS forms symmetric bilayers. In addition, Snyder et®and and the transition temperatures identified. The morphology,
Garidel et alté have emphasized the importance of cations in transition temperature, and lamellar repeat spadirgpacing)
particular, multivalent cations in the formation of water imper- were found to be influenced by the level of hydration. In order
meable LPS bilayers. X-ray diffraction studies using fully to better characterize the structural details of these bilayers and
hydrated suspensions have also shown that LPS can adopt 40 specifically address the issue of water permeability, the
number of morphologies including, under certain pH and ionic higher-order Bragg peaks of liquid-crystalline,JLLPS bilayers
strength conditions, non-lamellar structuté$8To obtain finer ~ as well as those in the continuous transition region were
organizational and structural detail, Snyder e¥and Ding et collected. From these measurements, we were able to construct
al24 carried out X-ray diffraction studies whereby they varied the 1D SLD profile as a function of temperature and phase.
the hydration levels of LPS multibilayers, thus determining the The central finding is that L bilayers formed from LPS isolated
phase component of the structure factor, while others have usedrom P. aeruginosare highly permeable to water, and this result
less rigorous methods in obtaining this phase informatidf. extends to those same bilayers in the continuous transition
Despite these reports, many of which utilized R-LPS or lipid regime.

A, structural studies of natural LPS systems containing S-LPS

are to date lacking. This is striking especially when one Materials and Methods

considers the relative abundance of available information
pertaining to phospholipid systerfs?°One of the main reasons

for this paucity of LPS structural information is the difficulty protocol described by Darveau and Hancdtkultures were
in manipulating this heterogeneous system. Additionally, the g to an early stationary phase in trypticase soy broth (BBL:
manufacturing of aligned LPS multibilayer stacks necessary for 370 105 rpm), harvested by centrifugation (10 §020 min)

g_ood quality diffr_action measurements is not trivial. H(_)wever,_ and washed twice with 0.9% NaCl (w/v). Cells were lyophilized
given the known importance and prevalence of the O-side chain 4 1 g (dry weight) of material was extracted. After ultracen-

in LPS, itis wort_hwhile to elucidatt_a the structural _detai]s of an trifugation, used to obtain the extracted LPS, samples were
LPS system which better approximates the native biological dialyzed five times against 5 mM MEDTA (5 mM HEPES,
system. pH 8.0), twice against 50 mM NaCl (5 mM HEPES, pH 8.0),
There are a number of open questions regarding the phaseand twice against Nanopure water. Each dialysis step was done
and corresponding permeabilities of LPS. To date, there are nofor 8 h with continuous stirring and a minimum ratio of 50:1
reports using neutron diffraction to study self-assembled LPS yolume. The dialyzed LPS was then freeze-dried. The LPS was
bilayers despite the ability of neutrons to differentiate between assessed for KDO and LPS banding pattern, as well as DNA

the various LPS chemical moieties and more importantly, their and protein contamination and the values obtained were found
unique ability to distinguish between hydrogen and deuterium. to be in agreement with the published d#ka.

As an outcome of the latter, determining the sign of the structure  preparation of the Oriented Multibilayer Lamellar

factor is made possible simply by varying, in a systematic Samples.Silicon (Si) wafers were cleaned with chloroform in

manner, the BD/D,O ratio. From there, it is relatively  an ultrasonic cleaner and rinsed thoroughly with methanol.

straightforward to reconstruct the one-dimensional scattering Oriented multibilayer samples were prepared by depositing LPS

length density (1D SLD) profile, which besides resolving the syspended in water on a clean Si substrate. The samples were

structural detail of the LPS bilayer also determines the location kept at 45°C, a||owing for the water to evaporate and enab”ng

of water. the self-assembled lipid bilayers to align with respect to the Si
Here, we report on neutron diffraction studies carried out substrate (Figure 1). To further improve bilayer orientation,

using LPS isolated fronf. aeruginosaPAO1 (serotype O5). samples were temperature cycled between 8 antCH5vhile

Temperature scans were conducted at various levels of hydratiorhydrated.

Hydrophobic part

Hydrophilic part

Lipopolysaccharide Extraction and Purification. LPS from
P. aeruginosaPAO1 (serotype 05) was isolated using the
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Neutron Diffraction Measurements. Neutron diffraction —————y— 114
experiments were conducted using the N5 beam line located at30004
the National Research Universal reactor (Chalk River Labora-
tories, Canada). Neutrons with a wavelendthaf 2.37 A were
selected using the (002) reflections of a pyrolytgraphite (PG)
monochromator, while a PG filter was used to eliminate the
higher-order reflections (i.e4/2, A/3, etc.). For diffraction
experiments, samples of aligned LPS on Si substrates were takel@
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106
in airtight aluminum canister®. The relative humidity (RH) ] ]
was maintained by placing the appropriate saturated salt solution 58 104 | |
[e.g., NaNQ (66%), KCI (84%), and KSO4 (98%)] inside the 1000 102

sample cell. Temperature was controlled to an accuradyOo? ] 1 ]
°C using a circulating water bath. Diffraction measurements 7 - 100

were performed on two similarly prepared substrates to check 324901 2 3 10 20 30 40 50
for reproducibility of the data, and certain Bragg peaks were PSI, degrees Temperature, °C

remeasured to confirm that the samples were stable Over' theFigure 2. (A) Typical rocking curve of the first-order Bragg maximum
period that data were collected. The lamellar repeat spacingsfrom aligned LPS multibilayers. The full width at half-maximum
(d-spacings) remained static within the time period of the (fwhm) is a good indicator of the sample’s orientation with respect to
experiment, and the measured intensities, for a given diffraction the Si substrate. The minima along the scattering curve are the result

eak, remained virtually unaltered (within 10%) during the of increased neutron absorptio_n, yvhich occurs When_the specimen _is
Eourse of a given exper)i/ment ( 6) 9 rotated (PSI) so that either the incident beam or the diffracted beam is

parallel to the silicon substrate. (B) Temperature dependence of the
Neutron Data Analysis. The scattering vectoqy is defined lamellar repeat spacing at 66, 84, and 98% relative humidity (RH). At

asq = 4 sin(@/2)/4, wherel is the wavelength ang is the 66 and 84% RH, the transition from the gel to the liquid-crystalline
scatering ange. Trie backafound over the ertre fange of hef{et b SIuCuS, fecund e Toutimens e 2 s
scatte_rlng ve_ctorq) was fitted t_o a second-order_polynomlz_;ll causes the disappearafnce of Iarhellar peal?s. See teF;(t for details.
equation, while Bragg peak positions were determined by fitting

the Bragg maxima to a GaussiahSpacings for the various

RH samples were calculated using= 2 sin(®/2), commonly W——7F—————
known as Bragg's law, whereis the order number of the Bragg 10k
peak. While the positions of Bragg peaks are a direct measure
of d-spacing, the peak intensities contain the structural informa-
tion regarding the bilayers. The Bragg peak intensity), was
determined by integrating the peak area over the scattering
vector @). I(q) was then corrected using the appropriate
correction terms, which include the incident flux on the sample
(Crux), sample absorptiorCl,), and the Lorentz factoiqo).22 S —
The amplitude of the structure factor for each Bragg peak is 10
thus given by|F(q)|2 = CquxCrLorCand . SLD profiles,p(2), were I
constructed using the equatiop,= zﬂj F(g)n cos(2rnZd),

2 ORDER] | 6" ORDER 1 0

5™ ORDER 1

‘ T=51°C I

Structure factor

1°" ORDER

2"" ORDER _|
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3
wherez is the distance along the bilayer normal. E -10 .

In order to determine the structure factors, it was necessary ‘§ 20} | T=3

to perform HO/D,O contrast variation experimersThese & T 3" ORDER
experiments were conducted by equilibrating the oriented 30p o 1UVORDERRgL ]2
bilayers at 84% RH at the desired®/D,0 ratio. This method 0 20 40 60 80 1000 20 40 60 80 100
is based on the fact th#€(q)| varies linearly with the water's D,0, mole % D,0, mole %

isotopic compositiod? and measurements with at least three
O oo e e (e bt 2 [T S5 (o baneand e (ot sl 4

! ) function of HO/D,0 ratio. As expected, each data set is well fit by a
water has a net zero SLD; therefore, practically all of the straight line using a least-squares fit.
scattering can be attributed to LPS bilayers, only. Since we chose
our origin to be at the center of the bilayer, the greatest
contribution by the water takes placedi®. What this means  different from each other, as thekspacings are within a couple
is that when HO is replaced by BD, the even-order Bragg Of angstroms of each other.
maxima will increase algebraically, while the inverse holds true ] )
for the odd-order structure factors. Thus, the linear plots of Results and Discussion
structure factor amplitudes versus mol %@ should have Rocking Curve and the Orientation of the LPS Multibi-
positive slopes for the even orders and negative slopes for thejayers. LPS molecules isolated by the Darveau and Hancock
odd orderg? As shown in Figure 3, this behavior is fulfilled  method! contain a mixture of rough (R) and smooth (S) A-band
for both temperatures. As there is little doubt for our choice of and B-band LPS, similar to the natural LPS distribution in strain
phases for 35C LPS bilayers, the consistency between the PAO1. At the hydration and temperature regimes investigated,
bilayer profiles at the two different temperatures lends additional this particular LPS formed highly aligned, multibilayer stacks,
justification for our choice of phases concerning the bilayers at as determined from the rocking curve of the first-order Bragg
51 °C—this assuming that the bilayers are not drastically peak (Figure 2A). Note that the width of the rocking curve is

Figure 3. Structure factorsF(q), with 10% error bars for 84% RH
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inversely proportional to the degree of bilayer orientation with hydrophobic acyl chains of the two monolayers facing each other
respect to the Si substrate, while the minima are the result of in the middle.

increased neutron absorption which occurs when the specimen  knowing the general chemical structure of LPS, we are in a
is rotated so that either the incident beam or the diffracted beampqsition to rationalize the various features contained in the SLD

is parallel to the Si substrate.

Temperature Scans and Phase TransitionsFirst- and
second-order lamellar reflections were recorded at 84% RH
(D20O) at temperatures ranging from20 to 45 °C. The
temperature dependence of ttespacing is shown in Figure
2B. Thed-spacing appeared to change~&0 °C and decreased
gradually with increasing temperature from 107 to 103 A. No
further change to thd-spacing is observed beyond 20. The
change ind-spacing can be attributed to the melting transition
of the LPS’s fatty acid chains. The transition appears to take
place over a 10°C range in temperature (i.e., 3@0 °C),
consistent with information in the literat#fe*® and also in
agreement with published data for the sodium salt form;
changing the salt from a monovalent to a divalent cation has

profiles. The 8.0 mol % BO SLD profile depicts scattering
arising predominantly from the LPS bilayer. This profile should
not be confused with 1D SLD profiles of model systems which
do not possess the outer core and the complex network of O-side
chains present in LPS. As mentioned, the O-side chains are
highly variable, both in composition and in length, and they,
along with the core, contribute significantly to the thickness of
the LPS bilayer £70 A compared to~35 A for the L,
phosphatidylcholine bilayeg The trough at the center of the
SLD profile (i.e., 0 A) can be attributed to the disordered portion
of the acyl hydrocarbon chains and is a characteristic element
seen in the SLD of saturated hydrocarbon amphipBiidhe

SLD increased steadily from the bilayer center and reached a

been shown to increase the temperature range significantly. maximum at~11 A This distance of 11 A corresponds to those
The transition from gel to liquid-crystalline bilayers appears to hydrocarbon chains oriented approximately perpendicular to the
be continuous, and not as abrupt as commonly observed inPlane of the bilayer, and is roughly equal to the calculated
single-component phospholipid systems. This can be ascribedthickness of the LPS hydrocarbon region (12.5 A). Note that
to the structural heterogeneity d®. aeruginosalLPS. As the LPS acyl chains contain 302 carbon atoms; thus, the
mentioned previously, this LPS contains five to six variable length of the hydrocarbon chain is12.5 A (10 x 1.25 A).
chain length fatty acid acyl chains and the O-side chains contain The SLD region fron~11 to 24 A corresponds to the lipid A
a variable number of repeating saccharide units. Lowering the head group and inner core region, which contains chemical
RH to 66% reduces thé-spacings of gel and liquid-crystalline  groups such as phosphates and carboxylates, and when compared
bilayers as well as those in the continuous transition region, atto fatty acid chains have higher SLD values. Specifically, the
the same time shifting their temperatures to higher values. Forpeak at~11 A presumably corresponds to the phosphate group
66% RH, the transition from gel to liquid crystalline takes place present in the lipid A head region, while the peak~a@4 A
over 10°C, from 34 to 44C, with the gel phase found at higher  corresponds to the combined phosphate and carboxylate groups
temperature. present in the core region. The steady reduction in SLD beyond
Increasing the RH to 98% resulted in ttkspacing increasing  the 24 A region reflects the significant amount gfHmolecules
to 113 A (Figure 2B). However, increasing the temperature to bound to the chemical residues in the outer core and O-side
28 °C appeared to destabilize the bilayer structure, causing thechain regions, and the relatively lower mass density of chemical
lamellar Bragg peaks to practically disappear, suggesting theresidues present in the O-side chains. The SLD behavior, as
complete dissolution of a lamellar morphology with long-range rationalized in a previous section, verifies that the structure
order. However, this long-range periodicity is recovered by factors were assigned the appropriate phases. This issue was
reducing the temperature to 16, implying that at this particular  carefully scrutinized, especially the second-order structure factor
humidity (98% RH) the bilayers undergo a discontinudisit of the 8 mol % DO contrast condition at 5IC, for which the
not a complete unbinding transition, as previously reported in cpgice of sign can be debated. It should be pointed out, however,
charged phospholipid systerffSDiffraction experiments were ot 1asible and consistent bilayer profiles at both 51 and 35

aIS(lat.g)'lerformetd ESin% Eﬂé hydrated LPS (;)"SVELS Wh?r:ebé. °C are only obtained when reconstructing the 1D profiles using
multibilayer stacks o were squeezed between e Sty,q iy cture factors shown in Table 1.

substrate and a glass slide. In this fully hydrated state, the . -
bilayers exhibited similar features (i.e., no Bragg reflections) At 8 mol % D;0, the so-called "null scattering” case, water
to those at 98% RH, suggesting that the two conditions produce's effectively Inv_ISIbIe to neutrons gnd any contr_|but|on to the
similar structures. In general, the temperature scan measurementSLD can be attributed to the LPS bilayer itself (Figure 5). With
demonstrate that the LPS morphology and its correspondingincreasing RO content, there is a profound but expected
transition temperatures are influenced by the level of hydration. increase in the outer region of the LPS bilayer, as water interacts
Scattering Length Density Profile and the Internal Struc- with the outer core and O-side chains. However, and in contrast
ture of the LPS Bilayers. Higher-order Bragg peaks were O pure phosphatidylcholine bilayers, it is evident that besides
measured at 84% RH (100%,0) and at two different ~ Wetting the hydrophilic moieties of LPS, water penetrates deep
temperatures, one deep in thg phase (51°C) and the other into the bilayer's hydrophobic core, up to and including the
in the middle of the continuous transition region (&5. Bragg terminal methyl groups. Although the changes to the SLD, as
peaks occurring up to the sixth-order maximum are observed, a function of DO content, are subtle, it is quite evident that
indicative of a lamellar morphology with a high degree of long- Wwater is present in the disordered terminal methyl groups, as
range order (Figure 4). shown by the increased SLD corresponding to the bilayer’s
Figure 5 shows 1D SLD profiles constructed for both(61 center. Although with the present data we are unable to provide
°C) and continuous transition (3&) bilayers using structure a quantitative description of water distribution along the bilayer,
factors determined by varying the®/D,O ratio (Tables 1 and ~ as we do not accurately know the contents of the unit cell and
2). For each profile, the center of the bilayer was placed at the thus cannot calculate the bilayer's average SLD, we can deduce
origin. The bilayer is formed by two LPS monolayers with their the distribution of water molecules from the difference profiles
hydrophilic groups residing in the major water region and the obtained by subtracting the relative SLD profiles. This subtraction
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Figure 4. (A) Bragg peaks obtained at 84% RHAD) and 51°C. Up to six orders of Bragg reflections were recorded. Note that longer neutron
counting periods have been used to obtain higher-order Bragg peaks. (B) Plot of scatteringqyeetsué order of Bragg peak)( The diffraction
peaks are indicative of bilayers with no trace of non-lamellar phases.

results in the water distribution, on a relative SLD scale, which pronounced in the case of LPS bilayers at’&1 Despite this,

we define as all of the difference profiles show similar trends for both
temperatures and changing any of the phases results in much
(p'a(2 — p'A(d2)) — (0's(2 — p'g(d12)) larger uncertainties (data not shown). In summary, even though
kPy(2) — k= Pwa — Pwe we cannot quantitatively describe the distribution of water along

the bilayer, its presence in the bilayer is irrefutable. Moreover,

wherepwa is the SLD of water at a contrast condition A and this pgnetration pf water is similar for both land continuous
p'a(d/2) is the relative SLD at a value which is equal to half ~ transition LPS bilayers (see Figures 5 and 6).

of the d-spacing and where we assume the bilayer contribution S0 how can one reconcile this unexpected outcome which
to the SLD to be zero (i.e., only water contributes to the SLD). contradicts traditional lipid bilayer hydration dogma? First, this
Pw(2) is the distribution of water molecules on an absolute scale, LPS is clearly polyanionic with the anionic groups residing
which is further scaled and shifted by the unknown fadtor ~ predominantly in the lipid A head group (monophosphate) and
Subtracting the various SLD profiles (i.e., different contrast oligosaccharide core region (e.g., carboxyl groups of KDO
conditions) results in six difference profiles at 52 and three residues). Considering that lipid A usually contains five to six
difference profiles at 33C (Figure 6). By comparing these hydrocarbon acyl chains, the density of formal negative charges
difference profiles, an estimate of the bilayer SLD “standard is more than 1 per hydrocarbon chain, twice that of common
deviation” is obtained. For the case where two contrast acidic phospholipids. This elevated charge density may have
conditions are similar, for example, 100 and 89%0Orontrast, the effect of reducing the lateral interactions between LPS
the subtraction is very sensitive to errors in the SLD of water, molecules, allowing easier access of water into the bilayer.
the result being an increase in the difference SLD profile Second, this LPS system is in the sodium (Na) salt form (see
uncertainty (shaded regions in Figure 6). This is especially the Materials and Method section for details). Opportunistic
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Figure 5. (A) Scattering length density profiles of liquid-crystalline
LPS bilayers at 84% RH and 5C. The 1D SLD profiles for all RO
compositions, namely, 100, 89, 78, and 8 mol ¥ODare shown. For
each profile, the center of the bilayer was placed at the origin. The
bilayer is formed by two LPS monolayers with their hydrophilic groups
on the outside and the hydrophobic chains of the two monolayers
apposing each other (center of bilayer). For clarity, the profiles have
been shifted with respect to each othepgODseems to penetrate the
entire length of the bilayer. (B) SLD profiles of LPS bilayers at 84%
RH and 35°C. The structural features are similar to those observed
for bilayers at 84% RH and 5IC.

TABLE 1: Structure Factors of LPS Bilayers at 51 °C and
84% RH

% D,O Bragg reflection

content 1 2 3 4 5 6
100% —31.48 13.36 —2.371 1718 —1.336  1.337
89%  —25.89 10.61 —2.180 1.239 —1.144 1.187
79.5% —22.42 9.810 —1.792 1.137 —0.9190 0.8609
8% 7.349 —5.842  0.9907 0 0 0

TABLE 2: Structure Factors of LPS Bilayers at 35 °C and
84% RH

% D,0 Bragg reflection

content 1 2 3 4 5 6
100% -—28.80 11.15 —1.226 1.437 -1.018 1.177
49.2% —8.824  4.567 —0.6586 0.5541 —0.3388 0.5960
8.1% 7.378 —4.892 05119 0 0 0

pathogens such & aeruginosand coliforms (e.gEscherichia
coli, Salmonella and Shigellg are subjected to high Na
concentrations in serum while infecting tissue. Our experiments
have been done with Naas the predominant cation. As such,
this form of LPS should be a better mimic of disease than the
multivalent salt forms of the lipid. In agreement with previously
published data for both monovalent and divalent cations; Na

Abraham et. al.
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Figure 6. Distribution of water along 52C (A) and 35°C (B) LPS
bilayers. The width of the shaded areas indicates the uncertainty in
determining the distribution of water. The larger uncertainty shown
for the 51°C water distribution, compared with the 36 distribution,
is the result of subtracting similar contrast condition SLD (e.g., 100

and 89% DBO). Ideally, for a given temperature, a single curve should
describe this distribution.
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salt bridging between LPS molecules is affectéé®Regardless

of the actual mechanism that enables water to penetrate, the
data clearly show that water permeates the entire length of the
LPS bilayer including the bilayer center and this has implications
for the penetration of small molecules into and across the OM.
This result seems to apply equally to, land continuous
transition bilayers.

Finally, it is known that fully hydrated suspensions of LPS
can adopt a number of morphologies including non-lamellar
structures.’18 As was discussed, 98% RH bilayers destabilize
at 28°C (i.e., lamellar Bragg reflections disappear), while fully
hydrated LPS does not even form bilayers. Now that we know
that LPS bilayers are permeable to water, it therefore seems
that the formation of bilayers is highly dependent on the amount
of water present in the hydrophobic core, and any excess results
in the multibilayers breaking up.

Concluding Remarks

The lipid packing order of phospholipid bilayers can fre-
guently be affected by external ions so that the polar head groups
capture metal cations, thereby becoming a particular salt form.
In this respect, LPS bilayers are no different from those bilayers
formed by phospholipids. LPS in the outer membrane of Gram-
negative bacteria is also affected by metal cations?Mand
Ca&" being preferred since they salt-bridge adjacent LPS
molecules togetheé® This adds stability to the outer membrane
and may limit water permeability. As shown by neutron
scattering, the permeability of LPS bilayers is altered in the
presence of a monovalent cation, namely, "Naeutron
experiments are now being planned to study other LPS salt
forms and their permeability to water.
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