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Lipopolysaccharide (LPS) is an essential biomacromolecule making up approximately 50% of the outer membrane
of Gram-negative bacteria. LPS chemistry facilitates cellular barrier and permeability functions and mediates
interactions between the cell and its environment. To better understand the local interactions within LPS membranes,
the monolayer film behavior of LPS extracted from Pseudomonas aeruginosa, an opportunistic pathogen of medical
importance, was investigated by Langmuir film balance. LPS formed stable monolayers at the air—water interface
and the measured lateral stresses and modulus (rigidity) of the LPS film in the compressed monolayer region
were found to be appreciable. Scaling theories for two-dimensional (2D) polymer chain conformations were used
to describe the w—A profile, in particular, the high lateral stress region suggested that the polysaccharide segments
reside at the 2D air—water interface. Although the addition of monovalent and divalent salts caused LPS molecules
to adopt a compact conformation at the air—water interface, they did not appear to have any influence on the
modulus (rigidity) of the LPS monolayer film under biologically relevant stressed conditions. With increasing
divalent salt (CaCl,) content in the subphase, however, there is a progressive reduction of the LPS monolayer’s
collapse pressure, signifying that, at high concentrations, divalent salts weaken the ability of the membrane to
withstand elevated stress. Finally, based on the measured viscoelastic response of the LPS films, we hypothesize
that this property of LPS-rich outer membranes of bacteria permits the deformation of the membrane and may
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consequently protect bacteria from catastrophic structural failure when under mechanical-stress.

Introduction

Lipopolysaccharide (LPS) is an essential macromolecular
component of the outer membrane of Gram-negative bacteria,
such as Pseudomonas aeruginosa."> As a component of the
bacterium’s outermost face, LPS contributes significantly to the
bacterium’s cell surface properties and influences interactions
with extracellular components. Examples of this include the
uptake or impermeability of certain antimicrobial agents, the
formation of fine-grain precipitates and minerals on the cell
surface,’ as well as adhesion to surfaces during colonization of
tissues and the initial steps of Biofilm formation.** The
interfacial and monolayer properties of LPS are therefore of
significant scientific and industrial interest, with practical
applications.

Chemically, LPS is composed of three distinct domains: "
(1) a lipid moiety with acyl chains and oligosaccharide
headgroups, commonly referred to as lipid A, which firmly
embeds the LPS molecule into the hydrophobic region of the
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outer membrane; (2) a core oligosaccharide region immediately
above the lipid A moiety, possessing constituents such as
phosphate (often attached to heptose) and ketodeoxyoctonate;
and (3) an O-side chain attached to the core oligosaccharide
consisting of a chain of repeating sugar residues. The O-side
chain can be neutral or possess a net charge, but generally, the
core and O-side chain together form a hydrophilic moiety that
extends into the aqueous medium surrounding the bacteria.
Depending upon the presence or the absence of the O-antigen
attachment in the core oligosaccharide region, there are two
types of LPS commonly referred as the capped and uncapped
LPS, respectively. Based on the presence or the absence of
O-side chains, the LPS molecules are also classified into smooth
or rough chemotypes, respectively. Several techniques have been
used to study LPS isolated from various micro-organisms in
order to better understand their chemistry and physical proper-
ties.” Despite these experimental developments, information
pertaining to LPS’s interfacial and monolayer properties refers
predominantly to rough and deep-rough LPS forms; in com-
parison, studies of smooth LPS are noticeably absent in the
literature, with an exception being the recent neutron diffraction
studies.®>*° Smooth LPS is difficult to manipulate, primarily due
to its chemical heterogeneity; apart from the range of length
within the side chain, more than one type of side chain chemistry
may exist, as is the case with P. aeruginosa.® Moreover, while
a cell may be referred to as possessing smooth LPS, it is most
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likely a mixture of both rough and smooth LPS, and an efficient
LPS isolation must show good representation of all chemistries.”
Collectively, purification, manipulation, experimentation, and
the derivation of sensible conclusions from such a complex
grouping of chemistries is not a facile process. Yet, given the
prevalence and importance of such a system, there is all the
more reason to pursue and understand “native” LPS behavior.

Here we report on Langmuir film balance studies of native
LPS isolated from P. aeruginosa, an opportunistic pathogen
associated with morbidity of cystic fibrosis patients,'® infections
of burn victims and immunosuppressed individuals,'"'* and a
major contributor of nosocomially acquired infections.'®> The
pathogen’s importance to the medical field and the health care
dollars associated in treating its medical consequences are, thus,
beyond doubt. We found that smooth LPS reconstituted at the
air—water interface of water and water with differing ionic
conditions formed stable monolayers. Langmuir isotherm plots
of surface pressure or lateral stress (;r) versus surface area per
unit weight (A) revealed t—A profiles strikingly similar to those
of polymers'* but very different from those of phospholipids'”
and glycolipids,'® including 7—A profiles from rough type
LPS.'"'® We also noted that the measured lateral stresses and
the modulus (rigidity) of the LPS film in the compressed
monolayer region were generally substantial. We analyzed the
m1—A profiles using scaling theories describing polymer interac-
tions in 2D space. From this analysis, we established that LPS
polysaccharide chains are constrained at the air—water interface.
Moreover, LPS molecules at the air—water interface exhibit
typical polymeric behavior (excluded volume model), and the
relaxation behavior of the LPS film, below its collapse region,
was found to be viscoelastic.

Materials and Methods

Lipopolysaccharide Extraction and Purification. LPS from P.
aeruginosa PAOI1 (serotype O5) was isolated using a hot phenol
extraction based on the method described by Westphal and Jann.?' In
brief, cultures were grown to an early stationary phase in trypticase
soy broth (BBL: 37 °C, 125 r.p.m.), harvested by centrifugation and
washed twice in 0.9% NaCl (w/v). Cells were lyophilized and 20 g of
dried cell mass was suspended into prewarmed water (70 °C). An
equivalent volume of 90% phenol was gradually added to the cell
suspension while being stirred, taking care that a good emulsion was
formed. During the course of the extraction the temperature was
maintained at 70 °C. After 3 h, the solution was allowed to cool down
on ice, promoting phase separation, then centrifuged at 10000 g for 20
min. After centrifugation, the upper aqueous phase was retained and
dialysed against water until phenol could no longer be detected. LPS
was pelleted from solution by ultracentrifugation at 100000 g (18 h)
in a Beckman Ti 45 rotor and washed a minimum of two times. The
pellet was then taken up in a small quantity of water and freeze-dried.
LPS was assessed for DNA, Kdo, and protein content by PAGE
following the methods described by Darveau and Hancock.’

Langmuir Film Balance Measurements. The Langmuir film
balance is an instrument that controls the molecular density or area of
a floating monolayer at the air—water interface, while simultaneously
measuring its surface pressure or lateral stress. This commonly available
technique is used to study the interfacial properties of self-assembled
monolayers of amphiphilic materials, such as lipids, polymers, and
surfactants.”?>>* The amphiphilic molecules orient at the air—water
interface in such a way that their polar head groups dissolve in the
water subphase while their hydrophobic tails protrude into the air.

Langmuir isotherm experiments were carried out on an automated,
temperature controlled KSV LB5000 trough (KSV-Instruments Inc.,
Finland). The trough is made out of polytetrafluoroethylene (PTFE), a
chemically inert and nontoxic material, while the two movable barriers
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are of Delrin, a hydrophilic material preventing any leakage of the
monolayer beneath the barrier. The barriers are used to compress the
molecular monolayer and control its packing density. A platinum
Wilhelmy plate monitored lateral stress by measuring the force due to
surface tension on the partially submerged plate. Knowing the physical
dimensions of the Wilhelmy, the force was converted into surface
tension (mN/m).

Molecules at a free surface (e.g., water—air interface) have fewer
nearest neighbors than those same molecules in the bulk. The difference
between their free energies is known as the excess free energy. The
surface tension of a plane interface is given by the partial derivative y
= (0G/3S) 1 p ,» where G is the Gibbs free energy of the system, S is
the surface area, 7 is the temperature, P is the pressure, and n is its
composition. For a plane surface at equilibrium, 7 = y, — v, where
Yo 1s the surface tension of pure water and y the value with
the monolayer present. The characteristic description of an insoluble
monolayer is usually expressed in terms of its lateral stress, area curve
(r—A), or isotherm. Such isotherms contain information about the
interfacial structure, phase transitions, and conformational transforma-
tions taking place effectively in two-dimensional space.

LPS monolayers were prepared as follows: A mixture containing
liquid phenol (9 part phenol/1 part water) was mixed with chloroform
and petroleum ether in a volume ratio of 2:5:8, respectively. At first,
the mixture appeared cloudy, but could be made clear by the addition
of solid phenol. A bulk solution of 1.0 mg LPS/mL was prepared and
all subsequent experiments were performed from this stock solution.
Purified water (Millipore, 18 M cm resistivity) was used as the
subphase and isotherm measurements were performed at 21 £ 0.5 °C.
All isotherms and hysteresis experiments were performed, unless
otherwise noted, at a constant barrier speed of 0.5 cm*/sec. For
measuring hysteresis, barrier movement was immediately reversed after
the surface area/unit weight reached the desired value, while stress
relaxation experiments were performed by compressing the film at a
constant compression speed until the desired initial lateral stress had
been reached. The film was then maintained at a constant area, while
the stress was permitted to vary and recorded as a function of time.

Results and Analysis

Lateral Interactions of LPS Monolayers at the Air—Water
Interface. Figure 1 shows the formation of well-behaved LPS
monolayers at the air—water interface. At a compression speed
of 0.5 cm?/sec, the lateral stress onset at the beginning of this
isotherm occurs at about 4.5 cm?*/ug and the collapse at about
52 mN/m. Lateral stress increases monotonically with decreasing
molecular area, and the slopes of the curves are indicative of
either a highly compressible film or a film with high rigidity.

As described in the introduction, there is a polymeric chain
in LPS that includes the core region and the O-side chain that
is covalently attached to a lipid molecule. These covalently
bound polysaccharide chains interact with the lipids and the
air—water interface in various ways.>* One possibility is that
the polysaccharide chain adsorbs to the air—water interface and
interacts (mixes) with the lipid. Another possibility is that the
polysaccharide chain does not adsorb to the air—water interface,
but dissolves in the water subphase. A third possibility is that
the polysaccharide chain adsorbs at the air—water interface, but
does not interact with the lipid at the air—water interface. From
the pure water isotherm, it is clear that once the packing area
per molecule has reached ~4.5 cm?/ug (~0.1 mN/m), LPS
molecules begin to interact laterally with each other. On further
compression (Figure 1), the LPS chains increasingly pack
together at the air—water interface. This increased packing is
reflected as an inflection point, whereby lateral stress increases
dramatically. Most likely, this inflection point indicates a critical
lateral stress (~1.0 mN/m) at which the LPS polysaccharide



Monolayer Film Behavior of Lipopolysaccharide

[!:.:ﬁ
5

Lateral Stress, mN/m

60 A A
' Water
s 50 0.1 M NaCl
E
Z ——1.0 M NaCl
s 40
g
2 30
2 \
£ 2
]
s
; 10
— N,
0 —=
0 1 2 3 4 5
Surface Area/Weight, cm’/ ug
100
E
V4
B 10
% \ VPR I A
T
R
)
R
e —— Water
S ]——o1MNacl
——1/0 M NaCl S
0.1 I AN
0 1 2 3 4
Surface Area/Weight, em’/ ug
60 1
]
—— Water
50 Ao
E S ——0.1M CaCl,
Z 40 - O-M .
E LU MU a\.,l2
@
£ 30
: \
L 20
<
s
«; 10 4 -
] NS
o _
0 1 2 3 4 5 6

Surface Area/Weight, cm’/ png

Biomacromolecules, Vol. 9, No. 10, 2008 2801

100 4
- Water
\ 0.1M CaClZ
10 1.0 M CaCl
2
1
0.1 T \

o

1 2 3 4 5
Surface Area/Weight, em’/ ng

Figure 1. Linear and semilog plots of lateral stress and area isotherms of LPS in pure water, and for various monovalent and divalent salt
concentrations. Broken red colored lines are a fit to the data using polymer scaling theory (eq 1). The solid pink line is a linear fit to the data in
the high lateral stress regime (30—35 mN/m) and provides the interfacial elastic modulus of LPS monolayers at biologically relevant conditions.

See text for details.

chain begins to experience steric interaction (excluded volume
or segment—segment interaction) at the air—water interface.

Considering the polymeric behavior exhibited by LPS mol-
ecules, we can analyze the measured lateral stress (lateral
repulsion) in terms of scaling theories of polymer segment
interactions in 2D space.'®° For concentrations above the chain
overlap concentration, the theory predicts that

T= C2uQu—l (1)
where C is the concentration or the number of chains per unit
area, and v is the characteristic scaling exponent. For a given
solvent, the scaling exponent v expresses the dependence of
the polymer’s radius of gyration (dimension) with respect to
its MW, in this case, at the air/water interface. For a “good”
solvent, the exponent v is calculated to be 0.77, and for a 6
solvent (“ideal” solvent) v is calculated to be 0.506.° As shown
by the broken line in Figure 1, the isotherm is reasonably
described by the proposed polymer scaling theory (eq 1). This
suggests that LPS molecules at the air—water interface exhibit

typical polymeric behavior, which means that the polysaccharide
segments reside at the 2D air—water interface. The general
structural arrangements that we obtained from these monolayer
studies is consistent with our recent neutron diffraction studies
of LPS multilayers reported elsewhere.® The scattering length
density profiles obtained from these neutron diffraction studies
generally imply that the polysaccharide chains covalently linked
to the LPS molecules are not fully extended, but rather crowded
around the LPS core region.

De Gennes* hypothesized a similar situation where the
polymer segments adsorb and mix with the lipid at the interface,
resulting in a predicted enhancement of a lipid layer’s rigidity
at the air—water interface. This may explain the LPS film’s high
rigidity, as is clearly evident from the 7—A isotherms (Figure
1). For the present system, the experimental value of v is found
to be 0.60, implying that for smooth LPS the air—water interface
is in-between a good and an ideal (6) solvent.

Lateral stress-area isotherms were also generated for sub-
phases containing monovalent (NaCl) and divalent (CaCl,) salts
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Figure 2. Hysteresis curves of LPS at compression speeds ranging
from 0.025—2.5 cm?/sec.

(Figure 1). In the high lateral stress region, the isotherms remain
essentially the same, however, the low lateral stress region
clearly shows differences. It seems that, in the presence of salts
(both monovalent and divalent), the polysaccharide chain at the
air—water interface adopts a compact conformation, most likely
due to the electrostatic screening of anionic charges associated
with the polysaccharide chain. Note that LPS is a polyanionic
lipid, and its anionic groups reside mainly in the lipid A
headgroup and core region. The 7—A profiles, after added salt,
are again well described using the scaling description (dashed
lines Figure 1) and results in a v of 0.60, implying that LPS at
the air—water interface in the presence of NaCl or CaCl, is of
intermediate solvent quality.

Surface Compressive Modulus (Rigidity) of LPS Mono-
layers. Having described the general features of LPS monolayers
at the air—water interface and commented on the rigidity of
the LPS film, we quantified the surface compressive modulus
of the LPS monolayer from the experimentally measured 7—A
profile. The surface compressive modulus (Eg), that is, the
reciprocal of monolayer compressibility (Cg) can be obtained
from the 71—A isotherm from the following equation®

-

where A is the area per unit weight at a given lateral stress and
7 is the corresponding lateral stress. At high lateral stresses,
that is, >30 mN/m, mimicking biologically relevant membrane
conditions,?® the surface compressive modulus is found to be
~225 mN/m, suggesting that this particular LPS monolayer is
very rigid (stiff) due to the confinement of the polysaccharide
segments at the air—water interface. As can be seen from the
isotherms obtained in the presence of the monovalent and
divalent salts (Figure 1), the added salts do not appear to have
any influence on the modulus (rigidity) of the LPS monolayer
film under the biologically relevant stressed conditions.
Hysteresis of LPS Monolayers. Hysteresis curves for three
different compression speeds are shown in Figure 2. For these
experiments, the monolayer is compressed far into the film’s
collapse region and then expanded. The isotherms are indistin-
guishable and are independent of the compression speed
(0.025—2.5 cm?*/sec). From this we may infer that the relaxation
processes, which occur while the molecules are compressed,
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Figure 3. Lateral stress relaxation of an LPS monolayer after
compression to a surface area of ~1.53 cm?/ug. The dashed line is
the fit to the data using the viscoelastic relationship (eq 2). The
inserted figure shows that surface area per unit weight was kept
constant during the measurements.

are taking place on a time scale smaller than the fastest
compression speed. In the plateau region, that is, decreased
molecular area, molecules from the monolayer most likely
migrate into the aqueous subphase. Maintaining a constant lateral
stress does not affect the structure of the monolayer. On
expansion, all curves merge with the initial compression curves
at high areas. Note, that the change in compression speed only
affects how far the system is driven away from equilibrium.

Stress Relaxation and Viscoelastic Behavior of the LPS
Monolayer. The stress—relaxation response following compres-
sion of the monomer film was assessed (Figure 3). A lateral
stress of 45 mN/m was applied (this value lies within the solid
phase region of the isotherm) and the lateral stress decay upon
relaxation was followed. The isotherm for this “stress-relaxed”
LPS monolayer displayed identical collapse pressures as the
nonstressed monolayer, implying that the observed continuous
reduction in lateral stress was not the result of LPS monolayer
film collapse.

Attempts were made to fit the experimental data using the
viscoelastic relationship, previously used to describe similar
monolayer behavior.?” According to this equation, the relaxation
could be described by

r=n_+(my—mx)e " (3)

where 7, is the lateral stress at time ¢, and 77, and 7, are the
lateral stresses at # = 0 and after a time where the system is no
longer undergoing change. The characteristic time of the
relaxation is denoted by 7, which was found to be ~1659 s.
This slow relaxation process can be associated with the
rearrangement of LPS molecules, including their polysaccharide
chains, at the air—water interface. Similar to the hysteresis
behavior, we found that compression speed had almost no effect
on the relaxation time. However, after expanding the LPS
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Figure 4. Relaxation of lateral stress after expanding the LPS
monolayer film to a surface area of ~1.65 cm?/ug. The dashed line
is the viscoelastic fit (eq 3) to the data. The inserted figure shows
that surface area per unit weight was kept constant during the
measurements.

monolayer, the lateral stress was found to increase as soon as
the barriers stopped moving (Figure 4). Here again, the
viscoelatsic relaxation process can be well described using eq
3; in this case, T was determined to be ~380 s. It is interesting
to note the difference between stressed (1659 s) and stress-
relieved (380 s) LPS monolayers. Compared to the stressed LPS
film, the one that was stress-relieved took a relatively shorter
time to attain its equilibrium conformation at the air—water
interface.

Discussion and Conclusions

Langmuir film balance studies demonstrated that smooth type
LPS forms stable monolayers at the air—water interface. The
strong lateral interactions exhibited by LPS were clearly
manifested in the high lateral stress region and this may be
characteristic of the lateral stresses present in the membranes
of P. aeruginosa. In the low lateral stress region, the addition
of Na™ and Ca*" to the subphase considerably reduced the area/
molecule, denoting a change in the molecule’s arrangement and
conformation, as a result of changes in lateral ineractions and
salt bridging. For instance, at 0.1 mN/m the addition of 0.1 M
NaCl to the subphase reduced the area per unit weight to ~2.5
cm?/ug, a value nearly half of that obtained for LPS monolayers
residing in pure water. In agreement with current knowledge,
the ionic environment clearly influenced the interfacial structure
of LPS molecules, specifically by creating a more compact
monolayer. Intriguingly, irrespective of the aqueous environment
and ions present, the ability of this relevant membrane com-
ponent to withstand highly stressed environments was clearly
evident from the 7—A isotherms, as the rupture/collapse of LPS
monolayers occurred only at relatively higher lateral pressures
(42—52 mN/m). However, the influence of the added salts, in
particular, the divalent salt in reducing the rupture pressure of
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LPS monolayers is clearly evident in the 7—A profiles. For
instance, compared to pure water, the addition of 1.0 M CaCl,
to the subphase reduced the collapse pressure of the LPS
monolayers by 20%, suggesting that at high concentrations the
divalent salt seemingly weakens the ability of the membrane to
withstand elevated stress conditions. This may at first seem
contradictory, yet it is well-known that high concentrations of
divalent cations can increase the migration of DNA and proteins
across the outer membrane, presumably by inducing “cracks”
in the membrane’s structure,?*%-3!

What then would be the practical significance of the observed
relaxation processes and viscoelastic behavior of LPS films at
interfaces? The relaxation time is associated with the viscoelastic
behavior of the LPS film and this material property distinguishes
the solid behavior (elastic) from the time dependent fluid
(viscous) response to the applied lateral stress (surface pressure).
In the case of Gram-negative bacteria, LPS is involved in
adhesive interactions with substrate during colonization and
subsequent Biofilm formation. These bacterial surfaces are found
in widely differing environments and also exhibit a variety of
physical properties. For successful and persistent colonization
of bacterial surfaces in mechanically stressed environments, the
bacterial surfaces, of which the LPS molecules are the major
component, must be able to adapt to fluctuations in mechanical
stresses. In particular, in order to avoid prolonged exposure to
mechanical stress, bacterial surfaces must be able to “deform”
or risk disastrous structural failure. Since LPS resides on the
outer face of the P. aeruginosa’s outer membrane, it would be
highly interactive with an adherent surface and our monolayer
studies, being analogous to this face, are highly relevant. The
viscoelastic response of LPS monolayers could protect the
bacteria from catastrophic structural failure, possibly buying time
during which the bacteria can generate an adaptive phenotypic
response to prevent detachment from the substrate.
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